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‘There is a beauty in discovery. There is mathematics in music, a kinship of science and poetry in the
description of nature, and exquisite form in a molecule.’
Glenn T. Seaborg

In this third part of our research on the 5,5'-azobis[1H-tetrazol-1-ides] (ZT) of the lanthanoids, we
present two compounds with La,(ZT), moieties with very different coordination modes between the
cations and the anions. One La,(ZT);-containing compound is interesting, because it contains trimeric
La;(ZT)," cations, which are arranged in a windmill-like structure. Moreover, the first double salt of a
ZT compound, namely the carbonate compound La,(ZT),(CO;)-12 H,O0, is presented and discussed.
Another highlight of nitrogen chemistry is the first molecular structure of a 5-azido-2H-tetrazole (CHN,)
molecule, in the form of the spectacular compound Dy,(ZT);-4 CHN,-24 H,O. This is the first known
complete molecular structure of an azidotetrazole molecule (the organic molecule with the highest
nitrogen-content: 88.3% N). All compounds have been characterized completely including elemental
analyses, vibrational (IR and Raman) spectroscopy, and X-ray crystal-structure determination. We
summarize our ‘nitrogen-rich compounds of the lanthanoids’ project and extensively discuss selected
literature on this topic and compare previously published results with ours.
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Introduction. — In 2008, the scientific community in Austria celebrated the 150th
birthday of Carl Auer von Welsbach, one of Austria’s most famous scientists ever. Auer
von Welsbach (1858 -1929) was a pioneer in several fields of chemical sciences. He not
only discovered four rare earth elements (REE) [1][2] and correctly proclaimed the
non-existence of element 61 (promethium) in nature [3], but also made fundamental
discoveries in the field of nuclear sciences. Ninety-nine years ago, he reported that
‘lonium’ (*Th) was able to induce radioactivity in other materials (presumably
lanthanoids) if stored next to the ionium sample [4]. Auer von Welsbach proclaimed
that ‘in this process, a concussion of the elementary inventory of the irradiated samples
takes place as well as changes in their chemical properties’. Today, we call the observed
scenario simply ‘neutron activation’. He was well aware that this observation was ‘not
quite in agreement with current theories’, but he was confident enough in his separation
skills that he did not attribute the radioactivity in the lanthanoid salt to naturally
occurring radionuclide impurities, as others interpreted this observation!). In fact,
Auer von Welsbach thereby incidentally discovered the production of artificial
radionuclides (24 years before Frédéric Joliot and Iréne Curie [6]), (spontaneous)
fission (29 years before Meitner and Frisch [7], and Hahn and Straffmann [8]), the
neutron (22 years before Chadwick [5]), and lastly the principle of neutron-activation
analysis (26 years before Hevesy and Levi [9]). Auer von Welsbach predicted that this
observation ‘might be of importance for the field of radioactivity research’. Stunning.

In this study, we present several novel N-rich compounds of the lanthanoids (Ln)
and summarize our previous works on this topic [10-12]. Nitrogen-rich compounds, in
particular, tetrazoles, are of interest for several branches of science. Tetrazoles are five-
membered rings with four N-atoms and, due to their high N content, can be applied as
energetic materials (e.g., [13-25]). Nitrogen-rich compounds gain their energy from
high heats of formation and not by intramolecular oxidation of a C backbone like
‘conventional’ explosives such as TNT or PETN. They are also of interest as ligands in
coordination chemistry (e.g., [26—28]). Some of them have interesting optical
properties [29-31], and some can even be used as precursors of functional materials
[32][33]. With our well-proven preparative technique, we were able to synthesize two
different products of lanthanum 5,5'-azobis[1H-tetrazol-1-ide] hydrates, as well as a
lanthanum 5,5-azobis[1H-tetrazol-1-ide] carbonate hydrate and a dysprosium 5,5'-
azobis[1 H-tetrazol-1-ide] hydrate — 5-azidotetrazole adduct. The 5,5'-azobis[1H-tetra-
zol-1-ide] dianion (=5,5-(diazene-1,2-diyl)bis[2H-tetrazole] ion (2—)) is also called
5,5’-azotetrazolate in literature, has the sum formula C,N?%; and is abbreviated with ZT.
The compounds presented in this study are fully characterized using X-ray single-
crystal structure analysis, elemental analysis, and vibrational spectroscopy (IR and
Raman).

1) We can only speculate that neutrons emitted in the course of spontaneous fission events of one
radionuclide in Auer von Welsbach’s *'Th sample (eventually *°Th itself) could have been
responsible for this observation. In another theory, beryllium impurities in the »Th sample could
have produced neutrons in a *Be(a,n)"?C reaction (see [5]). The induced radioactivity in the
lanthanoids could, therefore, have been due to the capture of neutrons which are emitted from this
sample. The glass containers used and the H,O of crystallization in the REE compounds probably
acted as moderators to the neutrons.
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Results and Discussion. — Synthesis. Caution! Although no problem occurred
during the synthesis and handling of the salts investigated in this work, ZTs are high-
energy density materials which may explode violently and unexpectedly, especially when
anhydrous. Adequate safety precautions have to be taken, especially when these
compounds are prepared on a larger scale, or set under physical stress like pressure or
heat. In particular, we recommend the utilization of leather or Kevlar® gloves, face
shields, grounded shoes, and ear protection [34].

Disodium 5,5'-azobis[1 H-tetrazol-1-ide] dihydrate (Na,ZT-2 H,0; 1) was prepared
according to Thiele [35] and Singh et al. [36] by oxidation of 1H-tetrazol-5-amine
monohydrate with KMnO, in aqueous solution of NaOH, and subsequent partial
dehydration of the pentahydrate, as described in [11].

