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Abstract

Two hexanuclear niobium halide cluster compounds with asXMi** (X = Cl, Br)
diamagnetic cluster core, have been studied by a conarinat experimental solid-state
NMR/NQR techniques and PAW/GIPAW calculations. For niobium sites NMR
parameters were determined by using vari&gléeld static broadband NMR measurements
and additional NQR measurements. It was found that thegege large positive chemical
shifts, contrary to majority of niobium compounds studiedss by solid-state NMR, but in
accordance with chemical shifts Mo nuclei in structurally related compounds containing
[MogBrg]** cluster cores. Experimentally determingg(**Nb) values are in the range from
2400 to 3000 ppm. A detailed analysis of geometrical relationgebet computed electric
field gradient (EFG) and chemical shift (CS) tensors wa$pect to structural features of
cluster units was carried out. These tensors on niobites are almost axially symmetric
with parallel orientation of the largest EFG and the ssaICS principal axesvf andds3)
coinciding with the molecular four-fold axis of the [§¥a2]** unit. Bridging halogen sites are
characterized by large asymmetry of EFG and CS tensertgrifest EFG principal axi¥/4)
is perpendicular to the X-Nb bonds, while intermediate EF@Gcipal axis {,) and the
largest CS principal axi${;) are oriented in the radial direction with respecthe centre of
the cluster unit. For more symmetrical bromide compoundPA®/ predictions for EFG
parameters are in better correspondence with the NMR/NQRumezaents than in the less
symmetrical chlorine compound. Theoretically predicted NMRamp&tersof bridging
halogen sites were checked BY'Br NQR and®Cl solid-state NMR measurements.



1. Introduction

Routine NMR studies of elements possessing large nugpleairupolar moments prove
to be difficult due to considerable spectral broadeningesioms impossible to overcome by
MAS techniques. If these nuclei are positioned at anipmtrorystallographic sites, large
guadrupolar couplings introduce dominant second and higher brdadening of central
lines in the solid-state NMR spectra [1]. More and moréen@s containing quadrupolar
nuclei are studied using static NMR spectroscopy at highneteg fields [23]. This
development has been followed by the increasing numbeésbpfinciple calculations for the
determination of NMR and NQR parameters [4-7

Significant part of niobium halide chemistry covers compoucdstaining edge-
bridged hexanuclear clusters of niobium [Nk.L%] (L' = inner ligand, e.g. Cl, Br; 1=
terminal ligand, e.g. O, OH, CI, Br). The existence of several oxidation states of
[NbsL'12]™ cluster coresn(= 2, 3, 4) is the main characteristic of these compsUsi
Recently, it was found that they behave as usefulystsain various chemical reactiong.[9
Nuclei of interest for NMR investigations of these compousds™Nb, ***'CI, and"*®'Br.
All of these nuclei are quadrupolar with high natural abuneafit].

Since the development of the Gauge-Including Projector AotgdeWave (GIPAW)
method in 2001 [11], a rapid increase of its usage for caloolaf solid-state NMR
parameters emerged in literature [12, 13]. As electeld fgradients (EFG) at positions of
resonant nuclei are determined by the overall chargeibdigsem of crystal structure
quadrupolar interaction parameteSq(and ;) can be obtained through any calculation
method that determines the electronic ground state. Rwpjdzigmented Wave (PAW)
method can be used for such computation, even in theofgmramagnetic structurés4].
The GIPAW method provides estimation of magnetic shieldimgaes ¢) and, in recent
yearsJ-coupling tensors [15]. In order to extract the maximufarmation from solid-state
NMR/NQR experiments, it is worth to combine them with PAW/GIPA¥Iculations to
obtain EFG and CS tensors for resonant nuclei, bechissepproach offers direct structural
interpretation of experimental solid-state NMR data.

Here we present PAW/GIPAW computations and solid-state NMR/NQ&sunements
of two niobium halide cluster compounds: [®ip;2(H.O)e][HgBr4]-12H,O (1) [16] and
[NbsCli2(OH)2(H20)4]-4H20 (2) [17], both having units with [NgX15]** diamagnetic cluster
core (X = halogen atom). Theoretical part of the stidpriented towards the analysis of
these parameters with respect to structural featuresluster unit. In experimental
determination of solid-state NMR parameters fd¥b nuclei we simultaneously fit the
spectra obtained at different magnetic field values usingnigue set of parameters. In
addition, we performed independent NQR measurements to haeeeacomplete picture of
EFG parameters of particular sites. To the best okoowledge, this is first time the solid-
state NMR/NQR technique is combined with the PAW/GIPAW calculationstudy these
unusual cluster environments for niobium and halide atoms. Addity, this work can be
considered as a continuation of the research aboutyatilolid-state NMR spectroscopy,
combined with PAW/GIPAW computations, in the characterisatibinexanuclear halide
metal clusters formed by other metgl8].



2. Methods
2.1. Solid-state NMR measurements

[NbgBri2(H20)g][HgBr4]- 12H20 (1) and [NRCl12(OH)2(H20)4]-4H20 (2) were prepared
according to procedures described in the literature [16, Pufjty and crystallinity of the
samples were checked by additional XRD measurements. dngstemples were powdered
and tightly packed in the NMR cylindrical glass tubgdgithm, length 210mm).

Static broadban®®Nb NMR spectra were acquired in magnetic fiedds 6.0034 T and
B = 12.0142 T (forl), andB = 6.1952 T,B = 9.0977 T, and = 12.0003 T (for2). All
acquisitions were performed by Tecmag Apollo spectrometieig ustatic solenoid probe
placed in the variable temperature insert of an Oxforttun®ents wide-bore variable NMR
magnet. For each set of measurements, the magiedtievis determined by measurement of
%Na NMR line from 1M solution of NaCl in water as a refeenResonant frequencies of
KNbClg/MeCN and NaCl/BO, as references fdfNb and**Cl, respectively [10], were then
calculated and all spectra are presented with respecese teferences. The field stability
was better than 0.1 ppm/hour resulting with an absoluted=rde interval of the measured
spectra of 5 ppm. Most of the spectra were taken at 20@itkebt measurements of central
line at various temperatures between 20 K and 300 K didn't shgvelange in spectral
shape or dramatic change in spectral width. Monotonous cludroe width (10% between
80K and 300 K) could be readily explained by thermal expansiatause of large
quadrupolar interactions expected for ANb nuclei, VOCS technique was performed [19].
Hahn echo sequence (n/2 — t — ) was used with the duration of 7 pulse 9 pus, which gives an
excitation width of 67 kHz. VOCS was obtained by collecanguitable humber of Fourier-
transformed Hahn echoes in frequency steps of 30 kHz. Terv@bghe undistorted central
transition (—1/2 « 1/2) of 1, the sweeps were done in spans from 62.09 to 63.21 MHz (from
125.00 to 126.02 MHz) at 6.0034 T (12.0142 T), respectively. For the ceatrsition of2,
the frequencies were swept from 62.44 to 68.98 MHz, from 93.35 to 95.99 &hdzZrom
123.50 to 130.46 MHz, for magnetic fields of 6.1982977 and 12.0003 T, respectively.

