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Abstract

The aqueous chemistry of uranium is dominated by the linear uranyl cation [UO,]*", yet the isoelectronic
nitrogen-based analogue of this ubiquitous cation, molecular [UN:], has so far only been observed in an
argon matrix. Here, we present three different complexes of [UN,] obtained by the reaction of the
uranium pentahalides UCls or UBrs with anhydrous liquid ammonia. The [UN,] moieties are linear, with
the U atoms coordinated by five additional ligands (ammonia, chloride or bromide), resulting in a
pentagonal bipyramidal coordination sphere that is also commonly adopted by the uranyl cation
[UOx(L)s]*". In all three cases, the nitrido ligands are further coordinated through their lone pairs by the
Lewis acidic ligands [U(NH;)s]*" to form almost linear, trinuclear complex cations. Those were
characterized by single crystal X-ray diffraction, Raman and IR spectroscopy, '*N/'*N isotope studies,
and quantum chemical calculations which support the presence of U=N triple bonds within the [UN>]

moieties.
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Although the uranyl cation [UO,]*" is a prevalent species in uranium chemistry, its isoelectronic nitrogen
analogue [UN,] has not been encountered yet outside an argon matrix, as NUN and NUNH species' .
Under these conditions, several complexes of [UN:] with one to five dinitrogen ligands, [UN2(N2)] (x
=1 to 5), have also been observed.* Beyond the fundamental interest in these species, uranium nitrides
are also investigated for their catalytic properties for example for CO or N, activation, and as a future

fuel in generation IV nuclear reactors as well as in space power and propulsion systems.” "

The investigation of multiple bonding to uranium atoms is also a challenge for experimental and
theoretical chemistry alike.'*'® Previous works used very elaborate ligands to stabilize such compounds
in order to counter the high reactivity of terminal uranium nitrides towards organic solvents and
reagents.'*!"'® Here we report on a [UN;] fragment, a linear [N=U=N] moiety which is stabilized only
by the coordination of two Lewis acidic ammine uranium(IV) cations, ammonia molecules, or halido
ligands. These [UN;]-containing species occur as metastable intermediates of the disproportionation and
ammonolysis of the uranium pentahalides UCls and UBrs. Choosing liquid ammonia as both reactant
and solvent prevented side reactions leading to non-nitrogen based products from occurring — this
circumstance is especially beneficial with regard to the synthesis of ceramic nuclear fuels, where carbide

and oxide contamination is detrimental.'”

Results and Discussion

Synthesis and structural description of the [UN;] complexes

We reacted UBrs with NH; at —78 °C and observed the formation of a yellow-green suspension along
with a slight evolution of nitrogen gas. The compound [(NH3)sU(pu-N)(NH;3)sU(p-
N)U(NH3)3]Brg-26NH3, (1Brg-26NH3), crystallized (idealized Eq. 1) after two weeks at —40 °C. X-ray
crystal structure determination under consistent cooling and strict exclusion of air showed a linear tri-
nuclear uranium complex with N-bridged uranium atoms (Figure 1a) that are additionally coordinated
by NHj3 ligands. The central U atom (Ucen) of the [UN2] unit carries five ammine ligands whereas eight

ammine ligands coordinate each of the terminal U atoms (Ur).

18 UBrs + 182 NHs > 6 [Us(u-N)2(NHa)oi]®* + 48 Br- + 42 NH4Br+ N, (1)
1
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When we reacted UBrs with anhydrous ammonia at room temperature in a sealed bomb tube, the
chemically related compound [(NH3)sU(u-N)Br(NH3),U(u-N)U(NH3)s]2Bris-21NH;3 (2Br;7-10.5NH3)
was formed (idealized Eq. 2) as evidenced by single-crystal diffraction. In this compound, the central U

atom of the [UN2:] unit carries one bromido and four ammine ligands (Figure 1b).

18 UBrs + 176 NHs »6 [UsBr(u-N)a(NHs)aol* + 42 Br + 42 NHiBr + N2 (2)
2

A third similar, [UN;] containing compound, [(NH3)sU(u-N)CIlo(NH;3);U(u-N)U(NH;3)s]Cle:6NH3,

(3Cls'6NH3), crystallized, when we reacted UCls with ammonia at room temperature (idealized Eq. 3).

18 UCIs + 170 NHs > 6 [UsClao(u-N)2(NH3)10]%* + 36 CI~ + 42 NH4Cl + N2 (3)
3

Compound 3Cls-6NHj3 carries two chloride ligands and three ammine ligands at the U atom of the [UN3]

unit (Figure 1c).