For a simplified graphical illustration of the synthesis of the La compounds 24, see
Scheme 1. Their synthesis was performed according to the same preparative concept of
the Vienna research group (see [11] and [12]). In summary, the compounds crystallized
from aqueous solutions of lanthanum nitrate and Na,ZT (1). Crystallization sets in only
a few days later than the previously investigated Ln,(ZT); compounds and is
completed after ca. 10 days. If crystallization does not start, it is recommended to slowly
let the H,O evaporate from the solution. In any case, this simple and effective
procedure yields a crystalline product of La,(ZT)s-43 H,O (2) in the form of needles.
In a previous study, the syntheses of the ZTs of several lanthanoids (i.e., La, Ce, Nd, and
Gd) have been attempted by Klapdtke and co-workers [37]; however, their preparative
approach failed to produce a product suitable for single-crystal X-ray diffraction.

Scheme 1. Synthesis of the Lanthanum ZT Compounds by Crystallization from Aqueous Solutions
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Klapotke and co-workers tried the metathesis reaction of BaZT and the respective
Ln,(SO,); [37]. The Vienna approach, in contrast, not only yielded a product better
suited for complete characterization, but also avoided one unnecessary reaction step,
namely the production of BaZT from Na,ZT. BaZT is a relatively sensitive, explosive
compound. Lastly, the dispensable reaction step only decreases the yield of the final
product.

We observed that, commonly, after several weeks of storage in the mother liquid,
thin needles of 2 decompose, and a new crystal type, blocks of isometric shape, forms.
This second product, La,(ZT);- 18 H,O, was defined as compound 3. Both compounds
2 and 3 are stable enough to perform full characterization by means of single-crystal X-
ray diffraction, vibrational spectroscopy (IR and Raman), and elemental analyses (see
below). We have not yet clarified the circumstances (temperature, changes in the
concentration of the solution, etc.) that are responsible for the decomposition of 2 and
lead to the formation of 3. However, both products are easily obtainable. In their study
on several ZT salts, Klapdtke and co-workers [37] provided elemental analytical data
on a La,(ZT); compound: C 6.1, H 3.8, N 34.7% . The comparison with our values listed
in the Exper. Part suggests that they might have synthesized rather 2 than 3. However,
without a crystal-structure analysis, the assignment is not conclusive.

When synthesis of 2 and/or 3 is not performed in airtight polyethylene vials, but in
Teflon vials, which are loosely closed with a Teflon lid, we observed the crystallization
of Lay(ZT),(CO;)-12 H,O (4) in the form of small brown prisms. The formation of
carbonate, of course, is characterized by little tolerance against acidic conditions: the
pH of the reaction mixture is ca. 7.5 right after synthesis. Obviously, the slightly basic
character of 1 compensates the acidic character of the La(NOj;); solution. After 1 day,
the pH of the solution reaches 6.5, and when measured after ca. 50 days, it finally
dropped to 5.5. At this pH, the crystals of 4 are still undecomposed. There are two
possible C sources for the formation of CO3%~: first, CO, from the atmosphere, and
second, CO, as the oxidation product of formate, which is a decomposition product of
ZT itself (see Scheme 2). We can assume that nitrate in the reaction mixture can
accelerate the oxidation of formate. In any case, the ZT solution buffers large amounts
of H;O" ions, so that the decrease in pH is moderate.

Another highlight of the chemistry of N-rich compounds of the f-block elements
certainly is compound 5: octaaquadysprosium(III)—5-azido-2H-tetrazole —5,5'-azo-
bis[1H-tetrazol-1-ide]—water (2:4:3:8). It forms, when the ‘simple’ octaaquadyspro-
sium(IIT) 5,5'-azobis[1 H-tetrazol-1-ide] docosahydrate (Dy,(ZT);-22 H,0) described
in [11] is stored in its mother liquor for several months. Thereby, an interesting set of
decomposition/redox reactions takes place, leading to azidotetrazole (CHN, a
molecule with 88.3% N), as shown in Scheme 2.

According to Scheme 2, the first step in the formation of azidotetrazole must be the
acidic decomposition of the (ZT)?~ anion, yielding 5-hydrazinotetrazole. The decom-
position of this type is primarily known when mineral acids are applied. In our case, the
Lewis acid Dy'" must act as the protonating agent. In a second step, we assume that
nitrate ions are reduced by the hydrazinotetrazole or the formate, forming nitrite ions.
Nitrite in acidic solution, however, is known to oxidize hydrazino groups, forming the
azide, which, therefore, must be the third step of this reaction. Finally, during
crystallization, four chemical species are incorporated into the crystal, namely a)
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Scheme 2. Simplified Scheme of Acidic Decomposition of ZT Yielding 5-Hydrazinotetrazole in Aqueous
Media, and Redox Reactions for the Oxidation of 5-Hydrazinotetrazole Yielding 5-Azidotetrazole
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[Dy(H,O)s]** as the cations, b) (ZT)? as the anions, ¢) 5-azidotetrazole molecules as
neutral adducts, and d) H,O of crystallization.

Crystal Structures. For selected data from the data collection and refinement, see
Table 1.

As discussed before, the first reaction product of Na,ZT (1) and La(NO;); in
aqueous solution is a crystalline product in the form of lemon-yellow fine needles:
La,(ZT)s-43 H,O (2). The crystal structure of this compound is characterized by two
different motifs. Around z = 0, the compound consists of isolated [La(H,O ),]** cations
and (ZT)?* anions, which do not exhibit a coordinative bond to any of the La' ions (see
Fig. 1,a). The Laions in this layer are coordinated in the form of a distorted tricapped
trigonal prism (LaOy).