Static broadband®Cl NMR spectra were acquired &t= 200 K in magnetic field® =
12.0135 T by using theame spectrometer and probe. Solid echo sequence (n/2 — T — w/2) was
used with duration of n/2 pulse 4 ps, which gives the excitation width of 150 kHz. VOCS was
collected in frequency steps of 50 kHz, in the span from 49.60.85 MHz.

2.2. Zero field NQR measurements

%Nb NQR measurements @fand2 were done using the same laboratory equipment.
All measurements offNb nuclei contained 1 million acquisitions and were performitt
the repetition time of 5 ms. The same acquisition rpatars were used during measurements
of #Br and"*Br nuclei of1. The frequency range was swept down to 8.8 MHz which was also
the lowest experimentally reachable frequency of the custedy.



2.3. Calculations and representation of the EFG and shielding parameters

Crystallographic data for both compouridand2 were taken from ICSD database J20
(collection codes: 50174 fdr and 80207 fo2) where both structures are deposited without
hydrogen atoms. Specific details about hydrogen atom positiovilhgpe discussed in the
part “Structures and details of geometry optimization”. Atomic position optimized structures
were calculated within DFT-pseudopotential plane wave methodising the CASTEP
program[21]. The unit cell parameters were fixed and the cut-offgnef the plane-waves
was set to 620 eV. Exchange/correlation energy was calculateith whe non-local PBE
functional approximation [22], with the density mixing schepteposed by Pulay [23].
Density of thek-points in the reciprocal space was also kept equal fdr cmnhpounds (0.05
A™), which generated 2x2x2 grid for 1 and 3x3x3 grid for 2 by using the Monkhorst-Pack
generation scheme [24]. Ultrasoft pseudopotentials weneergeed using on-the-fly
(OTF_USPP) generator included in the CASTEP program. Followinitpts were treated as
valence: 2s and 2p for oxygen atoms, 3s and 3p for chlorimesatts and 4p for bromine
atoms, 4s, 4p, 5s and 4d for niobium atoms and 5d and 6s fourmatoms. Core electrons
are treated in the scalar relativistic manner. Georinwergence criteria were: 019 *
eV/atom for total energy).5-10"* eV/A for maximum ionic force, 0:10° A for maximum
ionic displacement and 0.1 GPa for maximum stress compoAéoinic positions of
optimized structures can be found in Table S1 of supplememaigrial. Magnetic shielding
tensors §) and EFG tensors were calculated from optimized structyassing the NMR-
CASTEP code [25, 26]. Pseudopotentials used in the NMB¥E® calculations were
identical to those used in the optimization calculajas well as density féepoint sampling
(0.05 A™), because preliminary calculations with 0.1 A™' k-point density showed no
significant change in the calculated NMR parameters. Dueetathe number of atoms in the
unit cell of 1 and increased computational requirements for GIPAW clon| the cut-off
energy for plane-waves was set to 500 eV in calculatiof, favhile the value of 620 eV was
retained in the GIPAW calculation f@ Convergence of the computed NMR parameters with
respect to the cut-off energy has been checked.

Theoretically predictable magnetic shielding tensar) (and experimentally
determinable chemical shift tens@ ¢r CS) are two quantities related by following relation
[27]:

Ssym
Oref—0%Y

6= (1)

1—Uref

wheres™" represent a symmetric part of totatensor ands is absolute isotropic shielding
of the reference compound. The eigengaland eigenvectors (principal axes)a3f" tensor
(011, o22a@ndoss) are quantities which are directly computed by the NMR-CRSTGIPAW)
calculation. In this work, they are indexed according ®dtandard conventioa; < g2, <
o33 Antisymmetric part of the total tensor 6°™™ does not contribute to the experimental
chemical shift (shift of the frequency), but contributeshte second order response of the
system, i.e. to the relaxation of the spin magnetiraf28]. Euler angleso( f andy), that
define mutual orientation of EFG and CS tensors are comhgam the calculated principal
axes of the EFG ang®™ tensors, where we took into account the fact that Cs¥Adensors



have identical orientations [Eq. (1)]. The conventioaduor Euler angles follows the one
from simulation program Wsolids [29] and program EFGShield, [38} thea angle describe
rotation of the CS tensor around thg principal axis (or aroun® principal axis in the
initial orientation), angle describe rotation of the CS tensor about nesctibn of thed,,
principal axis and angle describe rotation of the CS tensor about finalction of thedss
principal axis. All rotations are counter clockwise, pgadiaxes of EFG tensor are not
moving and initial orientation is the one in which the pipal axesj;1, d22 and ds3 coincide
with the principal axe¥y, Vyy andV,, respectively. From the above mentioned convention
for eigenvalues of thes™™ tensor followsa following convention for the CS tensor
eigenvaluesdi1 > 922> ds3. Vi, Vyy andVz denote eigenvalues of the EFG tensor indexed by
convention Yy < [Vy| < [Vz|. Two auxiliary tensors (EFG’ and ¢™™) are also computed for

the sites of interest in the structurdb( Br, Cl). These tensors have equal eigenvectors
(principal axes) as original EFG amd™ tensors, but having all eigenvalues positive and
equal in magnitude with corresponding eigenvalues of the orifif@ ande™" tensors.
Calculating the components of these tensors in thetadlygraphic coordinate systems (using
fractional coordinates) and storing them instead of covapis of the atomic displacement
parameters in thetructure’s Crystallographic Information File (“cif” file) for sites of interest
the ellipsoid representation of the EFG asitl" tensors are obtained. For drawing such
ellipsoids in this work, the program ORTEP-IIl was used [31].

2.4. Smulations of the static-powder NMR spectra

Powder solid-state NMR spectra were simulated by WSoll@$ package capable to
handle convoluted quadrupolar interaction/chemical shift iotiewras by using a second-order
perturbation theory for quadrupolar interaction with respe Zeeman interaction. This
package uses the above-mentioned paramétgréy, dss, o, f andy as well as quadrupolar
coupling constant@,) and quadrupolar asymmetry parameig) ¢lefined by:

Co = €9Q/h = eQV//h (2)
and

No = (Vxx - Vyy)/sz, (1=ne=0) (3)

where e is elementary chargeQ is quadrupolar moment of the nucleus dnds Planck
constant. FofH, 1’0, *Cl, 8Br, ®*Nb, and***Hg nuclei, theQ values of 0.0029, -0.0256, -
0.0817 0.2760, -0.32 and 0.3850 Barn were used in calculations, regpg¢tivBarn = 13°
m?), as implemented in the CASTEP-NMR code [25, 26]. Altevediti to the standard
representation fofi1, d22, d33, isotropic chemical shiftXs), chemical shift anisotropyniso),
and chemical shift asymmetry;) in Haeberlen notation are often used

Siso = (O + Sy + 02)/3 (4)
Saniso = 02z (O + Oyy)/2 = 31262 — Siso), (5)
M5 = Oy = 00/ 0z = diso), (127752 0), (6)



where indegsare defined by conventio®d — diso | = | dxx — diso | > | Oyy — diso |. Wsolids also

uses GB (Gaussian) and LB (Lorentzian) parameters deschboaglening of the simulated
lineshapes as well as a mixing parameter which representithefrawo types of broadening.
In this work, 10 kHz for the GB and LB parameters and 50% fmilxing parameter in all
simulations are used