Figure 1 shows the structure of the cations 1%*, 2", and 3°" and some selected U—N distances observed
in their crystal structures. The total charge of the cations 1*", 27*, and 3°" is dictated by the number of
counter-ions present in the structure. This requires a mixed valence for the three uranium atoms of each
complex cation. Regarding the differing lengths of the Ucen—(1-N)—Uyer bonds, the only reasonable
assignment of oxidation numbers is +VI for the Ucen atom, and +1V for the terminally bound Ui atoms.
In many nitrogen-bridged uranium complexes, the nitride ligand is stabilized to such an extent that the
compounds are better described as imides, U=NR, rather than U=N.*'*!" In cation 1%, the Ucen—(p1-N)
bond lengths of 1.853(3) and 1.854(3) A are of course longer than those calculated for molecular
[N=U=N], [NUN(N>)s], and [N=UF;] (1.717,*' 1.753* and 1.759 A,? respectively) but close to the
terminal U(VI)=N triple bonds reported for [UN)(N(CH,NSii-Pr3)3)] (1.799(7) A). They are equal,
within the tripled standard uncertainty, to those in [Na(12-crown-4),][U(N)(N(CH2NSii-Pr3)s3)]
(1.825(15) A)'"*'"® and considerably shorter than in (CeFs5)sB—N=U(N[t-Bu](3,5-Me:CsHs))s
(1.880(4) A).” Consequently, the Ui,—(u-N) distances of 2.304(3) and 2.300(3) A are longer than in
single bonded uranium(IV) nitrido complexes like [(CsMesU(u-1)2]sN (2.138(3) to 2.157(3) A).2#
Double bonded imido ligands typically show significantly longer U=N bonds (1.920(2) to 2.086 A).>>*
Some uranyl-analogous diimido complexes exhibit extremely short U-N distances in the range of

U(VD=N triple bonds, like 1.848(4) A in [UN#-Bu)ly(THF),].'¢ This might be attributed to the small
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coordination number of six and the relatively small ligands. The Ucen—(-N)—User angles of cation 13
are close to 180° (177.98(14)° and 178.44(17)°), as is the (u-N)—Ucen—(n-N) angle (179.07(11)°). This
is expected for the species [N=U=N]. The pentagonal-bipyramidal coordination of the U, atom is also
common in uranyl chemistry.'®*”** In light of this we interpret cation 1°" with the Lewis structure
depicted in Figure 1a. The central moiety represents the nitrido analogue of a pentaammine uranyl(VI)
cation, [UN2(NH;)s], which is stabilized by the weaker coordination of two [U(NH3)s]*" cations to the

nitrido ligands.

Single crystals of the compound 2Br;-10.5NH; revealed the second example of such a cation. Their
structure contains two symmetry-independent cations 2" shown in Figure 1b. In comparison to cation
1%*, a bromido ligand lowers the charge of the trinuclear complex to 7+ and displaces one of the five
ammine ligands at the central U atom. Compared to the Uy atoms, the Uen atom is the chemically harder
since higher valent atom and as such it is preferred by the bromido ligand. The Ucen—(u-N) atom distances
of cations 27" (1.799(8), 1.870(9) A, and 1.816(9), 1.851(10) A) are in agreement to those of cations 1**
(and 3°"). The two crystallographically independent [UN,] units are essentially linear with 179.0(4) and
178.6(3)°. The appendant Ucen—(u-N)—Uyer angles deviate a little more from linearity with 171.6(5) and

175.4(5)°, and 171.6(5) and 174.1(6)°, which is likely due to the steric demand of the bromido ligand.

[(NH3)sU(u-N)Cl(NH3);U(n-N)U(NH3)3]Cls6NHs, (3Clg6NH3) is the third example of a [UN3]
complex. Compared to cation 1**, two ammine ligands of the Ucen atom are replaced by chlorido ligands
(Figure 1c), lowering the total charge of the complex to 6+. Expectedly, the hard CI™ anion preferably
coordinates to the chemically harder Uc., atom. For other examples of this coordination behavior see the
literature.”” The Ucen—(p1-N) atom distances of 3°* (1.834(5) and 1.853(5) A) are equal within the doubled
standard uncertainty. The appendant Ucen—(1-N)—Uier angles however are with 170.9(3) and 172.4(3)°
slightly smaller compared to those in cation 1%, which we attribute to the steric demand of the bound
Cl atoms. The U—CI atom distances (2.837(1) and 2.807(1) A) in cation 3°" are considerably longer than
in [(py);UO2Cl1] (2.693(1) and 2.734(1) A),?® which is attributed to the higher covalence of the U-N
bond in comparison to the U—-O bond. However, the CI-U—CI angle (149.99(4)°) of cation 3°" is still
comparable to the corresponding angle of [(py);U0.Cly] (146.80(4)°).* Supplementary Table 1 holds

selected crystallographic data and details of the structure determinations of the title compounds.



