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Oxidation of uranium(iv) thiocyanate complexes:
cation—cation interactions in mixed-valent uranium
coordination chainst

Stefano Nuzzo,2 Jan van Leusen, @ P Brendan Twamley,? James A.
Platts,® Paul Kogerler b and Robert J. Baker @ *2

Oxidation of Cs4[U(NCS)g] in MeCN or DMF affords structurally —with another metal ion via au®y| interaction, i.e. the-yl oxygen

characterised examples of the mixed-valent UMV! compound acting as a Lewis badeThis interaction between actinyl units is
Cs14[{U(NCS)g}3{UO2(NCS)a(H20)}]-4.5H20, or the [UV-UVY— rather rare, but gaining in significance and a likely method for the

uMuvh species [U(DMF)8(u-O)U(NCS)s(p- disproportionatio?l reaction of [UQ]". The manifestations of CCls

O)U(DMF)7(NCS)][UO2(NCS)s]. Vibrational and magnetism data on the magnetochemical pro-perties are fundamental to our

support their oxidation state formulism, which is further corroborated understanding of the magnetic coupling mechanisms, as @pora p

by computational methodology. prediction for SMM behaviour of actinide ions is not currently
ossible.

Actinide chemistry has undergone a significant expansion of interréstwe have an interest in thorium and uraniumg) thio-cyanate

in recent years and new characterisation techniques hav®mplexes as a platform to study how photo-luminescence

augmented impressive and innovative synthetic protocols. Afectroscopy can delineate oxidation stdtasle have recently
understanding of how 5f and 6d orbitals participate in bonding &, yha¢ thar-donor ability of the [NCS] ion does not stabilise
enhance covalency in metiband overlap is emer-ging. Striking

| I 0. . Vi
examples include the discovery of a new oxi-dation statpwifose 1€ J _ Oxidation state?” in the solid state, [UINCE)™ ions are
electronic structure depends on the Iiga%dﬁhe chemistry of stable in air for months but they undergo slow oxidation in solution.

uranium, which does not require the use of specialised facilities aerein we report on a structural study of the air oxidation of
been at the forefront of this revolution and fundamentally ne S[U(NCS)s] in MeCN (1) and DMF @) and an investigation of

organometallic and coordination chemistry examples are repletd i Photophysical and mag-neti2) (properties. Crystallisation of
the current literaturé®® One area where understanding is stiES“[U(NCS)S] from MgCN.over one month formedvelmerald green
limited is the magnetic behaviour of actinides, and uraniuffyStals ofl showing vibrational bands assigned/ad)” vO) = 844

compounds are at the cutting e&’gé‘:or example, 53 g cmt andvg(UV'vO):922 criit. When this recrystallisation was

compounds have repeatedly been shown to exhibit unusual ) )
magnetization dynamics and are candidates for single-molecule 'E?rﬁ?ated n D'\\A/IF dark green_(l:rystalsbﬁ\//vlere deposned;lBands
single-ion magnet o-d ¢ 1 yv compounds also have anisotrop;‘}yp'Cal for vi(U™'vO) = 846 cm™ andva(U"'vO) = 912 cm” are

) L +
and can show similar magnetic behaviour, on its‘bmmin combi- observed, along with those more characteristic of JJOat

_1 ~156
nation with transition metalsor Ianthanideg. These mixed-metal

v1(UVvO) =815 cm andvs(UVvO) =865 cm™.""" The calculated
Y,
complexes are typically assembled via catimation interactions force constantsikand k2 show the expected weaker bond in the U
(CCI). This involves interactions of the [l,ﬂj ion

vs. Uin2 (Fig. S1 and S2; Table $8 UV-vis/NIR spectroscopy
revealed #f transitions typical of Y in both1 and2 (Fig. S3-
S6t); bands for [UQ]+ are generally weak and obscured bv.U

These data points to a mixed oxi-dation state species. If crysthls of

83chool of Chemistry, University of Dublin, Trinity Collegeyllin 2, Ireland. or 2 are redissolved in MeCN and stored in the air for a month, the

E-mail: bakerrj@tcd.ie colour changes to yellow and single crystals are deposited upon
Binstitute of Inorganic Chemistry, RWTH Aachen University52074 Aachen, vapour dffusion with 'PrO; the structure shows them to be
Germany Csj[UO2(NCS)].%¢

®School of Chemistry, Carffi University, Park Place, Cafflj CF10 3AT, UK The nature ofl. and2 have been confirmed by single-crystal X-ray

1 Electronic supplementary information (ESI) available: Furtipeccsoscopic data and diffraction: 1 is of the composition

details of calculations and magnetism. CCDC 185%3831383. For ESI and

crystallographic data in CIF or other electronic format see D@L039/ c9dt01005j Cs14[{U(NCS)g} s{UO2(NCSK(H20)}]-4.5H20 (Fig. 1, S7 and ), and