2.5. NQR data processing

NQR line shapes are Lorentzian line shapes, where frequeridiesir centres indicate
transitions between energy levels of nuclei determimaapdetely by quadrupolar interaction.
These energy levels are determined by the quadrupolar mgupbinstantC, and the
asymmetry parametef,. Broadband static solid-state NMR measurements and PAW
calculations showed that, parameter fof*Nb nuclei ( = 9/2) in both samples are always
smaller than 0.3, so perturbation expansion for frequencie

vi=V(£1/2643/2) = (Cy/24) (1 + 9.0333;,2 — 45.691 75" + ...) (7)
Vo= V(£3/2+5/2) = (2Cy/24) (1 — 1.3381 52 + 11.72275* + ...) (8)
Va= V(£5/2+7/2) = (3Cy/24) (1 — 0.1875 5 — 0.1233 55" + ...) (9)
Va=V(£7/25+9/2) = (4Cy/24) (1 — 0.0809 7¢” — 0.0043 55" + ...) (10)

is assumed to be vali®2]. Nuclei®Br and *Br are quadrupolar with = 3/2 and only one
transition frequencys possible for such nuclei: [32]

v=v(x1/26+3/2) = (CJ/2) (1 +123)M? (11)

Eq. (11) is valid for all values of parameigr(0 <7, < 1). However, only one frequency is
not enough for determination of both parame@gsandzq solely from®'Br or “Br NQR
experiment, but the value for frequency predicted fronPth¥/ calculations o€, ands, can
be compared with the observed ones.

3. Structures and details of geometry optimization
3.1. [NbeBr12(H20)e] [HgBr4/-12H,0 (1)

Structure of 1 consists of hexanuclear [Mris(H,0)s]?" cations (cluster units),
[HgBrs)* anions and crystal water molecules. Cluster units asedcb@n diamagnetic
[NbeBri2]?* cluster cores. The structure was solved by the singktatrX-ray diffraction
method in theFd3m space group without determinatiof hydrogen atom positiond 6].
Basic structural motif consists of two interpenetrateshaind lattices (one formed by cluster
units and the other by [HgRf anions), already described in similar iso(homo)struttura
niobium or tantalum halide cluster compounds [33]. Due to higihic symmetry, theres
only one inequivalent niobium site, two inequivalent bromitesgone on bridging position
of the cluster unit and one from the HgBnion) and two inequivalent oxygen sites (one from



the water molecule coordinated on the cluster unit androne the crystal-water molecule).
In order to optimize the atomic (site) positions anddfrulate the EFG and CS tensors for
these sitgshydrogen atom positions have to be determiiidds task was not straightforward
because thé&"d3m space group possessmany symmetry operations which generate too
many symmetry equivalent hydrogen atoms in the structure.pfbidem, characteristic for
this structural type of cluster compounds, was already guiotit and analysed by Hirsch
[34] who gave a prescription for the hydrogen atom positioninghén lydrated crystal
structures in general. We followed his prescription, whichsist& of manual positioning of
hydrogen atoms on sites suitable for saturation of hydrbgads followed by the geometry
optimization using DFT pseudopotential plane wave methodvdset two available sites for
hydrogen atom®f crystal-water molecule, which should satisfyHO-O hydrogen bonds
(Fig. 1), only one has to be chosen (H22 or H2ig. 1). f both of these positions are
occupied, then the energetically unfavourable close centaith other hydrogen atoms
upcoming from the nearby symmetry related water moleculéappear.

|

Fig. 1. Structure of [NBBri»(H.0)s][HgBr4]-12H,0 (1) in the Fd3 space group with hydroger
bonding scheme used in the geometry optimization. Small greyesgbaote the other possib
site of H22 atom (labelled as H2which is not occupied. Crystallographic two-fold axis pass
through Nb and O1 atoms and three-fold inversion axis passmggth Br2 and Hg atoms are als
shown. Symmetry codes: &) 1/4-y, 1/4-z (i) 1/4+y, 1/2-z, —1/4+x; (i) 1/4+z, —1/4+x,1/2-y;
(iv) X, Z, Y.



Positions H22 and H22are connected by the mirror symmetrfythe Fd3m space group
Therefore, this mirror symmetry has to be removed to stogguation of symmetry related
hydrogen atoms in the structure. Second hydrogen atom belotwitigs crystal water
molecule (H21, Fig. 1) probably points towards a third poss$iptkogen-bond acceptor in
vicinity, i.e. to the bromine atom from the nearby [HgBranion (Fig. 1). Correct subgroup
of the Fd3m space group lacking the mentioned mirror symmetry is'ttesymmetry group
[35] and in this space group the geometry optimization was ssifttly performedDue to
large number of atoms in conventional cubic unit ae# b = c = 21.0072A, a = =y = 90°),
optimization of atomic positions was performed in thengive unit cell @=b =c = 14.8543
A, a = p =y = 60), with all symmetry operations of tH&i3 space group taken into account.
Optimized fractional coordinates of all atoms are listedTable S1 of supplementary
material. Number of inequivalent non-hydrogen atom sitessrot been changed with respect
to more symmetricaFd3m space group. Niobium site Nb1 lies on crystallographic ftvla-
rotation axis, while bridging bromine site Brl is located tbe general crystallographic
position .e. on 96g Wyckoff positionsf the Fd3 space group (origin choice 2)].
Nevertheless, it lies on the missing crystallographam@bf the Fd3m space group [96g
Wyckoff positions of theFd3m space group (origin choice 2)] and on molecular two fold
rotation axis of the [N§X12]?* cluster coreBromine site Br2 from [HgBi#* anion is located
on the three-fold inversion axis [32e Wyckoff positionshefFd3 space group (origin choice
2)]. Centres of cluster units and Hg atoms from [HiBrnions are located on the high-
symmetry tetrahedral sites [8a and 8b Wyckoff positionshefFd3 space group (origin
choice 2)]. DFT optimized distances in metal clusteb{@&2in supplementary materjal
very well agree with X-ray data, all discrepancieslass than 0.014. These distances are
typical for the [NBri2]** cluster core.

3.2. [NbgCl12(OH)2(H20)4/-4H20 (2)

Crystal structure oR consists of hexanuclear [ABI12(H20)4(OH),] neutral cluster
units, and two symmetry independent crystal water moleculastet units are based on the
[NbeCl15]?* cluster core which has the same oxidation state aiNth@ri;]** cluster core in
1. Because the [NEI12]** cluster core bonds two negatively charged hydroxyl anions on
terminal ligand positions, the whole cluster unit is eleatiyjcneutral. The structure was
solved by the single-crystal X-ray diffraction methaodthe low-symmetry space groud
[17] where only centres of symmetry exist in the sevasatallographic sites. One centre of
symmetry is located in the centre of cluster .ublihits are packed in the general triclinic
crystallographic lattice with different distances bedwaeighbouring units aligned along any
of crystallographic axe<rystal water molecules are located on the generatalkygraphic
positions between cluster units (i.e. on 2i Wyckoff pos#iofthe space groupl) and they
connect cluster units by complicated hydrogen bonding network.u¥éd a literature-
suggested scheme for this hydrogen bonding network (Table 8. ifiL¥]). The only atom
that was not determined in this scheme was the hydrogen abomtiie hydroxyl group
coordinated on the Nbl atom (H3 in Fig. 2). Because hydroxyl ox§@geis already acceptor
for two hydrogen atoms from the nearby crystal water ocutdss, the only possible orientation