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

For the reaction mechanism, we propose that a dissolved U(V) species disproportionates in ammonia to
U(IV) and U(VI) species. It seems like some ammonia is oxidized by such a U(VI) species to N, while
formation of the trinuclear U complexes that we observe in the solid-state proceeds via deprotonation
of ammine ligands. Obviously, the nitrido ligands stabilize the central U(VI) species, while the nitrido

complexes become stabilized by the coordination of [U(NH3)s]*" complexes.
Crystal-chemical considerations

The very oxophilic nature of uranium could undoubtedly lead to oxygen-containing compounds during
the syntheses and the distinction of nitrogen and oxygen atoms in an X-ray experiment is usually
regarded as difficult due to the similar atomic form factors. So, one could argue that not [UN,] but
[UO2]*" or [UO,]" complexes were obtained instead. Besides our Raman spectroscopic evidence (v.i.)
that shows the lack of U—O stretching vibrations but instead a clear isotope shift for a ’NH; enriched
compound, and the compliance with our quantum chemical structure optimizations (v.1.), also the crystal
structure refinements show differences suitable to distinguish N from O atoms in these cases. A first
substantial argument is the number of anions in the unit cell, dictating the total charge of the uranium
complexes as 1%, 27*, and 3°". If the p-bridging atoms were O atoms, all the U atoms would have to be
in equal oxidation state (+IV). However, the highly asymmetric position of the bridging atoms between
the Ucen and the Uy atoms does not correspond to such a model and is additionally in stark contrast with
usual U—O bond lengths in other molecular p-O-bridged uranium complexes, where roughly symmetric
bonds with distances around 2.1 A are encountered.?’’' However, in our cases we observe atom
distances of circa 1.85 A to the Ucen and circa 2.3 A to the U atoms. In consequence, we would have
to have overlooked additional anions, or the oxidation states of some Uy atoms would have to be lower
if [UO2]*" or [UO,]" cations were present. While additional bromide or chloride anions would
undoubtedly be hard to overlook in X-ray crystal structure analyses of this type, one could argue that X-
ray diffraction does not allow to distinguish ammonia of crystallization from amide anions or ammonium
cations, especially if the H atoms of those species cannot be located. In consequence our assignments of
charges of the cations and the oxidation states of the U atoms would be wrong. However, “free”, non-

coordinating amide anions in the crystal structure can easily be ruled out. As previously reported, NH,"
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anions are much stronger ligands than NH3, CI7, and Br™ ligands, so that amide ions would coordinate
to uranium atoms and could be distinguished from NH3 ligands by distinctly shorter U-N distances.?’
If the oxidation states of the Uce atoms in the nitride-bridged cations would be lower than stated above,
then additional NH4" cations would have to be present. However, ammonium cations in ammoniates are
usually surrounded by ammonia molecules in the form of [NH4(NH3),]” complexes (x = 1 to 4).**>° The
NH,"--NH; hydrogen bonds in such [NH4(NH3)]" cations are significantly shorter than hydrogen bonds
between ammonia molecules of crystallization. To the best of our knowledge, every reported crystal
structure containing [NH4(NH3),]" cations, shows NH4"--NHj3 distances in a range from 2.8 to 2.9 A.**
3® The absence of such short N-:*N distances between nitrogen atoms that are not coordinating to U
atoms in compounds 1Brs-26NH3, 2Br;-10.5NH3, and 3Cle-6NH; indicates the absence of NH," cations
in their crystal structures and our assignments of oxidation states given above appear reasonable.
Furthermore, lower oxidation states for uranium than +IV in the complexes are highly unlikely, as the
starting materials are the halides of U(V) and uranium(IV) compounds are thermodynamically stable in
liquid ammonia under the applied conditions. So, further reduction to U(III) will not occur without an
additional reducing agent.”’

Additional support is given by the isotropic displacement parameters (Ui,) of the p-bridging N atoms
which are similar to those of the other N atoms (ammine ligands) in the crystal structures with circa 0.02
in cations 1*" and 2%, and for 3°* with circa 0.013. This indicates that their assignment as N atoms is
plausible (see also Supplementary Table 2). If we change the atom assignment for the p-bridging atoms
to O, their isotropic displacement parameters increase to circa 0.03 for 1Brs:26NH3, to circa 0.03 to 0.04
for 2Br7-10.5NH3, and for 3Clg6NH3 to 0.02, which does not compare with the other N atoms; it should,
however, as O and N have rather similar atomic form factors. This indicates that less electron density
than from an O atom occupies the p-bridging positions. That is, the atom assignment as N instead of O
is more plausible. Additionally, the p-bridging N atoms are tightly bound in between the Ucen and Uger
atoms, so their displacement ellipsoids should be slightly smaller in comparison to N atoms of ammonia
molecules of solvation which are less tightly bound in the crystal structure. This is observed for the p-
bridging atoms being N atoms, but not if they are replaced by O atoms. If we use p-bridging O atoms

and freely refine their site occupancy factors (SOF), they become smaller (see Supplementary Table 2)
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and deviate much more from unity in comparison. This also indicates that less electron density must

occupy this position, so the assignment of the p-bridging atoms as N instead of O is better.