Around z =0.5, however, the La and (ZT)?~ ions form a spectacular and unique
‘windmill’-like structure, which is built of three [La(H,0O),]** cations and three (ZT)?"
anions (see Fig. 1,b). Each of the (ZT)?~ ions of the windmill coordinates two La™ ions
via one tetrazole ring as a bridging ligand in the respective N(1) and N(3) position. In
the center of the windmill, there is a threefold axis or a pseudo-axis. For the previously
published 5,5-bitetrazolates of the lanthanoids [31], N-atoms of both tetrazole rings
are incorporated into the coordination sphere of the light lanthanoids (including La).
In compound 2, only one tetrazole ring of the ZT moiety acts as a ligand. The La™ ions
are coordinated in strongly distorted tricapped trigonal prisms (LaN,O;). In total, this
windmill system can be regarded as a La;N, heterocycle, which, so far, has only been
described once in a completely different compound [38]. In that case, the three
bridging N-atoms are azido groups, which are almost linear (179.0°). The respective
La—N bond lengths were 2.556 and 2.535 A. In compound 2 of our study, the angles of
the three bridging N-atoms vary between 107.3° and 110.7°, and the La—N bond lengths
are in the range of 2.778-2.853 A. The La—La distances of 2 are ca. 7.45 A, which
makes it a larger ring than the trimeric azide product of [38] (7.14 A).
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Table 1. Crystallographic Data and Structure-Determination Details for Compounds 2—5

2 3 4 5
Sum formula CioHglaNgOys  CeHielaN3Oys CsHpuLa,NyOys CigHsoDy,NsgOay
Crystal system trigonal triclinic monoclinic triclinic
Space group P3 Pl C12/c1 Pl
Weight [g-mol™] 2314.8 1094.5 882.3 1691.9
a[A] 36.502(5) 9.4732(19) 16.978(3) 7.2443(7)
b [A] 36.502(5) 9.863(2) 6.605(1) 11.612(2)
c[A] 6.774(1) 11.020(2) 23.867(5) 19.456(2)
a[°] 90 113.50(3) 90 90.428(9)
£ 1°] 90 92.08(3) 93.65(3) 100.141(7)
v [°] 120 107.10(3) 90 104.60(1)
VA3 7816(2) 888.5(3) 2671.1(9) 1556.8(3)
zZ 4 1 4 1
Peare. [g-cm ™3] 1.967 2.046 2.194 1.805
u [mmt] 2.270 2.483 3.257 2.496
Ind. reflections 29019 8129 6129 6066
Obs. reflections F, >40(F,) 19597 7675 5393 4984
Rin 0.08 0.043 0.042 0.033
R®) 0.129 0.0208 0.0309 0.0359
WwR,®) 0.228 0.0441 0.0637 0.0539
Weighting scheme®) 0.08; 95 0.015; 0.5 0.03; 4 0.026; 0
Goodnes-of-fit 1.093 1.009 1.071 0.970
No. of parameters 1430 326 240 584

YR =Z|F,| - [F||/ Z|F,|. ) Ry =[Z(F; = F2)IZw(F, ] ) w = [03(F}) + (xP)* + yP] ™, P=(F; -
2F2)3.

The ZTs of both layers form stacks, which are favored because of the aromatic 77—z
interaction of the tetrazole rings. The isolated [La(H,O),]*" cations are located
between these ZT stacks, as shown in Fig. I,b. There are 20 H,O molecules of
crystallization in both layers and between them.

It is interesting to note that the structure of 2 comprises some characteristics of
both the heavy [11] and the light lanthanoid ZTs [12]. In particular, bonding partners of
the La™ jons in this compound are not uniform: there exist isolated hydrated La ions
(as observed with the heavy REE salts) and La ions that are coordinated by both H,O
molecules and (ZT)?" ions (as characteristic to the light REE compounds of ZT). A
significant difference, however, is that the La' ions in 2 are nine-coordinated, whereas
the ZT compounds of the other REE (Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,
and Lu) are eight-coordinated. The ‘borderline between coordination and salt-like
compounds’ of the lanthanoids, therefore, appears not as clear as suggested in [31].

The decomposition product of 2, however, shows a very different picture: in
compound 3, all (ZT)?* ions are coordinated to one La™ ion, as expected from the
behavior of the light REE described in [12][31]. Fig. 2 shows the molecular structure of
3.

The centrosymmetric (ZT)?~ ion connects two La™ ions via N(1). In contrast to the
previously discussed compound 2, both tetrazole rings of this anion are involved in the
coordination of the cations. The second ZT anion coordinates the cation via N(7).
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Fig. 1. Motifs in the crystal structure of 2, froma)z =—0.25toz =0.25, as well as fromb)z =0.25t0z =
0.75. H-Atoms are omitted. Orange triangles indicate the threefold axes, and grey triangles threefold
pseudo-axes. A potential ‘subcell’ is indicated in green.
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N12

Fig. 2. Molecular structure of 3

Consequently, each La™ ion is coordinated by two tetrazole ligands, forming a distorted
tricapped trigonal prism (LaN,O;). The ZT ions in this structure again form stacks,
which are intercalated with La complexes.

A third compound containing La and ZT, namely La,(ZT),(CO;)-12 H,O (4),
proves, to our best knowledge, to be the first double salt with one (ZT)* anion ever
reported in literature. At first glance, carbonate can be mistaken for nitrate in X-ray
structures. Although nitrate was present in the reaction mixture, there is no doubt that,
for several reasons, the XOj; species must be a bidendate carbonato and not nitrato
ligand:

o For reasons of charge balance, two La'!l ions require more negative counterions
than two (ZT)>" and one speculative NOj3 ion. Since there are no other elements
present in the reaction mixture than La, N, C, H, and O, the only possibly ‘missed’ and
reasonable counteranion could be hydroxide. With basic Ln salts, the Ln—(OH)~ bond
lengths are ca. 0.1 A shorter than the respective Ln—OH, bond lengths (cf, e.g., [39]).
Disregarding the bonds of La to the XO; ligand, the Ln—O bond lengths of 4, how-
ever, fluctuate within a range of ca. 0.05 A at most. The consistency of the La—O
bond lengths of the aqua ligands, consequently, excludes the ‘nitrate hydroxide
hypothesis’.

e Elemental analysis strongly suggests carbonate and not the ‘nitrate hydroxide
hypothesis’: values calculated for C;H,;La,N,,O;5 (nitrate hydroxide): C 5.4, H 2.6, N
33.3%; values calculated for CsH,,L.a,N,,0;;5 (carbonate): C 6.8, H2.7, N 31.8%; values
found: C 7.0, H 2.8, N 31.5%

e The structure refinement favors CO3%~ rather than NOj.

e The average X—O distances are typically in the range of 1.29 A for carbonate
(e.g., [40]) and 1.25 A for nitrate (e.g., [41]). The average X—O distance found in the
structure of 4 is 1.291 A.

e Although the Raman and IR spectra of carbonate and nitrate are quite similar,
the small band at 1099 cm™' in the IR can only be explained by the presence of
carbonate, as will be discussed later.
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In this structure, two La' ions are connected via the carbonato ligand, which acts as
a bridging bidendate ligand (see Fig. 3).