for H3 atom is towards the Cl3atom from the neighbouring cluster unit, the one which is
translated along tha axis by one period (Fig. 2). After including this hydrogen atorthe
structure, positions of all atoms were successfully opéichizby using the DFT
pseudopotential plane wave method. Optimized coordinates sis®l lin Table S1 of
supplementary material. In this structure, there aeetmequivalent niobium sites (Nb1, Nb2
and Nb3) and six inequivalent chlorine sites (Cl1, CI2, CI3, ClI5 and CI6). All these
atoms are located on the general crystallographic positibrspace grougP1 (i. e. on 2i
Wyckoff positiong. Again, DFT optimized distances in metal cluster very agtiee with X-
ray data. They are listed in Table S2 of supplementaryriaitand correspond to typical
distances for the [NiEl12]** cluster unit. Discrepancies between DFT optimized andyX-r
determined distances asbvays less than 0.01 A; somewhat larger differences are observed
only for Nb-O bonds.

Fig. 2. Structure of [NBClz(OH),(H20)4]-4H,O (2) optimized in the space groufl. Positions
of all hydrogen atoms are taken according to the schemegawpo Table 6 of ref. [17], witl
additional atom H3 positioned to satisfy hydrogen bondHD33:-CI3", as shown. Symmetry
codes: (Y 2-x, 1-y, 1-z (vi) 1+x, Y, z
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4. Reaults of PAW and GIPAW calculations

Calculated eigenvalues of the CS tensodsi, 022 and ds3), quadrupolarinteraction
parameters G, and ) and Euler anglesa( f andy) for the nuclei which were treated
experimentally by the solid-state NMR or NQR spectroscopgisiwork are listed in Table
1. Calculated eigenvalues @™ tensors: €11, 522 and as3), C, andy, parameters and Euler
for all other sites (nuclei) in the structuresladnd? are deposited in supplementary material
(Table S3) Precision of calculated parameters is estimated acgptdithe small differences
between values obtained for symmetrically related siteagitihe PAW(GIPAW) calculation
of 1. Such differences were not observed during calculatio2,folue to only one class of
symmetry operations in the space group2ofP1). Euler angles were calculated within
precision of one degree. The CS tensord\brsites in both compounds and 0f sites in2
were calculated by using Eq. (1) with valugs = -578.09 ppm for*Nb [5], andare = 974
ppm for *°Cl [4]. Due to the lack of information fos.« valuesof “Br or ®'Br nuclei, the
eigenvalue®f symmetric part of shielding tensar™(") are given for Brl site in (Table 1)
This nucleus was treated only by NQR spectroscopy; therefqerimentabii, d-2 and dss
values for this site are not determin&@faphical ellipsoid representations of calculated EFG
and ™™ tensors, for all symmetrically inequivalent Nb, Br ands#s forming the cluster
units in1 and2 are given in Fig. 3. For sake of clarity, principal arés>™ ellipsoids for
specific atomic types have been normalized to the geevalues of their isotropic values
<oi(ND)>, <ai(Br)> and <oi(Cl)>. Therefores™™ ellipsoids of different atom types in
Fig. 3 are not comparable in size mutually. (In reakty™ tensors orNb sites are much
larger thane™" tensors orCl or Br sites, but ellipsoids among atoms of the same type are
mutually comparable.) The EFG ellipsoids were not normalizethesr sizes are comparable
even between atoms of different types. It is intergstiat Nb sites show deshielding effect,
i.e. the local magnetic fields felt by their nucleg¢ drigher than the fields used in experiment.
For all other atoms, principal values of shielding arsitp@ (Table S3 in supplementary
material), meaning that magnetic fields felt by their eudre lowered by the induced
molecular currents, as typical for the concept of dbahshift. In less symmetrical compound
2, there are no symmetry restrictions on individualdem®mponents or on Euler angles, due
to the general crystallographic positions for every atiomhigher symmetric compound],
EFG parameters for the Hg atom are zero due to its higlaheelral, symmetry site [8b
Wyckoff position of theFd3 space group (origin choice 2Jjurthermore, the calculated™
tensor for this atom is isotropic (Table B3supplementary material). Atom Br2, positioned
on the three-fold inversion axis has perfect axial symnudttige EFG an&™™ tensors (equal
values forg11 and o2, and zero valudor 7o, as evident from Tabl&3 in supplementary
material). Niobium atoms and oxygen atoms from coordthatater molecules lie on the
crystallographic two-fold axis [48f Wyckoff positions in thpace grouFd3 (origin choice
2)], so one of principal axes of their EFG asid” (CS) tensors must be aligned along this
symmetry axis. According to the PAW/GIPAW calculations for Nbé& these are thé, and
o33 principal axes, s@ Euler angle for this site is zero. Two-fold crystgtiaphic axis is close
to the approximate four-fold molecular symmetry of the leiblbsBri2]?* cluster core (only
hydrogen atoms from coordinated water molecules destr@y djimmetry) and this is
reflected in the small computeg, value. The same arguments can explain sghduler
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angles and smatlp values for all three niobium sites 2n(Nb1, Nb2 and Nb3), although alll
these sites have no crystallographic symmetry. Cont@riNi sites the PAW/GIPAW
calculations predict that bridging halogen sites (Brllimand CI1-CI6 in2) have high
anisotropic EFG anea®™ (CS) tensors [especially EFG tensors, as evident figm B(a) and
3(c)]. So, they have higjy values (Table 1). Principal ax¥g lie dominantly in the plane of
Nb-X bonds (X = halogen atomyj, principal axes point radial, outwards the cluster unit and
V principal axes are oriented perpendicular to the plaméeox bonds [Figs. 3(a) and 3(c)].
Directions of the smallest shielding (largest shift) oidding halogen sitess(;) are oriented
radial, outwards the cluster units. Orientations of ogivancipal ™™ tensor axes are less
regular compared to the orientations of principal axeee&FG tensor.

Fig. 3. Ellipsoid representation of the calculated EFG tenspfsand2 [(a) and (c)] ands™"
tensors irl and2 [(b) and (d)]. Ellipsoids are drawn only on the symmetryumneent Nb, Br or
Cl sitesof clustersin 1 and2; other symmetry related sites are represebtedrcles. Individual
principal axes of EFG a#*™ tensors are labelled wit¥,, Vyy Vz O 011, 02, 033, respectively,
denoting those with negative eigenvalues in gray. In (a)(Bdwo-fold rotation axis ofd3

space group is denoted as a thick dashed line.
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Table 1. GIPAW calculated and experimentally determ@8@nd EFG parameters for Nb, Br and Cl sites of cluster units in
[NbGBrlz(Hzo)e][HgBr4]12H20 (1) and [NQCIlz(OH)z(H20)4]4H20 (2)