Raman spectroscopic investigations and N labeling studies

The sensitivity of compounds 1Brs-26NH3, 2Br7-10.5NH3 and 3Cls:6NH3 against air and moisture and
especially their rapid decomposition at temperatures above the boiling point of ammonia — if not under
pressurized ammonia — prevented many analyses, as at least the transfer of a compound into most
analytical instruments must happen at room temperature. However, we were able to obtain Raman
spectra in situ by using thin-walled fused silica ampoules as reaction vessels. All spectra of compounds
1Brs-26NH; and 3Cls-6NH; (Extended Data Fig. 1) show bands in the region of 888 to 955 cm ™, which
can be assigned to the U=N stretching vibrations of triple bonded uranium nitrides. Organic imido
complexes usually show absorption in the 1200 cm ™' region, which however is a coupling of the UN

and NC resonance.'® The U=NH stretch in NSU=N—H is observed at 752 cm '

Crystals of 1Brg-26NH; grown at —40 °C, as well as their surrounding powder, show a main band at 936
cm " and two smaller bands at 876 and 955 cm ™! (Extended Data Fig. 1). The main band is in accordance
with the terminal nitrides [NUF3] (937 cm™") and [UN(N(CH2CH,NSii-Pr3);)][Na(12-crown-4),] (936
cm '), while a band at 955 cm™' was reported for [{U(u-N)(u-Na)(N(CH2CH,NSii-Pr3)3)}2], which is
close to the 966 cm ™! stretch of [N=U=N—H].%'®?? The U=N stretch of [UN(N(CH,CH,NSii-Pr3)3)] was
observed at 914 cm™'."* Four bands at 3145, 3213, 3291 and 3347 cm ™' can be assigned to the NH stretch
of the ammine ligands.’” Raman spectra of the mother liquor of 1Brs-26NH; show a single band in the
U=N region at 888 cm' (Extended Data Fig. 1). We assign this to a strong U-N interaction that is
weakened in comparison with the one in cation 1*". However, the actual species present in solution

remains unknown.

Our simulated Raman spectra for the isolated cations show the symmetric stretching vibration of the
U=N triple bonds of cation 1*" (Extended Data Fig. 2) at 950 cm™' and for free, gas-phase [UN,] at 1117
cm'. The deviation compared with the experimental value for the [NUN] molecule inside an argon

matrix (1051 cm™) is due to additional ligands binding to the Ucen atom, as also observed for the matrix-
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isolated [UNa(N2),] complexes (x = 1 to 5).>* Additionally, the matrix effect and the harmonic
approximations used in the calculations lead to deviations.' Naturally, all [UN»] molecules coordinated
by additional ligands will show bands at lower wavenumbers in comparison to an isolated [N=U=N]

molecule.

We performed isotope labeling studies and obtained the compounds 2Br;-10.5NH; with natural *N/"°N
isotope ratio, and 2Br;-10.5'°NH; using "N enriched ammonia. The lattice parameters of both
compounds were very similar (see Supplementary Table 1) which shows that we obtained identical
compounds except for the "N enrichment. Thus, a direct comparison of the Raman spectra of the
compound with natural '*N/"*N isotope ratio with the '°N enriched compound became possible (Figure
2). While the band positions of the N—H stretch vibrations are virtually unchanged by the isotope

-1

substitution and are observed in the expected range from circa 3158 to 3380 cm ™, the band assigned to

the U—N stretch vibration of the central [UN;] unit, is shifted from 906 to 883 cm ™' upon °N isotope

labeling. The isotope shift is circa —23 cm™

, the ratio is 1.026. This value agrees excellently with matrix
studies on [U"N,] and [UN,], where a shift of —22.6 cm ™' was reported.' In nitrido complexes of iron,
also —23 cm ™! were observed,’® while matrix isolation studies on dinitrogen complexes of [UN,] showed
a shift of =31 cm ™' with a ratio of 1.031. As shown below, our quantum chemical calculations for cation
27" lead, due to the harmonic approximation, to a slightly larger isotope shift of =32 cm ™ with a ratio of