N3'
i N7
04 03 b
La
[e]] N6'
S
ce F "
02
N1
N10 1
N3
N4

Fig. 3. Molecular structure of 4

La in compound 4 is only eight-coordinated, which is in contrast to the other ZT
compounds of La discussed before. One ligand is an N-atom belonging to the ZT ion,
two O-atoms belong to the carbonato ligand, and five ligands are O-atoms of H,O
molecules. The LaNO; polyhedron forms a strongly distorted dicapped trigonal prism.
In compound 4, only 5 H,O ligands and % free H,O molecule occur per La™ ion. It is,
therefore, the ZT compound of the lanthanoids with the lowest H,O content.

The packing of 4 is characterized by layers of ZT stacks arranged parallel to the ¢
axis. These layers are intercalated with layers of slightly inclined [La(H,O);s]—
0-CO,—[La(H,0);] moieties.

Dy in compound 5 is similarly coordinated as in the Dy,(ZT);-22 H,0 compound
published previously [11]. The Dy™ ions are eight-coordinated by H,O ligands only.
The 5-azido-2H-tetrazole adducts described in this compound were the first CHN,
molecules completely characterized by X-ray crystal-structure analysis [10]. Since both
azidotetrazole molecules in § are almost identical, only one will be discussed in more
detail (see Fig. 4).

One of the most interesting features of this molecule is the position of the H-atom.
Previous calculations [42] predicted the 2H-tautomer to be more aromatic and thus
more stable than the 1H-tautomer. Therefore, it came as a surprise that, in a previous
report [43] on the structure of this molecule, the H-atom was located on N(1). Since the
quality of the structure refinement in [43] (cf. R;, wR, and GOOF in Table 2) was rather
poor, many questions, especially with respect to the position of the H-atom remained
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N3 N4

N1 b

Fig. 4. Molecular structure of the 5-azidotetrazole adduct found in 5

open. Although compound § is a heavy-atom compound making it difficult exactly to
locate the position of a H-atom, there is no doubt that the 5-azidotetrazole molecules in
compound 5 are protonated at N(2) because of the further H-bond arrangement as
shown in Fig. 5: one can see that the position N(1) is blocked, because it is already part
of a H-bridge, in this case an N --- H—O bridge to H,O molecules coordinating the Dy™
cation.

With exception of the location of the H-atom, the other main structural parameters
in the 5-azidotetrazole molecule by and large have been confirmed in [44], shortly after
our submission to the Austrian Academy of Sciences [10]. For easier comparison, the
main characteristics of all reports on the molecular structures of 5-azidotetrazole are
summarized in Table2. Some geometric details in the preliminary structural
determination of 5-azidotetrazole [43] are not easily obtainable, because those authors
did not submit the cif file to an open data base.

In our preliminary report on the structure of compound §, we mentioned a disorder
[10]. Herein, we present the refined structure of compound 5 and can conclude that the
disordered area includes % (ZT)*  anion and a free H,O molecule (and not NO3 ). The
improved structure refinement, vibrational spectroscopy (to be discussed later), as well
as elemental analysis support this model: calculated for C,H,,DyN,sO,, (containing
NO;; alternative model): C 5.9, H 3.0, N 43.3%; calculated for C,,Hs,Dy,N5;O,,
(containing (C,N;,)/2 and one additional H,O molecule; this study’s model): C 7.1, H
3.0, N 48.0%; found: C9.7, H 2.8, N 41.8% . Keeping in mind that only a minute amount
of material (0.88 mg) was available for elemental analysis which usually suffers
systematic problems described in the Exper. Part, these values agree well with the
calculated ones. For a heavy-ion bearing compound, this one is extremely N-rich (it is, to
the best of our knowledge, the N-richest dysprosium compound that has ever been
structurally characterized).

With the bond lengths determined in the crystal-structure analysis, one can
calculate the valence-bond parameters R(Ln—O) as well as R(Ln—N) of the
complexes presented herein. The valence-bond parameters mathematically connect
bond valences and bond lengths. For Ln metal ions coordinated only by O ligands,
R(Ln—0) is calculated as shown in Egn. 1 [45], where V(Ln) is the formal valence of
the Ln central atom, d(Ln—0O) is the bond length between Ln and the O ligand, and
b=0.37 A is the universal constant [46]. This equation can be used for the
[Dy(H,0);s]** ions in compound 5, as well as for the nonaaqua complexes of La(1)
and La(2) in compound 2.
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Fig. 5. Hydrogen bonding in 5, according to [10]
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R(Ln-0O)=b-In
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For the complexes with two different ligands (like O and N in case of compounds 2,
3, and 4), Eqn. I has to be modified as shown in Egn. 2 [47]. In this modification, the
contribution of the Ln—O bonds to the total valence of Ln is subtracted from the
formal valence of V(Ln)=3. This is done based on the literature values of R(Ln—0)

[48] for the respective trivalent Ln ion and with the respective coordination number
(CN) (Egn. 2).
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Table 2. Comparison of the Bonding Parameters of 5-Azidotetrazole Tautomers in the Literature. Bond
lengths in A, angles in °.