[NbGBrlz(Hzo)e][HgBr4] -12H,0 (1)
Nucleus | d11 (611) (PPM) | 622 (622) (PPM) | 33 (o33) (PPM) | Co (MH2) o a (®) B0 y ) Method
“Nb1 2652 2553 1955 81.90 0.020 0 0 28 GIPAW
“Nb1 3400(50) 3300(50) 2300(50) 83.76 0 0 0 0 ssNMR(NQR)
¥Bri | 1251° 1321° 1476° | 12489 | 0.958 0 89 76 | GIPAW
[N beCIlz(O H)z(H 20)4] 4H20 (2)
Nucleus d11 (ppm) d22 (ppm) d33 (ppm) Co (MHZ) o a () B0 y ) Method
“Nb1 2737 2657 2188 116.49 0.116 75 3 115 GIPAW
“Nb1 2690(50) 2610(50) 2050(50) 140.09 0.056 0 0 0 ssNMR(NQR)
“Nb2 3039 2886 2203 56.06 0.235 75 3 72 GIPAW
SNb2 3200(100) 3100(100) 2100(100) 75.25 0.118 0 0 90(30) |ssNMR(NQR)
“Nb3 2859 2833 2148 77.05 0.020 87 6 177 GIPAW
“Nb3 3100(100) 3100(100) 1900(100) | 83.00 (81.70) 0 0 0 0 ssNMR(NQR)
*Cl1 721 604 560 17.18 0.606 13 46 92 GIPAW
*CI2 674 604 573 16.00 0.727 33 27 61 GIPAW
*CI3 597 494 475 15.53 0.777 14 22 66 GIPAW
*Cl4 629 538 519 15.45 0.791 3 14 83 GIPAW
®CI5 618 512 500 15.60 0.623 15 87 84 GIPAW
*Cl6 686 581 545 15.91 0.650 31 11 75 GIPAW

& Eigenvalues of symmetric magnetic shieldiag, (22, 033) are given.

®Value in parentheses is from the independent NQR measurement.
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5. NMR and NQR measurements
5.1. [NbeBrlz(HZO)e][HgBr4]-I2H20 (l)

Simulated®™Nb solid-state NMR spectra & = 6.0034 T andB = 12.0142 T, using
parameters from the PAW/GIPAW calculation, (Table 1; camplol, Nbl site, GIPAW
method), are shown in Figs. 4(a) and 4(b), respectivelysited spectra in the same fields
are shown in Figs. 4(e) and 4(f), respectively. Lineshapesmulated spectra nicely follows
those obtained experimentally, although simulations s$loiy towards the lowed values.
This is especially visible on the 12.0142spectra [Fig. 4(b)]. Left and right shoulders of
characteristic central transition line are predictededelow 4000 and slightly above 0 ppm,
respectively, but experiment show that they occur around 4508Qéhgpm [Fig. 4(f)]. To
test the quality of quadrupolar interaction parameters tha significantly affect the
appearancef the spectra, additional determinationGyf andsq parameterss performed by
zero field NQR spectroscopy. The results are giweligs. 5(a) and 5(b). From positions of
two lines, identified as +5/2 <> +7/2 and +7/2 « +9/2 %*Nb transitions, one can easily extract
the EFG parameter€q = 83.76 MHz andjq = 0 [Egs. (7) - (10)].

(a) (b)

10000 5000 0 5000  -10000 6000 4000 2000 0  -2000

(c) (d)

10000 5000 0 5000  -10000 6000 4000 2000 0 -2000

10000 5000 0 5000  -10000 6000 4000 2000 0 -2000

6 (ppm) 6 (ppm)

Fig. 4. Solid-state NMR powder-spectra of central transidri*Nb nucleiin [NbgBrio(H;0)e]
[HgBr4]-12H,0 (1): simulations a6.0034T (a) and12.0142T (b) with parameters obtained froi
the PAW/GIPAW calculations. Simulations@0034T (c) and12.0142T (d) with 611, 22, ds3, @,
S andy parameters obtained from the GIPAW calculation and EFG pasesr@htained from the
NQR measurements. Measured spectra (black lin€.@G@34T (e) and12.0142T (f), with
simulations using NMR parameters obtained by the best fitttorbeasured spectra (dotted line;
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Simulated NMR spectra using these valuesGgrandq, together with values fadi1, d22,
J33, a, f andy obtained from the GIPAW calculation are given in Figgg) and 4(d). This
simulation even better reproduces overall width and sbh&p&perimental spectra [Figs. ¥(e
and 4(f)], although still shifted for ~500 ppm towards the lowealues. Simulations based
only on the PAW/GIPAW predictions [Figs. 4(a) and 4(pyoduce somewhat narrower
spectrum in comparison with the measured ones, due tdhsliglver prediction forCq
parameter (81.90 MHz, compared with 83.76 MHz obtained fronN{QR). Nevertheless,
the difference is only 1.861 MHz (2.2 %), which shows high reliability of the PAW method
for calculation of EFG tensor in this case. Thereafter, the NQR determingdy, and 7q
parameters were fixed and other parameters were varieddar ¢o produce the best
simulation of both measured spectra simultaneoushs[HE¢e) and 4(f)]. By using this fitting
procedure, the experimentally determined CS parametersbémged which are given in
Table 1 (ssNMR/NQR method)o do so, each paramet@ii( o2z, d33, a, f andy) was varied
bidirectionally, with all others being kept constant, utité shape variation was significant.
Simulations showed that the shape of spectra was ingensitvariations of Euler angles f
andy. Structural/symmetry reasons could be responsible forotheervation: Euler anglé
for Nbl site is zero by symmetry reasons, as alreadiiergl in the previous section. The
NQR measurements show that thgasymmetry parameter is also zero, meaning that EFG
tensor is axially symmetric. In such axial case, Ytheand V,y principal axes of the EFG
tensor can always be chosen in directiof.@findéz» principal axes of the CS tensor (even if
CS is not axially symmetric), therefore the other twoeEaingles 4, andy) can always be
redefined to zero, regardless of the initial orientatibV,x andodi; principal axes. Thus, the
simulations of**Nb solid-state NMR spectra for this site should notsbesitive to the
variation of Euler angles.

(a) *Nb (b) *Nb
+7/2 <> £5/2 +9/2 <> +7/2

69.8 69.9 70.0 70.1 83.6 83.7 83.8 83.9
y (MHz) y (MHz)

Fig. 5. NQR spectra ofNbgBri2(H20)s][HgBr4]- 12H,0, together with their Lorentzian fit:
(dashed lines)*Nb transition £7/2«>+5/2 (a): vo= 10.46997 MHzAv, = 26.69 kHz*Nb
transition £9/2+7/2 (b): vo= 13.96004 MHzAvo= 30.26 kHz; transitions +3/2«+1/2 of
81Br (c) and "*Br (d), respectively ¥vq = 69.96464 MHz A%vq = 24.27 kHz; v =
83.75187 MHzA®vo = 28.04 kHz).
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Zero value of NQR measured parameter compared to small PAW prediction could be
a consequence of the coordinated water molecule dynaNsesely, torsion movements of
these molecules around Nb-O bonds could increase cogstgihic two-fold symmetry
existing inFd3 structural model into higher four-fold symmetry, for whigkial appearance
of the tensors is obligatory. The NMR/NQR measurementpefermed on temperatures of
200 K, while the PAW/GIPAW calculations are performed on themped geometry, where
atomic movements or rotations around bonds are not taken guardc

According to all these arguments and after determinaifo@y and#;q by NQR the
parameters that should affect the shape of simdifNb solid-state NMR spectra dfare
only 611, d22 and ds3 parameters. The best fits are obtained by using vati&z00(50),
3300(50) and 2300(50) ppm fordi1, d22 anddss, respectively [Table 1; compourg Nbl site,
ssNMR(NQR) method]. In Haeberlen notation [Eqgs. (4))] {bese parameters arg, =
3000(50) ppMganiso = —1050(50) ppm and #s = 0.1429. GIPAW calculation underestimates
the 11, d22 anddsz parameters between 200 - 800 ppm @B1%), although correctly predict a
positive sign for all three eigenvalues. Simulationspéctra were rather insensitive to the
variation ofd11, d22 anddss parameters, so their accuracy is estimated to 50 ppm.