1.035. Our Raman measurements confirm also the absence of O atoms, e.g. in the form of [UO,]*" ions,

as then additional U—O bands or no isotope shift would have been observed.
Effects of prolonged storage and room-temperature decomposition

Prolonged storage of compounds 1Brg-26NHj3 and 3Cls:6NH; (see below) in liquid ammonia for several
weeks shows them to be only metastable, even at —40 °C. Both decompose to a pale-yellow powder.
From the remains of compound 1Brs:26NHj3 the yellow uranium(IV) compound [U(NH3)10]Brs-9NH3
crystallized,”” and NH4Br and NH4Cl, respectively, are present in the decomposition products after
evaporation of the solvent ammonia at room temperature. The IR spectra (Extended Data Fig. 3) of these
decomposition products show bands assigned to coordinated NH; but no signs of any oxidic or [UO,J**

impurities (vas(UO2*): ~911 — 960 cm™').*” Bands at 769 and 842 cm™', which would be in the range
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assigned to the stretching frequency of [UO,]" (~797 cm™),*’ appear only in the spectrum of the leftovers
of 1Brg-26NHj3. During the Raman measurement at room temperature under pressurized liquid ammonia,
crystals of 1Brg:26NHj3 irreversibly decompose and recrystallize to an unknown compound that shows
a single band at 895 cm™' (Supplementary Figure 1), which is still in the range of strong U-N
interactions. The Raman spectrum of the surrounding powder reveals a mixture of 1Brg:26NH3 and the
unknown decomposition product. Compound 3Cls:6NH3 generates a similar spectrum with a major band
at 887 cm !, a small band at 913 cm™' and the U—Cl stretch at 357 cm™'. The calculated value for the
symmetric stretch of the U=N triple bonds in cation 3°* (Extended Data Fig. 2) is 969 cm™'. The
deviations are due to the measurement on the solid compounds at room temperature in contrast to the

calculations of the cations in the gas phase at 0 K within the harmonic approximation.
Powder X-ray diffraction study of the decomposition product

For an additional indication of the absence of O atoms within the compounds presented here, the room
temperature residue of compound 1Brs-26NH; was heated inside a welded steel ampoule under argon to

600 °C and cooled down to room temperature. UNBr*!*?

and UBr; were formed as the main products as
was shown by powder X-ray diffraction analysis (Extended Data Fig. 4). If O atoms in form of uranyl
ions would have been present in 1Brg:26NH3, then UO> or UO,+ should have been formed during
heating in an amount of approximately 30 %, which could not have been overlooked by powder X-ray
diffraction. We observe additional reflections of an unknown crystalline phase, which can neither be
assigned to any known uranium oxide nor to any known uranyl compound: The strongest additional
reflection at 14.1° 20 (Extended Data Fig. 4) is not matched by any known U-O-phase, while the
reflection at circa 28.6° 20 could belong to the strongest reflection of UO,+-phases (x < 1). However,

the next strongest reflections of these phases are not observed in our powder pattern and therefore we

deem their presence unlikely.
Quantum chemical calculations

Quantum chemical structure optimizations reproduce the structural motives observed in the solid state
(hybrid density functional theory, DFT, see Methods). The calculated U.=N distances for cations 1%,

27", and 3% (1.83, 1.82, and 1.82 A, respectively) are only slightly smaller than the observed ones
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(Supplementary Table 3) but longer than those calculated for free [N=U=N] (1.71 A). This is attributed
to the additional ammine, bromido and chlorido ligands, respectively, in cations 1**, 27*, and 3% as can
be shown by comparison with a hypothetical [UN2(NH3)s] complex, which is analogous to the known
[UO2(NH;)s]*" cation.?” Here, the U=N distance increases to 1.77 A, which is much closer to the
distances observed in cations 1**, 27", and 3°*. This is compliant with the elongated U=N distance in
matrix isolated [UN»(N2)s].* We investigated the bonding in the cations by using Intrinsic Bond Orbitals
(IBOs, see Methods) (Figure 3 and Extended Data Fig. 5).** The IBOs of the [UN,] moiety of cation 1**
(Figure 3) prove to be very similar to free [UN] and the Ucen contribution is only slightly lessened due
to the coordination of the five ammine ligands. With two o- and four m-bonds, we propose the
formulation of the [UN:] species as [N=U=N]. The IBO analysis of free [UN;] is in line with the