2, [U(DMF)g(-O)U(NCS)5(1-O)U(DMF)7(NCS)][UOx(NCS)]


https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT048020

In order to assign oxidation states % bond valence sum
analysid? gives 4.35 (U1), 4.79 (U2), 4.47 (U3), and 5.61 (U4),
indicating a charged-balanced'YuUV—U'V][UV'] system. In2, the
average Y'-N (2.460 A), /—N (2.458 A) and IV -N (2.471(6) A)
follow the expected trend based on ionic r&aibut are longer than
in 1. The U'vO bond lengths (1.783(6) and 1.769(6) A) are
typical11 and the UvO bonds at 1.915(5) and 1.922(5) A, more
characteristic for uranylj ions engaged in CCls, and not Yuwo-

u'v arrangement as these bond lengths are longer at 2.058(3) A in
Fig. 1 Partial structure of 1 along the crystallographic c-axis showing the the complex [(UQI4a{U(1)CI( py)a} 2].6b The LJV—ODMF bond

CCls between the uranyl (yellow polyhedra) and Cs (blue polyhedra); S = |engths range from 2.379(5) to 2.474(5) A and thé oxygen
yellow, O =red, green polyhedra = U(v). involved in the CCI shorter at UA®(39) = 2.311(5) A and U(3)
0O(45) = 2.299(5) A, with a linear vO fragment (O(3HU(2)-
0O(45) = 178.9(2)°). Ul adopts a distorted tricapped trigonal prism
environment (as described by con-tinuous shape measures, Table
82]‘).14 Closer inspection of the bond lengths and angles confirm
this: the longer BOpmF bonds are associated with the capping
ligands (U(1}0(4) = 2.474(5) A; U(BO(19) = 2.472(5) A; U(B
0(34) = 2.440(5) A) and the -@W-O angles are 114°, 117° and
128°. The GU-O angles in the trigonal prism are-BD°. The
geometry around U3 is a mono-capped square antiprism, whére O8
is the capping oxygen and has the longest bond length (2.481L(5)

It is instructive to compare the UE) bond lengths to that of
[UDOMF)g)™ (n = 31° 4)*® which has the same geometry: theQ)
bonds that define the square antiprism are 2.52(3) A {br and
2.37(1) A for LJV; in 2 these bond lengths average at 2.39(5) A
corroborating the assignment of U In contrast to our previous
structural analysils1L of [RaN]J[UO2(NCS)¥], there are no significant
C—H---S or G-H---O hydrogen bonds.

2 is amenable to a thorough photophysical examinatioallas
three oxidation states have been reported to be emigsivae
[UOz]2+ ion has extensive and well understood emission profiles
whilst if u'Y compounds do not have ligand-based charge transfer
bands in the visible region then rather weak bands with a short
lifetime are 0bservab|%.[UOz]Jr ions have been reported to be
emissive, though these reports are spilﬁ@]e emission spectra of
single crystals o2 dissolved in MeCNda. 10°° M) show two very
Fig. 2 Top: Asymmetric unit of 2. Hydrogen atoms omitted and only U and  proad, uninformative fea-tures (Fig. )2 Solid state emission
selected heteroatoms labelled for clarity; bottom: coordination geometry  gpectra of powdered single crystals at 77 K are more revealing and
around U1 and U3. show bands between 350 nm and 480 nm afiditdm 496-580 m
(Fig. 3). The vibronic coupling and peak positions of the uranyl
bands are identical to that reported fOAlth[UOz(NCSb],ll whilst

(Fig. 2). In1 and 2, the N\C and @S bonds are invariant \Y; . . . . 9a
irrespective of oxidation state, consistent with our previous stud’ig J component is consistent with [Li(THH)UCIs(THF)]™ or

9c . o
on UV and U/ thiocyanate complexegs?l Compound 1 [EtaN]4[U(NCS)g],”™ but we cannot rule out the possibility that it is

f \% + . . .
crystallises as a coordination polymer containing thrdednd a mlxture of U_and [QQJ ) 1. shows a S|m|Ia_1r emission profile
(Ve . | \/ (Fig. S9-S11f). The emission lifetimes in solution are 0.46 and
a UV ion, with average U-N (2.400 A), UY-N (2.433 A), and

Vi e _ 0.40ps for1 and2, respectively, shorter than tiea. 1 us measured
UY'vO (1.770(7) and 1.777(6) A) bond lengths in line with OYhr the series [RN][UOz(NCS)s],ll or the known [U@"
previous example%.ll Each U ion adopts a square antipris-mati(‘comp|exesl8

coordination environment. However, the most interest-ing structural '

feature is the CCI between thgl and cs ion (O-Cs: 2.974(2) A)
that bridges to a second Cs ion throughk SsCs interactions (Fig.
1). The water molecule coordinated to