Regarding®*"Br NQR measurements, measured frequenoie€vg = 69.97 MHz and
79vQ = 83.75 MHz [Figs. 5(c) and 5(d)] correspond very well withRA&V predicted values
SlVQ =71.43 MHz anchvQ = 85.5 MHz, respectively, showing again that EFG parameaters
compoundl are calculated with high precision. The solid-state Nigasurements /" *Br
nuclei were not performed, due to their lower receptivity lagtl ratios of their quadrupolar
to Larmor frequencies. Characteristic quadrupolar frequencadculated from the PAW
predictedCq and#q values are 35.68 MHz f&"Br and 42.71 MHz fof°Br [Eq. (1.2) from
ref. [7]]. In order to extract the CS parameters for Brl site in cong@uit is desirable to
perform®/"Br solid-state NMR measurements on the high-field sstide NMR facilities
where quadrupolar interaction is better treated by secuodwt-perturbation theory, and where
effects from chemical shift anisotropy are enlarged.

5.2. NbgCl12(OH)2(H20)4]-4H-0 (2)

Simulated **Nb solid-state NMR spectrat 6.1952, 9.0977 and 12.0003 T, using
PAW/GIPAW calculated parameters (Table 1; compa2iidbl, Nb2 and Nb3 sites, GIPAW
method) are shown in Figs. 6(a) - (c), respectivilgasured spectra in the same fields are
shown in Figs. 6(g) - (i), respectively. The overall shapéhe simulated spectra (based on
sum of the three individual sites) is in poorer agregmeéth the measured spectra, compared
with the analogous analysis in the case of compduidorder to determine more relialile
andzq parameters, the additional zero field NQR measurenvesits recorded between 8.8
and 24 MHz. The results are shown in Fig. 7. There arengistected resonant frequencies:
Three lines correspond to Nb1l site, two correspond to Nb2siteawo correspond to Nb3
site. Remaining five lines were below experimentally adbkessange (i.e. below 8.8 MHz).
Neverthelessone can easily determir@&, andyq parameters for all these three sites by using
Egs. (7) - (10)Results are given in Table 1 [compouZidssNMR(NQR) method, for Nb3
siteCq value determined from NQR is the one given in parenthedesin be observed that
the PAW predictions underestimate these NQR determinages/alp to 26% (the largest
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relative discrepancy is for the Nb2 site). Nevertheldss PAW calculation correctly predicts
the largesCq parameter on Nb1l site, which is special site becausends negative charged
hydroxyl anion instead of neutral water molecule. At ellipsww@sentation of EFG tensors of
cluster sites ir2 [Fig. 3(c)], it is visible that the largest EFG ellipsoid is drawn ba Nbl
site. PAW underestimations g§ values on all Nb sites can be argued by dynamical efbécts
bonded water (or hydroxyl) molecules. Wh€g and o parameters measured by NQR
spectroscopy are combined with valuesdqr d,,, ds3, @, f andy obtained from the GIPAW
calculation, significant improvement in matching betwaautated [Figs. 6(d) - 6(f)] and the
observed [Figs. 6(g) - 6(i'Nb solid-state NMR spectra is achieved. Using the sarimgfit
procedureasused in the analysa& compoundl, experimental values f@h1, J22, d33, @, f and

y are obtained [Table 1; Nb1, Nb2 and Nb3 sites, sSSNMR(NQ®)adg In order to produce
the best fit it was necessary to slightly cha@geparameter of the Nb3 site (with respect to
the NQR measured valyg)lthough we consider that this small difference is inrtémge of
experimental uncertaintief\gain, simulations showed that the shape of solid-JHHR
spectra was insensitite variation of Euler angles, although®d0r they angle on Nb2 site
was foundo be the most suitable. This site has the larggsalue,

30000 20000 10000 0 -10000 -20000 -30000 10000 5000 0 -5000 -10000 -15000 15000 10000 5000 O  -5000 -10000

(d) (e) (f)

Ay
T e 3

30000 20000 10000 O -10000 -20000 -30000 10000 5000 0  -5000 -10000 -15000 15000 10000 5000 O  -5000 -10000

(h) (i)

T T T T T T T T T T T T - T T T T T T
30000 20000 10000 O  -10000 -20000 -30000 10000 5000 0 -5000  -10000 -15000 15000 10000 5000 0 -5000 -10000

6 (ppm) 6 (ppm) 6 (ppm)

Fig. 6. Solid-state NMR powder-spectra of the central transitoh **Nb nuclei in
[NbgCl15(OH),(H,0)4]-4H,0: Simulations at 6.195Z (a), 9.0977T (b) and 12.0003 (c) using
parameters obtained by the PAW/GIPAW calculation; simaratiat 6.1952 (e), 9.0977T (f)
and 12.0003 (g) usingdis, d22, d33, a, f andy parameters from the GIPAW calculation and El
parameters from the NQR measurememsasured spectra at 6.1952 T (g), 9.097¢) and
12.0003T (i). In all spectra contributions from individual Nb sites ahewn; Nbl1-thin full ling
Nb2- dashed line and Nb3- dotted line.
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so the arguments given in analysis of compolirfdedefinition of Euler angles to zero) are
not strictly valid for this site. Due to overlapping of kh@pes from the three inequivaléiii
sites on all three measured spectra [Figs. 6(g))], the precision of experimentally
determinedosi, d22 and o33 parameters was lower than the analogous precision eé the
parameters obtained during analysis of compolinespecially for the Nb2 and Nb3 sites.
Nevertheless, the best fittégh, J22 anddss values very well agree with those predicted by the
GIPAW calculation, even better than analogous correspoadenthe case of compourid

All predicted values fob11, 622 anddsz parameters, from all three sites, do not differ foremor
than 270 ppm (9%) from the experimentally determined valliebl¢ 1). Additionally, in
Figs. 6(g) - 6(i) one can also observe a few signals fieeratlditional satellite transitions,
and these were also included during the simulation-fifthogedure.

It is difficult to explain differences in PAW predictethd NMR/NQR measured
values for theCq and#q parameters at niobium sited 2, but we can suspect in correct
description of hydrogen bonding network. We relied on tlerse suggested by the single-
crystal X-ray diffraction study17], although it is known that the light hydrogen atoms have
small scattering power and cannot be reliably determined bgyX-especially if they
compose the structure containing heavy atoms like niobium. tDube large number of
symmetry independent hydrogen atoms in the structur@ ¢® atoms, Table S1 of
supplementary matext), the other hydrogen bonding schemes are also possibleh wdwld
producea different Cq andzq parametersDetermination of most suitable hydrogen bonding
scheme is out of the scope of this paper. Anyway, the pragmgnation oNb sites in
experimentafNb solid-state NMR spectra is achieved. To obtain comssignation, the
usage of additional NQR measurements proved to be verylubetause they correct the
values for quadrupolar interaction parameters.