Xiao and Klapotke and Steinhauser Klapotke and
co-workers [42] co-workers [43] [10] co-workers [44]
Time

Type of study Theoretical Experimental Experimental Experimental
Tautomer 2H 1H(?) 2H 1H
C(1)-N(1) 1.299 1.32(1) 1.311(5) 1.327(2)
N(1)-N(2) 1.315 1.37(1) 1.364(5) 1.355(2)
N(2)—-N(3) 1.281 1.30(1) 1.326(6) 1.295(2)
N(3)-N(4) 1.280 1.37(1) 1.358(5) 1.372(2)
N(4)-C(1) 1.345 1.324(9) 1.349(5) 1.321(2)
C(1)-N(5) 1.385 1.41(1) 1.403(5) 1.383(2)
N(5)—N(6) 1.247 1.25(1) 1.245(5) 1.267(2)
N(6)—N(7) 1.093 1.12(1) 1.120(6) 1.117(2)
C(1)-N(1)-N(2) 100.57 107.9(7) 102.2(3) 108.3(1)
N(1)—N(2)-N(3) 114.68 106.2(7) 110.7(3) 106.5(1)
N(2)—N(3)—-N(4) 106.66 110.7(7) 109.0(4) 110.6(1)
N(3)—N(4)-C(1) 105.65 105.0(6) 102.5(3) 105.1(1)
N(1)—-C(1)—N(4) 112.44 ) 115.5(4) 109.5(2)
N(1)—-C(1)—N(5) - 120.8(7) 119.5(4) 121.0(1)
N(4)—C(1)—N(5) 125.59 a 124.9(4) 129.5(2)
C(1)—-N(5)-N(6) 113.15 113.5(7) 113.6(4) 113.1(1)
N(5)—N(6)—N(7) 173.46 172.5(9) 172.2(5) 171.9(2)
R, - 0.187 0.0369 0.0556
WR, - 0.393 0.0740 0.0806
GOOF - 2.018 1.054 1.001

) Value not listed and no cif file deposited with the Cambridge Crystallographic Data Centre.

V(Ln) - Sexp [R(Ln—o);d(Ln—O)l]

Sew [d<L;N>,} @)

R(Ln—N) =b>-1In

In compound 2, the valence bond parameters R(Ln—N) for the ZT ligands of this
study are 2.40 A for La(3), 2.37 A for La(4), 2.31 for La(5), and 2.49 A for La(6). In
compounds 3 and 4, these parameters are 2.38 and 2.46 A, respectively. The R(Ln—N)
values are, therefore, higher than the average values of N-ligands [47]. The valence-
bond parameters R(Ln—O) of La(1) and La(2) in 2 are both 2.15 A, and thus slightly
higher than the average as well [48]. In compound 5, the R(Ln—O) of the the central
Dy-atom is 1.99, which is in very good agreement with the literature [48].

Calculation of the bond-valence sum can be performed using the published
R(Ln—0) [48] and R(Ln—N) [47] values according to Egns. 3a and 3b as well as 4. For
Ln—O bonds, Egn. 3a is applied, for Ln—N bonds Egn. 3b.
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v(Ln—0), = exp [R(Ln—O);d(Ln—O)l} (3a)
W(LnN), = exp [R(Ln—N);d(Ln—N)L} (3b)
=>v(n-0 Z (Ln — N), “4)

In case of both La and Dy, the calculated valence V(Ln) should be close to the
formal valence of 3 valence units, because no deviation of the trivalent state can be
expected in our study. The calculation of the valence thus helps checking the
correctness of the crystallographic data. Due to the variability of this method of
calculating the valence, a deviation of & ca. 0.25 valence units is acceptable. The V(Ln)
values are as follows and thus confirm the generally good quality of the crystallographic
data: compound 2: V(La(1))=2.92; V(La(2))=2.94; V(La(3))=2.79; V(La(4))=
2.86; V(La(5))=2.93; V(La(6)) =2.65. In compound 3, V(La)=2.83; in compound
4, V(La)=2.74; and in compound 5 V(Dy) = 3.07. Hence, only La(6) of the preliminary
structure of compound 2 shows a slightly lower bond-valence sum than this range.

Vibrational Spectroscopy. With certain exceptions, the IR and Raman spectra
recorded for compounds 25 are quite similar. The most characteristic bands were also
found in the ZT compounds of the other lanthanoids [11][12]. They can be assigned as
reported there. Fig. 6 shows the Raman spectra of these compounds. It must be noted at
this point that ZT compounds are very Raman-active. Consequently, the intensities of
other bands (e.g., of CO%~) are lower than expected.

The IR and Raman spectra of 2 and 3 are exceptionally similar. This was expected,
since both compounds are characterized by an identical set of bonds even though in
different arrangement in the crystal.

Vibrational spectroscopy can clarify the nature of the compounds 4 and 5, which
potentially contain other anions than ZT (cf. [10]). Characteristic bands for nitrate
were missing in the spectra of 5, thus confirming that the disordered moiety in the
crystal structure is a ZT ion with an inversion center plus H,O of crystallization. On the
other hand, in 4 the typical bands for carbonate were found in the IR spectra. Both
anions, carbonate and nitrate, exhibit very similar characteristics in vibrational spectra
with only few differences. For carbonates, two strong IR bands between 1530 and
1320 cm™! can be expected [49-51], and compound 4 shows bands at 1538 cm~! and
1359 cm~!. Similarly, a weak band at 1100-1020 cm~! is expected in the IR, here we
have one characteristic band at 1099 cm~! [49][52]. This band does not coincide with
the nitrate fingerprint and, therefore, can be regarded as the most characteristic
signature of carbonate in compound 4. The reported medium-strong IR band between
890-800 cm™! is found at 844 cm! and corresponds to the 7-(CO;) of bidendate
carbonate [50][53]. The medium band at 1662 cm™' could be attributed to bridged
carbonate, as in [50][54]. In the Raman spectra, the band characteristic for carbonates
(CO; symmetric stretching at ca. 1100 cm™!) coincides with a band caused by ZT. This is
the reason why the Raman spectra of 2, 3, and 4 appear very similar (see Fig. 6). The
Raman band around 1076 cm~! is much more intense than in the case of the carbonate-
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Fig. 6. Raman spectra of 2—-5