canonical molecular orbital analysis presented for [UN,] previously.>***

While the Lewis structure is consistent with that of the uranyl ion, [O=U=0]*", the differences in
electronegativity of N and O influence the extent of covalence of the triple bonding. The bonding
analysis (Supplementary Table 4) shows the bonds in free [UN:] to be the most covalent. The ionic
character of the U=X triple bonds (X = N, O) increases from [UN2(NH3)s] over cations 13", 27", and 3%,
to free [UO,?"] and [UO2(NH;)s]*", as the contribution of the U atom to the o- and m-orbitals decreases
in this order. The Intrinsic Atomic Orbital (IAO) partial charges of free [UN>] are in agreement with the
CASSCF Mulliken partial charges reported previously.” The U atoms of cations 1**, 27* and 3%
naturally carry a higher partial charge compared with neutral [UN,(NH3)s]. However, despite their
oxidation state of +VI, the U, atoms only carry partial charges of +0.78, +0.72 and +0.70, respectively,
as a result of the covalent character of the U=N triple bonds. The IBOs (Extended Data Fig. 5) indicate
a Uier—(p-N) interaction which is similar to the U-NHj3 contacts. This is represented by the dative single

bonds in the Lewis pictures given in Figure 1).
Conclusion

The [UN:] molecule is the isoelectronic analogue of the uranyl cation [UO»]** and was observed for the
first time outside matrix conditions. From reactions of UCls and UBrs in liquid anhydrous ammonia we

obtained the three compounds 1Brs:26NH3, 2Br7-10.5NH3, and 3Cls:6NHs. The linear [UN»] molecules
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are contained in the center of the trinuclear complex cations 1**, 27", and 3°* and their U atoms are
additionally coordinated by five ligands [UN2(NH3)s—.L.J* with x = 0 for 1¥*, x =1 and L = Br for 27",
and x = 2 and L = Cl for 3°". Additionally, the N atoms of the [N=U=N] moiety are coordinated by
[U(NH;)s]*" units to form the trinuclear cations [(H3N)sU—{UNa(NH3)s—.L.} —U(NH3)s]®*™". Structural,
crystal-chemical, and crystallographic considerations as well as powder X-ray diffraction analysis on
annealed samples suggest the absence of O-containing species, such as [UO,]*" or [UO,]", in the
compounds. The absence of such O-species was shown with '*N-isotope labeling as besides the isotope-
shifted U=N band no U=0 bands are observed in the Raman spectrum. Quantum chemical calculations

showed that the chemical bonds in the [UN;] moieties are best described with U=N triple bonds.
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Figure Legends

Figure 1. Representative Lewis structures and structures of the cations 18*, 27, and 3% in their crystal structures,
showing the central [NSU=N] units. L denotes NHj3 ligands. U atoms are green, N atoms blue, Br atoms brown, and
Cl atoms dark green. Anisotropic displacement ellipsoids are shown at 70 % probability level at 100 K. a) Cation
18+, b) Cations 27*; both crystallographically independent molecules are shown. The U-Br bonds are 2.9790(11)
and 2.9689(11) A in length. c) Cation 3%*. The U-Cl bonds are 2.8071(14) and 2.8365(14) A in length.

Figure 2. Raman spectra of the compound 2Br7-10.5NH3 with natural *N/"5N isotope ratio and the isotope labelled
compound with '®NHs. a) Raman spectrum of the compound with NH3 in natural isotope ratio. b) Raman spectrum
of the compound with ®N enriched ammonia. The bands in the range from circa 3158 to 3380 cm™" are assigned
to symmetric and asymmetric N-H stretch vibrations of NH; molecules, while the band at 906 (in a) and 883 cm™
(in b) is assigned to the U-N and U-"°N vibration within the central [UN] and [U'°N] moieties. The isotope shift is
circa —23 cm™, ratio 1.026.

Figure 3. Intrinsic Bond Orbitals (IBOs) corresponding to the U=N triple bonds in the [UN2] molecule and cation 18*.
The red and green orbitals are the IBOs, while cyan, blue, and white denote U, N, and H atoms, respectively. a)
shows the g-bonds in [UN2] and 18*, b) shows the first set of -bonds for [UN,] and 18*, and c) shows the second
set of m-bonds. The listed percentages show the contribution of each atom in the IBO. In a purely covalent two-
atomic bond, each atom would contribute 50%. The isovalue for IBO isosurface plots is 0.08 a.u.