Nb1
+5/2 «> +3/2
Nb3 | Nb2 Kby
:':7/24-.> 5/2 i9/2.<-> +7/2 E1f Bl Nb1
- P : +9/2 <> £7/2
i v  Nb3 .
Nb2 : | 202> £7/2

£7/2<> £5/2 |
P

\/

J\J

| INECE DN N7 UL NI UL L C NN L) KON NN DN LN LN LN |
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
v (MHz)
Fig. 7. NQR spectraof, [NbgCli2(OH)2(H20)4]-4H,O: Each of three niobium site
contributes to four NQR lines. 7 (out of 12) lines are obserrvelde available frequenc
range.
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In order to deeply describe the halogen bridddigitesin compound2, the powder
%Cl solid-state NMR spectra = 12.0135 T was recorded and it is shown in Fig. 8(b). Due
to the large number of symmetry inequivalédk sites (6 sites), we were not able to
experimentally determine all NMR parameters for each Bjteusing simulation-fitting
procedure. Nevertheless, the general shape of simutgientra reproduces the measured one
more than satisfactory (Fig. 8). From this we can condhdethe PAW/GIPAW calculation
reliably predicts the NMR parameters characteristiclfesé sites of halogen atoms. We point
out a good correspondence for predicted and observed Ipeeghsacontinuities, as this
feature was not so successful in the casé&b spectra of compount (there, the shift
towards the lowed values was observed).
(a) —Cl1 Cl4

10000 5000 0 -5000 -10000 -15000

10000 5000 0 -5000 -10000 -15000

0 (ppm)

Fig. 8. (a) Simulated®*Cl powder NMR spectra of [NBIlz(OH)(H,0)s]-4H,O using the
PAW/GIPAW calculated parameters (black thick line), showimmgtributions for each of
individual Cl sites.; (b) MeasuretCl powder NMR spectra (black thick line) compared w
theoretical prediction (dashed line).

6. ®Nb chemical shifts

The most striking feature of tHeNb chemical shifts in hexanuclear halide cluster
units is that they show deshielding effects. Accordingésgnted analysis, which is based on
independent PAW/GIPAW calculation and solid-state NMR measemes, the values for
chemical shifts are positive, contrary to the all rélgereviewed niobate systems][4ositive
shifts on niobium sites are rare, but they can be found in fempounds, for example in
bidendate ligand complexes of NbE = ClI, Br) [{0-CsH4(CH.YMe»)2}, {MeY(CH ,).YMe}
or {"BuSe(CH),S€Bu} (Y = S, Se)], although with values much smaller thiwose
determined/calculated in this wo[RB6]. We notice that here reported values are similar to
those observed fof°Mo shifts in hexanuclear molybdenum bromide cluster compound
[BusN][MoeBri4, CeMogBris and MoBp, where each cluster unit contain diamagnetic
[MogBrg]** cluster core [18]. Indeed, both forms of clusters, edgied niobium and face-
capped molybdenum are similar, they batéclassified as hexanuclear clusters with z-donor

19



ligands [37] and their electronic structure is explained bysdime molecular-orbital scheme
[37]. A difference is that Npmetal core used,, metal orbitals for metal-metal bonding,
leavingd,z_,2 to metal-halogen bonding, while Maetal core uses,._,. for metal-metal
bonding andl,, for metal-halogen bonding [37]. Fragments around mébah @efined by the
nearest non-metal atoms in both clusters also hawéasifeatures; they are square-pyramid
fragments. In mentioned molybdenum clusters from[de}] the pyramidal apex is occupied
by Br anions, while in niobium clusters from this wptke pyramidal apex is occupied by
water molecules or by hydroxyl anions. Finally, in both typésclusters formal metal

oxidation state is low, in molybdenum cluster it is, #ile in niobium it is+2§. These

oxidation states are formal because oxidation has titbbuted to whole cluster units and
not to individual metal atoms. Thus, properties of electsgstems around niobium or
molybdenum atoms in these clusters should be similar anddaggdo the results of this
study and the results of study in rgf8], they produce strong deshielding effects.

Regarding comparison between calculated shifts (shieldmiis experimental results,
we observed that niobium bromide compounfiils up to 26%. The choice of the reference
may be at the origin of this discrepancy: We used a \@fuB78.09 ppm for«(**Nb), the
value that is determined by the theoretical/experimentak wa large system of niobate
compounds [4]. Niobium atoms in all these systems show megatemical shifts and thus,
the value of -578.09 ppm could not be representative for af $&txanuclear niobium halide
cluster compounds. As we analysed only two compounds (4 aifferiobium sites as a
whole) we consider that this is not enough large set t@f ttaextracts«(>>Nb) by linear
regression in analysis of correlation between caledlasotropic shieldings and measured
isotropic shifts, according to the methods described m {&R] and [18]. Thus, we have to
include more hexanuclear niobium cluster structures in futsesareh of NMR properties of
nuclei in these clusters, probably using high-field facilia@sl techniques described in ref.
[2], to increase precision of measuikg J,, anddsz parameters.

7. Conclusion

In this work we presented that all sites of hexanuclear niobaiide cluster (metal and
halogen sites) are amenable to the analysis with-stdi# NMR technique enriched with the
PAW/GIPAW calculations. By using these methods we obtamesknsitive probe into
structural/electronic properties of these cluster compoundemial shifts on niobium are
large and positive (2400-3000 ppntomparable to recently analysed chemical shifts of
related molybdenum cluster compounds [18]. Quadeupiokeraction parameters can be
calculated to high precision if the structure has high symynaetd unambiguous hydrogen
bonding scheme. Regularities between tensor properties & NaMameters and structural
features of cluster units have been observed, for exaimplargest principal axis of the EFG
tensor ) is perpendicular to the X-Nb bonds, intermediate poalcaxis of the EFG tensor
(Vyy) and the largest principal axis of the CS tensei) @re oriented in the radial direction
with respect to the centre of the [{¥a2]** unit.

This work is an additional demonstration of the power efcbmputational approach
using PAW and GIPAW methods in order to go further in the aisabf the NMR spectra.
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Although computations of NMR parameters of heavy nuclei sacli®Br of **Nb is less
obvious than the one of lighter elements from a gl point of view (relativistic effects,
pseudo-potentials), our results show an overall excellgreement between experimental and
computed NMR parameters. This is all the more impressivee shexanuclear niobium
clusters are complex chemical systems where chefnaling is strongly delocalized over
metallic atoms and capping ligands [37, 38].
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Supplementary material

Table S1. DFT optimized fractional atomic coordinatesiéndtructures of and2.