As spectroscopic and structural evidence supports dMF[ll}/—
U'V][UV|] formulation for 2, so it was of interest to examine the
magnetic properties. The magnetic data of pow-dered single crystals

. of 2 are shown in Fig. 4 gsff vs. T plots at 0.1 and 1.0 T, andyM
ion (O++0: 2.726(13) A). vs. B at 2.0 K (inset). At 300 K, the

the uranyl ion hydrogen bonds to the water coordinated to the Cs



o * proof of the postulated ['M—UV—U'V][UV'] scenario due to the

large variances of these mean values. Regarding the shape of the

1 temperature dependence |offf, uv compounds generally show a

precipitous drop at temperatures belecav50 K, whilst s (or U”')

E compounds tend to a more linear temperature dependence. A

precipitous drop at 50 K is clearly evident from the data, supporting

the hypothesis of a W) ion. In addition, the mean value pés at

uav) 1.8 K is 1.6115;,3e i.e. larger than the observed value forWhile

‘ this may be solely due to the single-idfiegts of each uranium site,

» this may also indicate the presence of relevant exchange interactions.

400 450 500 550 600 Considering the small values of the molar magnetization combined
wavelength (nm) with an almost linear shape, exchange coupling most likelytis an

ferromagnetic and weak. Moreover, the data does not fit to any

model that does not contain avJ(ion (Fig. S14). Coupling in

VN using an aryloxide-substituted tacn Iigé%abr

mixed-valent U
in a pacman typzé) polypyrollic UV—UNCps were also observed to

intensity (a. u.)

Fig. 3 Emission spectrum of 2 in the solid state at 77 K (Aex = 330 nm).

00000009900000 be weak. In contrast, CCls in Np compounds can show strong
41 ogo°° exchange coupling, such as in the mixed valent
00000 " [{NpVI O2CI2{Np VOzCI(thf )3t 2],21 but more relevant to this work,
34 PO oo0 [Np'V(NpV02)2(SeQ;)3] does nof? Thus, in addition to the
= . o 0-41 000 spectroscopic and structural evidence, the magnetic data also support
f ? :; 0.3 oooo the proposed [U—UV—U'V][UV'] structure of2. Finally, it is worth
5 21 e o° noting that fully understanding the mag-netic behaviour of glesin
= §E it OOO actinide centre is still challengil‘?&,so a quantitative explanation of
14 0.1 oc:.o the exchange interactions requires more sophisticated models to be
0.046E developed.
0 1 28/T3 5
0 T T T T T T To explore the bonding 2 we utilised DFT calculations. A

0 50 100 150 200 250 300
T/IK

Fig. 4 Effective magnetic moment of 2 at 0.1 T (open black circles) and 1.0
T (red full dots); inset: molar magnetization at 2.0 K.

model of the cationic component & where the DMF solvent

molecules are cut down to2NCO, was extracted from the crystal
structure, with H atoms placed at idealised bond lengths from
neutron dff raction data and all other atoms fixed at crystallographic
coordinates. DFT calculations used RI-BP86 functional and a basis
set consisting of Lanl2DZ 78-electron ECP/basis on U and def2-
effective magnetic moment is 48 at 0.1 T and marginally TZVP (-f ) on light atoms. Eorts to use smaller core ECPs failed
smaller at 1.0 T (4.3#). Upon cooling, the féective moment due to SCF convergence problems. Three possible spin states were
gradually decreases with temperature, characterized by a sharp #&igd. predicting that sextet is preferred by 0.37 and 0.56 eV over
of et below 50 K. At 2.0 K, the moment reaches a value of 1. ggublet and quartet, respectively, consistent with parallel alignment
and 1.04ig at 0.1 and 1.0 T, respectively. This margindfefience ©f SPins from all U centres in f-u¥-u"]. A plot of DFT spin

is also reflected by the shape of the molar magneti-zation. At ti@sity from sextet state is shown in Fig. 5, lending further
temperature, M is an almost linear function of the applied field up

to 5.0 T, indicating a virtually constant magnetic susceptibility in

this field range, which yields a value of 0.5 at the highest field.

Whilst it is difficult to delineate oxidation states based on the
effective magnetic moment at room temperature, the shape of the

magnetic response vs. temperature is more informativeis is due

to the wide range ofieff values for a single oxidation state that % Y
overlaps with the ranges of the other oxidation states. This general ﬁ

observation for actinides can be attributed to the similar ener-get

order of the relevant ffects, namely electre®lectron

interrepulsion, spirorbit coupling and ligand fieldffect. Summing
the room temperature mean values of thé and

uV compounds reported in ref. 3e yielgss = (2 % 2.77 +

2.07‘2)1/2 = 4.43B, very close to the measured valueZoiThis very
good agreement alone should, however, not be used as Fig. 5 Plot of the DFT spin density from sextet state of a model of
2.
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