Methods

All work was carried out under the exclusion of moisture and air in an atmosphere of dried and purified
argon (Praxair 5.0, passed through titanium sponge at 800 °C) using vacuum glass lines or a glove box
(MBraun). All glass vessels were flame dried under vacuum before use. Liquid ammonia (Air Liquide,
99.98%) was dried and stored over sodium (VWR) in a special vacuum glass line. BCl; (Merck, >99%)
was distilled in vacuo and portioned into flame sealed glass ampoules. U turnings were washed with

nitric acid, deionized and degassed water, then acetone, and dried in vacuum before use. Br, was stirred
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with P4O1o, sublimed twice and stored over fresh P4O10. UFs was synthesized by the photoreduction of
UFs with CO.* UCIs was synthesized by metathesis of UFs and BCl; in FEP-vessels which were dried
in in vacuo at 100 °C.*” UBrs was prepared from the elements.”’*® The purity of both compounds was

checked with powder X-ray diffraction, IR and Raman spectroscopy (Supplementary Figures 1-4).

[U3(u-N)2(NH3)21]Brsg-26NH; (1Brg:26NH;), Henicosaammine-1 k8N,2k8N,3k°N-di-u-
nitrido-1:3k2N;2:3k?N-diuranium(4+)uranium(6+) bromide — ammonia(1/26)

UBrs (220 mg, 0.35 mmol) was treated with liquid ammonia (~5 mL) inside a reaction tube at —78 °C.
After two weeks of storage at —40 °C, green flat rod-shaped crystals of compound 1Brs-26NH3 admixed

with NH4Br and an unknown powder were obtained.

[(NH3)sU(u-N)Br(NH3)sU(u-N)U(NH3)s]2Bri4-21NH3, (2Br7-10.5NH;), Eicosaammine-
1k8N,2k8N,3k*N-bromido-3k'Br-di-p-nitrido-1:3k2N;2:3k?N-
diuranium(4+)uranium(6+) bromide — ammonia(1/21)

UBrs (15 mg, 0.024 mmol) was treated with liquid ammonia or ’N-ammonia (~0.25 mL) inside a flame
sealed silica ampoule (bomb tube, 4 mm outer diameter) for ten days at —35 °C. The bomb tube was

sealed in vacuo at —196 °C. After three to four weeks of storage at room temperature green plate-shaped

crystals of compound 2Br7-10.5NH3 admixed with NH4Br were obtained.

[U3Cl2(-N)2(NH3)19]Cle"6NH3,  (3Clg'6NH3), Nonadecaammine-1k®N,2k8N,3k3N-
dichlorido-3k?C/-di-p-nitrido-1:3k2N;2:3k?N-diuranium(4+)uranium(6+) chloride —
ammonia(1/6)

UCls (33 mg, 0.08 mmol) was treated with liquid ammonia (~5 mL) in a flame sealed glass ampoule at
—78 °C. The tube was sealed in vacuo at —196 °C. After six weeks of storage at room temperature green

rod-shaped crystals of compound 3Cle6NH3 and NH4Cl powder were obtained.

Powder X-ray diffraction: Powder X-Ray diffraction patterns were recorded inside flame sealed

borosilicate glass capillaries by using a STOE Stadi MP powder diffractometer with germanium
monochromated Cuk, radiation and a MythenlK detector. Phase analysis was carried out with the

WinXPOW software package.*’
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Single-crystal X-ray analyses: Single crystals were extracted from liquid ammonia at —78 °C,
selected under exclusion of air in cooled perfluorinated polyether (Galden LS 230, Solvay Solexis) and
mounted using the MiTeGen MicroLoop system. Data were collected at —173 K using a Stoe IPDS2/2T
diffractometer with Mo-K, (A = 0.71073 A) and processed with the Stoe X-Area software.”® The
diffraction data were scaled with the Laue Analyzer in X-Area and corrected for absorption with the X-
Red and X-Shape software.’’ > The structures were solved by using Direct Methods (SHELXS-97
(1Brg-26NH3) and SHELXT-14/5 (2Br;-10.5NH;, 3Cle6NH3))**> and refined against F* (SHELXL-
2016/6)°® using the ShelXle software package.’” The crystal structure of 1Brs-26NH; contains a large
amount of ammonia of crystallization. We refined the nitrogen atoms of the ammonia molecules of
solvation N47 to N49 as split positions and N48 and N49 with the SUMP command, as these atoms are
heavily disordered inside channels along the ¢ axis at z = 1/2. For the ammonia molecules, located on
split positions, as well as those with the nitrogen atoms N38, N42, N43, N46, the H atoms could not be

located from the electron density map.