(1) [NbsBl'lz(HQO)e][HgBM]' 12H20,

space groupfd3, a=21.0072 A

Atom X y z
Nbl 0.22406 0.12500 0.12500
Hgl 0.37500 0.37500 0.37500
Brl 0.24709 0.12543 0.24716
Br2 0.30090 0.30090 0.30090
O1 0.33146 0.12500 0.12500
H1 0.35730 0.15384 0.15229
02 0.39171 0.20825 0.20492
H21 0.35900 0.23163 0.22923
H22 0.41687 0.18425 0.23814

(2) [NbsCli2(OH),(H20)]-4H-0,
space groupP1,a=8.93 A, b=9.195A,c=9.118 A, a = 104.37, = 99.51°, y = 116.99

Atom X y z
Nbl 0.218394 0.522094 0.646287
Nb2 0.064414 0.741317 0.651620
Nb3 0.151166 0.619255 0.371165
Ccli 0.258880 0.925423 0.530180
ClI2 0.079649 0.389471 0.825166
CI3 0.116975 0.355598 0.176082
Cl4 0.333529 0.814715 0.851441
Cl5 0.437738 0.667803 0.519930
Clé 0.170434 0.232981 0.495342
O1 0.136126 0.009751 0.836044

H101 0.037360 0.032366 0.827600

H102 0.250054 0.120437 0.845820
03 0.444708 0.542925 0.802914
H3 0.545016 0.575770 0.762249
O4 0.309007 0.755302 0.226486
H41 0.275498 0.828883 0.183758
H42 0.400799 0.742771 0.183459
02 0.440020 0.283935 0.882411
H21 0.486555 0.344092 1.003466
H22 0.431802 0.375361 0.842867
05 0.809385 0.017919 0.847204
H51 0.810923 0.002702 0.950885
H52 0.710413 0.907571 0.766107
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Table S2Bond distanceéA) in DFT optimized structures dfand2.

(1) [NbsBria(H20)s][HgBr4]-12H,0, space grougfd3

Nb1-Nb1" 2.9431
Nb1-Brl 2.6114
Nb1-Br1" 2.6102
Nb1-O1 2.2560
O1-H1 1.0
Hgl-Br2 2.6961
02-H21 0.99
02-H22 1.01
(2) [NbsClio(OH)2(H20),]-4H,0, space grouP1
Nb1-Nb2 2.9061
Nb1-Nb3 2.9246
Nb1-Nb2™ 2.9220
Nb1-Nb3™" 2.9045
Nb2-Nb3 2.9014
Nb2-Nb3™" 2.9110
Nb1-Cl2 2.4425
Nb1-Cl4 2.4801
Nb1-CI5 2.4676
Nb1-Cl6 2.4699
Nb2-Cl1 2.4505
Nb2-Cl4 2.4538
Nb2-CI3™ 2.4722
Nb2-Cle"™ 2.4348
Nb3-Cl1 2.4511
Nb3-CI3 2.4785
Nb3-CI5 2.4706
Nb3-C[2"" 2.4533
Nb1-03 2.1725
Nb2-01* 2.3408
Nb3-04 2.2638

Symmetry codes: (viig, X, y; (Viii) =X, 1y, 1~z (XiX) X,1+y, z




Table S3. Calculated magnetic shieldiad() and electric field gradient (EFG) parameters

(1) [N baBrlz(Hzo)e][HgBM]‘ 12H,0O
Nucleus| 11 (ppm) | 022 (ppm) | o33 (ppm) | G (MH2) Mo a1 O 270
BNbl | -3231.5(2) | -3132.5(2) |-2534.72(3)| 81.899(2) | 0.0197(3)| O 0 28
2191 | 9436.70(4) | 9436.70(4) | 9436.70(4) 0 0 0 0 0
81Br1 | 1250.72(6) | 1321.14(8) | 1475.88(9) |-124.8916(8)0.95802(4)| 0O 89 76
81Br2 | 2241.67(7) | 2241.67(7) | 2778.18(9) | 182.508(5) 0 0 0 0
01 | 185.773(9) | 276.94(1) | 410.7(1) | 9.239(9) |0.4929(6)| 90 90 90
2H1 | 12.417(4) | 12.732(5) | 45.578(4) | 0.2173(1) | 0.1551(1)| 4 18 164
Y02 | 221.92(2) | 232.21(3) | 254.18(5) | 7.074(7) | 0.893(1) | 84 87 155
’H21 | 16.221(8)| 18.226(9)| 44.129(4)| 0.25677(5) | 0.0894(1) 71 5 16
’H22 | 8.104(7) | 12.738(7)| 42.795(4) | 0.18659(7) 0.1316(3) 27 4 64
(2)  [NbsClio(OH)(H20)]-4H-0
Nucleus| a11 (ppm) | 02 (ppm) | o33 (ppm) | G (MH2) Mo a®* 18O 70"
SNb1l | -2737.2 | -2657.5 | -2187.6 | 116.492 | 0.116 75 3 115
“Nb2 | -3038.7 | -2885.8 | -2202.8 | 56.060 | 0.2352 | 75 3 72
"Nb3 | -2858.8 | -2833.1 | -2148.2 | 77.051 | 0.0203 | 87 6 177
*ci 253.44 370.97 414.33 | 17.1753 | 0.6064 | 13 46 92
*cI2 300.77 371.04 401.86 | 16.0024 | 0.7266 | 33 27 61
*cI3 377.82 480.03 499.20 | 15.5297 | 0.777 14 22 66
*cu 345.37 436.04 455.67 | 15.4477 | 0.7914 3 14 83
cIs 356.48 462.99 474.47 | 15.6004 | 0.6234 | 15 87 84
*cle 288.78 393.56 429.09 | 15.9055 | 0.6504 | 31 11 75
o1 189.78 284.14 368.98 6.9545 | 0.8127 | 75 88 121
’H101 | 15.255 19.585 43.528 0.2381 | 0.0884 0 18 143
’H102 6.738 8.580 44.391 0.1401 | 0.1391 0 10 123
1’03 72.662 287.33 298.37 | -7.0973 | 0.5368 3 39 0
’H3 20.988 27.802 40.960 0.2921 | 0.0368 0 24 176
"04 | 190.732 | 276.278 | 389.020 | 9.5230 | 0.4935 | 88 90 94
’H41 16.083 16.646 45.497 0.2380 | 0.1372 4 18 171
’H42 12.254 12.892 43.742 0.1928 | 0.1783 6 12 74
"02 | 224.390 | 233.727 | 247.083 | 5.6208 | 0.9551 | 69 67 155
’H21 11.494 13.732 40.454 0.1692 | 0.1007 | 44 7 39
’H22 10.381 12.346 41.666 0.1637 | 0.0972 | 48 8 41
"05 | 249.212 | 252.075 | 284.810 | 8.3601 | 0.8759 | 90 85 100
’H51 17.285 19.675 41.264 0.2418 | 0.1144 | 81 5 51
’H52 21.582 24.086 41.267 0.2815 0.0976 2 9 88

@Euler angles are defined as follows: thangle describe rotation of CS tensor aroundsthe
eigenvectorf angle describe rotation of CS tensor about new directien.@igenvector angd
angle describe rotation of CS tensor about final direcfars; eigenvector. All rotations are counter
clockwise, eigenvectors of EFG tensor are not moving andhitired drientation is the one where
eigenvectors of 11, o 22ando gz coincide witheigenvectors oY, Vyy, andV,, respectively.

28