free compounds 2 and 3. This may be due to the coincidence of the Raman bands
caused by (ZT)?>" and CO3-, since many REE carbonate minerals also exhibit this
characteristic band [55]. In conclusion, compound 4 undoubtedly contains both
carbonate and ZT anions, but not nitrate. Thereby, this is the first report of a double salt
of a ZT compound with another anion.
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Probably the most interesting discussion of the vibrational spectroscopical data
concerns the existence or nonexistence of the 2150 cm~! band, which is characteristic to
the antisymmetric stretching vibration of an azido moiety. This band is quite intense in
IR, but it was also observed in the Raman spectrum (see Fig. 6). According to the
crystal-structure analysis of the compounds described herein and in our previous works
[11][12], it does not come as a surprise that only the spectra of compound 5 of all
17 compounds show a band at ca. 2150 cm~!, because only in this compound a covalent
azide is present. Klapotke and co-workers previously described the (acidic) decom-
position of ZT salts during storing, which could easily be observed by changes in the
crystal color [37]. As described above, Lewis-acidic decomposition of ZTs is the first
step in the formation of 5-azidotetrazole. So, did Klapétke eventually observe the
formation of analogs to our compound 5? Interestingly, Klapdtke and co-workers
reported [37] that the lanthanide compounds investigated (La,(ZT);, Ce,(ZT);,
Nd,(ZT);, and Gd,(ZT);) indeed showed the typical IR band of a covalent azide. For
the cerium(IIT) ZT, the typical IR band at 2150 cm™! is not listed there; however, close
inspection of the original IR spectra clearly shows this peak as well. Although the
possible existence of an azide had not been discussed [37], we can speculate, where the
typical, but unexpected, azido bands in the REE compounds of ZT in [37] resulted
from. Since they used the metathesis reaction of BaZT and the respective REE sulfate,
one, at first glance, could imagine that the acidic decomposition of ZT was the
consequence of the Lewis-acidic character of the Ln™ ions, resulting in the formation of
5-hydrazinotetrazole [56]. From what we have learned from the present study, only the
heavier Ln™ cations such as Dy are acidic enough for the decomposition of the ZT ion
(see compound 5). An aqueous solution of La™ in a 2 :3 ratio with (ZT)?" is even basic
enough to allow for the formation of carbonate (see compound 4). This makes it
improbable that the acidic decomposition step occurred in Klapotke’s study to the same
degree to form analogs of our compound 5, at least for the La compound described in
[37].

Anyway, even if we assume that the light Ln'™ cations were acidic enough to
decompose ZT and form 5-hydrazinotetrazole, one question yet needs to be answered:
where did the additional N-atom come from to form the N; group from 5-
hydrazinotetrazole ? One must keep in mind that Klapotke and co-workers used BaZT
and Ln,(SO,); and not Ln(NO;);. There is no final answer to this question; maybe
impurities on the surface of the laboratory glassware, which possibly was contaminated
with pure 5-azidotetrazole, since investigations on this compound were conducted at
approximately the same time in Klapdtke’s laboratory [43]. With no other reagents
utilized than BaZT and Ln,(SO,);, it is rather unlikely that Klapdtke and co-workers
produced analogs of 5, but perhaps only impure Ln,(ZT); compounds.

Nitrate or Not? We are now able to comment on the anions of the azidotetrazole-
containing compound 5 with ultimate distinctiveness (cf [10]). After a certain
indication obtained from elemental analysis, vibrational spectroscopy confirms that no
nitrate is present in this compound, because its characteristic Raman band around
1050 cm~! (symmetric NO; stretching, [57]) is lacking (see Fig. 6). The relative
scattering power of the nitrate’s 1050 cm~! band is in the range of approximately 17500
arbitrary units with our Raman microscope. This is ca. 30% of the most intense ZT-
related band in compound 5 (1398 cm™!). Thus, a nitrate band — if present in the
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compound - should be clearly visible in the Raman spectra of §, if nitrate was present in
this compound (cf Fig. 6). The disordered constituent in the crystal thus definitely is
another half ZT moiety plus one more H,O molecule, which is confirmed by the
improved solution of the crystallographic data. In the same way, compound 4 can be
discussed as well: the relative scattering power of the main band of carbonate
(1079 cm™') is only ca. 3% of nitrate. Therefore, it is not surprising that the carbonate
signature does not show in the vicinity of the very intense ZT bands in the Raman
spectra.

Conclusions. — In the course of our ‘nitrogen-rich compounds of the lanthanoids’
project, we were able to characterize the complete series of the lanthanoid compounds
with 5,5'-azobis[1H-tetrazol-1-ide]. A brief summary of some interesting character-
istics is given in Table 3. The compounds of the light Ln elements (Ce, Pr, Nd, Sm, Eu,
and Gd) are isomorphous, as well as those of the heavy ones (Tb, Dy, Ho, Er, Tm, Yb,
and Lu), which is in agreement with the theory of the ‘gadolinium break’. In the present
work, we presented two extraordinary compounds of La,(ZT); type, as well as the first
double salt of a ZT compound: La,(ZT),(CO;)-12 H,O.