IR Spectroscopy: IR Spectra were recorded by using the PLATINUM ATR module on a Bruker

Alpha FT-IR spectrometer with a spectral resolution of 4 cm™ inside a glovebox. The data were treated

with the OPUS software package and Origin 2017.%

Raman Spectroscopy: Raman spectra were recorded for 1Brg:26NH; and 3Cle:6NH; with a
Renishaw Raman microscope, using a frequency-doubled Nd:YAG Laser (532 nm wavelength). For
2Br7-10.5NH3, the Raman spectra were measured at room temperature with a Monovista CRS+ confocal
Raman microscope (Spectroscopy & Imaging GmbH) using a 532 nm solid-state laser. We reacted UBrs
and UCls, respectively, inside a flame-sealed fused silica tube with 0.5 mm wall thickness and 4 mm
diameter. One sample of UBrs in ammonia was kept at =36 °C until the measurement. The other samples
were stored at room temperature for three days. Crystals, precipitated powder as well as the solutions,
were subjected to Raman spectroscopy inside these tubes under the pressure of liquid ammonia at room

temperature.
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Computational details: Quantum chemical calculations were carried out using the TURBOMOLE
program package.’”*® We used the PBEO hybrid density functional method and a triple-zeta-valence
quality basis set with polarization functions (def-TZVP).%** Scalar relativistic effects were taken into
account by applying a 60-electron relativistic effective core potential for U.®> Multipole-accelerated
resolution-of-the-identity technique was used to speed up the calculations.®®® Cations 1-3 were fully
optimized without any symmetry constraints (C; point group), cartesian coordinates are available in
Source Data 2. [UN2(NH;)s] and [UO2(NH3)s]** were optimized in the Cs;, point group, while for [UN;]
and [UO,]*", the Dg; point group was applied. Because the molecular calculations of the cations 1-3 lack
the counteranions present in the solids, we applied the COSMO continuum solvation model to counter
the rather high positive charge of the cations.®” Harmonic frequency calculations were carried out on the
optimized structures. For 1**, two imaginary frequencies corresponding to rotational motion of two
ammonia ligands persisted even after several re-optimizations carried out by following the imaginary
modes (350i and 224i cm™). The imaginary modes probably arise because the highly charged (8+) cation
has been cut out from the crystal field and embedded in a COSMO solvent field. Cations 27" and 3%
with slightly lower charge do not show any imaginary modes. Molecular [UN;], [UO2]*", [UN2(NH3)s]
and [UO»(NH;)s]*" were also confirmed to be true local minima. In the Raman spectrum calculations (A
=532 nm; T =298.15 K, unpolarized radiation, scattering angle of 90°),”" the COSMO solvent model
was not used in the calculation of the ground state or the dynamic polarizability derivatives. The Raman
intensities are given relative to the most intensive peak. The final Raman spectra were convoluted using
Lorenzian peak profiles with FWHM of 20 cm™'. Intrinsic Atomic Orbitals (IAOs) and Bond Orbitals
(IBOs) were used in the bonding analysis.*””! For the IAO and IBO analysis of uranium, we used free-

atom reference orbitals that are described in Source Data 1.
Additional details for the IBO reference orbitals

Like molecular orbitals, IBOs are not physical observables, but they can be considered as a physically
well-defined form of localized molecular orbitals (MOs) designed for chemical interpretation.*”" While
delocalized canonical molecular orbitals are often difficult to connect to textbook-level chemical

concepts, IBOs are a powerful technique to represent wavefunctions in an exact and a simple way.
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The listed percentages (Figure 3, Supplementary Table 4, Extended Data Fig. 5) show the contribution
of each atom in the IBO (if the percentages do not add up exactly to 100%, some other atoms are giving
minor contributions smaller than 1%). The interpretation of the IBOs is rather simple: In a purely
covalent two-atomic bond, each atom would contribute 50%. The further the contributions differ from

50%, the more ionic the bond is. There can also be some minor contributions from other atoms.

Generation of IBOs requires a set of reference orbitals that have been obtained for an isolated atom and
Knizia proposed to derive the reference orbitals from the triple-zeta-valence cc-pVTZ basis set.*>”! The
TURBOMOLE basis set library includes IBO reference orbitals based on cc-pVTZ or cc-pVTZ-PP basis
sets for most elements, but there are no reference orbitals for uranium. We derived a set of reference
orbitals for the uranium 5f°6d'7s? ground state (Restricted-Open HF with Roothaan parameters a =
21/26, b =21/26). The reference orbitals (TURBOMOLE format, Supplementary Data 4) were obtained
for the def-TZVP basis set (without polarization functions).®*** We also checked that the IBO results

were similar with reference orbitals obtained for the uranium cc-pVTZ-PP basis set.
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Figure 3

a Two o-bonding IBOs

N: 564%
U: 46%

p-N: 58%
Ugen: 39%
Uter: 3%

b Two m-bonding IBOs (first set)

N: 62%
U: 38%

u-N: 66%
Ucen: 28%
Uter: 5 n/o

¢ Two m-bonding IBOs (second set)

N: 62%
U: 38%

H-N: 66%
Ugen: 28%
Ur: 5%