Table 3. Summary of Some Interesting Features of All N-Rich Ln Compounds of Our Research Group

Formula N Content N-Atoms H,0 Molecules Coordination  Ref.
[%] per Ln™ ion per Ln™ ion number of Ln!!
La,(ZT),-43 H,0 (2) 36.31 15 10.75 9 (LaOy) and  This study
9 (LaN,0;)
Lay(ZT);-18 H,0 (3) 38.40 15 9 9 (LaN,0;) This study
Lay(ZT),(CO;)-12 H,0 (4) 31.75 10 6 8 (LaNO;) This study
Ce,(ZT);-24 H,0O 34.88 15 12 8 (CeNO;) [12]
Pr,(ZT);-24 H,0O 34.83 15 12 8 (PrNO;) [12]
Nd,(ZT);-24 H,0O 34.64 15 12 8 (NdNO,) [12]
Sm,(ZT);-24 H,0 34.29 15 12 8 (SmNO;) [12]
Euy(ZT);-24 H,0O 34.20 15 12 8 (EuNO;) [12]
Gd,(ZT);-24 H,0O 3391 15 12 8 (GANO;) [12]
Tb,(ZT);-22 H,O 34.83 15 11 8 (TbOyg) [11]
Dy,(ZT);-22 H,0 34.62 15 11 8 (DyOy) [11]
Dy,(ZT);(CHN,),-24 H,O (5) 41.87 22 12 8 (DyOy) This study
and [10]
Ho,(ZT);-22 H,0 34.49 15 11 8 (HoOy) [11]
Er,(ZT);-22 H,0O 34.35 15 11 8 (ErOyg) [11]
Tm,(ZT);-22 H,0 34.26 15 11 8 (TmOy) [11]
Yb,(ZT);-22 H,O 34.03 15 11 8 (YbOy) [11]
Lu,(ZT);-22 H,O 33.93 15 11 8 (LuOy) [11]

The coordination modes of tetrazolide compounds of the REE do not entirely agree
with a previous study [31]: Klein, Maggiarosa, and co-workers found ‘coordination
compounds for the early M elements, but |[...] salt-like compounds for the heavier
analogues’ [31]. Here, we presented an exception with La (compound 2, which contains
isolated [La(H,O),]** and (ZT)* ions as well). It is interesting to note that the ZT
compounds of La always have a lower H,O content than the other salts. This makes
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compound 3 the N-richest ‘pure’ ZT compound, although it ‘only’ contains 15 N-atoms
per La-atom. It is only ‘exceeded’ by another highlight of this study: compound 5§ — a
Dy,(ZT); compound with four CHN; molecules as adducts. Our first article [10] on this
compound 5 was the first publication incorporating a valid molecular structure of this
N-richest organic molecule. It is, so far, the only experimental report on a 2H-tautomer
of this molecule. According to early calculations, this tautomer should be more stable
than the 1H-tautomer. Moreover, compound 5 is, to the best of our knowledge, the N-
richest Dy compound ever structurally characterized. It is the first 5,5'-azobis[1H-
tetrazol-1-ide] compound with a neutral tetrazole adduct described in literature.

The full characterization of the compounds which were obtained only with
minimum yields (i.e., only a few crystals of less than 5 mg), especially the carbonate ZT
compound 4 and the azidotetrazole compound 5, proved to be microchemically
challenging. Nevertheless, all compounds listed in Table 3 have been fully character-
ized, including crystal structures, vibrational spectroscopy (IR and Raman), and
elemental analysis. The blue shift (erroneously reported as red shift in [11]) of the
stretching vibrations of the H,O bands in the IR was only clearly observed with the ZTs
of the heavy lanthanoids (>Tb) [11]. We are still investigating this phenomenon;
however, the three (partly very small) bands in this region of the IR spectra could
correspond to the three not coordinating H,O molecules in the crystal. Sine gratia et
ambitione.

G. S. wishes to express his sincerest thanks to S. G. for all his support, as well as to Prof. Max Bichler
for his generous support in the whole course of this study and for providing space in his analytical
laboratories. Furthermore, Prof. Bernhard Lendl is gratefully acknowledged for generous allocation of
measurement time with the IR and Raman spectrometers of his laboratory. We thank Prof. Kar! Buchtela
for financial support of this study and the Vienna University of Technology for the acquisition of
chemicals. We thank the University of Vienna (Alexander Roller, Institute of Inorganic Chemistry) and
the Ludwig-Maximilian University of Munich (Michael Gébel, Department of Chemistry and
Biochemistry) for the XRD measurements of 2 and 5, respectively. G. S. thanks the Austrian Science
Fund (FWF) for financial support in the form of an Erwin Schridinger-Stipendium (project No. J2645-
N17).

Experimental Part

General. With the exception of Dy(NOs);, all chemicals used in this work were purchased from
Aldrich or Merck, resp., in p.a. quality and used as supplied without further purification. The starting
material for compound 5, Dy(NO;);-5 H,O, has been obtained from the chemical stock of the
Atominstitut (99.9%). Raman Spectra: micro-Raman spectrometer LabRam HR800 (Horiba Jobin
Yvon) equipped with a charge coupled detector (CCD) and a HeNe laser emitting at 632.8 nm with
power set to 14.5 mW at 25°; slit width 100 um, ensuring a spectral resolution of ca. 4 cm™'; v in cm™;
relative intensities in % of the most intense peak. IR Spectra: Bruker-Tensor-27 (Diamond-ATR, 1
reflection); between 4000 and 600 cm~' with a resolution of 4 cm™; # in cm™. Elemental analyses
(CHN): Perkin-Elmer-2400 CHN elemental analyzer (for compounds 1, 2, and 3) and Carlo Erba’s
CHNS facility EA 1108 CHNS-O (for compounds 4 and 5, which were obtained only in minute amounts
of less than 5 mg), both property of the University of Vienna; values in wt.-%. Due to the fact that
elemental-analytical facilities are usually not calibrated for the analysis of high-N compounds, the
respective anal. values may deviate from the calculated ones. This phenomenon has been reported in
several previous studies [37][58-61]. For the ZTs of the lanthanoids, we observed a very reproducible
and systematic shift of slightly increased values for C, whereas the values found for H and N are generally
slightly decreased.
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General Procedure. For the synthesis of the compounds 2-5, 100 mg of Na,ZT-2 H,O (1)
(0.41 mmol) were suspended in 3 ml of H,O. Compound 1 was obtained as a pure product, suitable as a
starting material for the attempted syntheses (elemental analysis: C,H,N;,Na,0, (246.099) calc.: C9.8, H
1.6,N 56.9; found: C 9.7, H 1.8, N 56.0). The mixture was stirred and heated to > 90° in the water bath. As
soon as the powder had dissolved, a soln. of 0.27 mmol of the respective Ln(NO;);-5 or 6 H,O in 1 or
2 ml of H,O was added to the soln. After ca. 5 min of stirring in the water bath, the clear soln. was
transferred to a 50-ml polyethylene (PE) vial and closed with an air-tight lid in order to prevent H,O
from evaporation. For easier crystallization of compounds 2 and 3, the bottom of the PE vial was
scratched several times with an injection needle. The PE vials were stored in a dark place, and for 2 and 3
after ca. 6-10d, the crystallization was completed, eventually after slow evaporation of the solvent.
Compound 2 was obtained in the form of thin needles, which decomposed in the mother liquid after two
or three weeks of storage and recrystallized in the form of 3. Compound 4 formed in the same procedure,
when the La and ZT soln. was exposed to air. Although obtained with a very low yield, the brown crystals
of 4 could be separated from 2 (lemon-yellow needles) or 3 (lemon-yellow blocks) under the microscope,
even though all three eventually formed in one mixture. Compound 5 was synthesized according to the
same procedure, but the vials with the sample soln. were allowed to stand for several months. During this
time, the decomposition/oxidation reaction described above took place and § crystallized.

La,(ZT)s-43 H,O (2). Lemon-yellow needles. Yield: 65%. IR (Diamond-ATR): 3510 (sh), 3387
(sh), 2447vw, 2161w, 2150w, 1646vs, 1457w, 1407s, 1398vs, 1378m, 1207s, 1187m, 1168 (sh), 1068s, 1057m,
1045m, 771s, 737vs. Raman (14.5 mW, 25°): 1509 (23), 1488 (30), 1436 (14) 1396 (100), 1215 (1), 1104
(20),1090 (22), 1073 (27), 937 (4). Anal. calc. for C;,HgLa,Ng,O,; (2314.8): C6.2, H 3.7, N 36.3; found: C
6.3, H 3.1, N 35.6.

Lanthanum(I1I) 5,5'-Azobis[1H-tetrazol-1-ide] Octadecahydrate (3). Yellow blocks or rhombi. IR
(Diamond-ATR): 3510 (sh), 3393 (sh), 2448vw, 2160vw, 2110w, 1646vs, 1456m, 1407s, 1398vs, 1207s,
1187m, 1090w, 1068m, 1057m, 1045m 770s, 737vs. Raman (14.5 mW, 25°): 1507 (26), 1486 (31), 1435 (15),
1395 (100), 1213 (1), 1103 (21), 1089 (21), 1077 (25), 936 (4). Anal. calc. for C¢H3sLa,N;,O 5 (1094.35): C
6.6, H 3.3, N 38.4; found: C 7.0, H 3.0, N 37.9.

Lanthanum(III) 5,5'-Azobis[IH-tetrazol-1-ide] Carbonate Dodecahydrate (4). Brownish prisms. IR
(Diamond-ATR): 3724vw, 3700vw, 3535 (sh), 2652 (sh), 2453vw, 2361vs, 2339vs, 2161w, 2050w, 1980w,
1668m, 1538s, 1462 (sh), 1429w, 1404vs, 1359vs, 1210m, 1188m, 1099vw, 1062m, 1050m, 844s, 756s, 740vs,
696m, 689m. Raman (14.5 mW, 25°): 1481 (52), 1461 (33), 1429 (37), 1390 (100), 1210 (44), 1188 (41),
1180 (35, sh), 1099 (64), 1087 (53), 1076 (68), 1051 (39), 931 (31), 202 (26). Anal. calc. for
CsH,,La,N,Oy5 (882.2): C 6.8, H 2.7, N 31.8; found: C 7.0, H 2.8, N 31.5.

Octaaquadysprosium(3 +) —5-azido-2H-tetrazole - 5,5-azobis[1H-tetrazol-1-ide ] — water (2:4:3:8;
5). Brownish prisms. IR (Diamond-ATR): 3340vs (br.), 2148m, 1634s, 1393m, 1344m, 1106w, 726 (sh).
Raman (14.5 mW, 25°): 2166 (2), 1504 (71), 1485 (24), 1433 (23), 1398 (100), 1107 (43), 1083 (30), 936
(20). Anal. calc. for C;jHs5oDy,Ns30,, (1691.9): C 7.1, H 3.0, N 48.0; found: C 9.7, H 2.8, N 41.8.

X-Ray Crystallography?). Crystals were obtained as described above and measured at 200 K (for 2—
4) and 100 K (for 5). Data for 2—4 were collected on a Nonius KappaCCD diffractometer (graphite
monochromatized MoK, radiation, A =0.71073 A) equipped with a 0.3-mm monocap. optics collimator.
For compound 5, data collection was performed with an Oxford Xcalibur diffractometer equipped with a
CCD area detector, using MoK, radiation. For structure solutions by direct methods and the structure
refinements, the programs SHELXS-97 [62] and SHELXL-97 [63] were used, resp. Absorption
correction was done by evaluation of partial multi-scans. Thermal ellipsoids in ORTEP [64] plots
represent a 50% probability. Unfortunately, crystals of 2 could not be obtained in higher quality, and as a
consequence the respective structure refinement was of relatively poor quality. Nevertheless, we decided
to present the preliminary results of this structure here, as they, at least, allow characterizing the
principles of this highly interesting molecular structure. A full description of structural details

2) CCDC-753318-753321 contain the supplementary crystallographic data for 2-5 including
tabulated bond lengths and angles. These data can be obtained free of charge via http:/
www.ccde.cam.ac.uk/data_request/cif.
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(reasonable ATFs, positions of the H-atoms, twinning, cell/subcell relationships etc.) requires the
availability of better single crystals.
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