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Controlling Complexation Behavior of Early Lanthanides via the
Subtle Interplay of their Lewis Acidity with the Chemical Stability
of 5,5’-(Azobis)tetrazolide

Peter Weinberger,*?! Gerald Giester,™ and Georg Steinhauser!!

Abstract. : Two novel nitrogen-rich lanthanide compounds of 5,5'-(azo
bis)tetrazolide (ZT) were synthesized and structurally characterized.
The dinuclear, isostructural compounds [Ce,(ZT),CO5(H,0),] + 4
H,O (1) and [Pr,(ZT),CO5(H,0);,]-4H,O (2) were synthesized via
two independent routes. Compound 1 was obtained after partial Lewis
acidic decomposition of ZT by Ce!V in aqueous solution of

(NH4),Ce(NO3)s and Na,ZT. Compound 2 was obtained by crystalli-
zation from aqueous solutions of Pr(NOj;);, Na,ZT, and Na,CO;. By
X-ray diffraction analysis at 200 K, it was found that the trivalent lan-
thanide cations are bridged by a bidentate carbonato ligand and each
cation is further coordinated by six H,O ligands and one ZT ligand
thus being ninefold coordinated.

Introduction

Tetrazole derivatives are nitrogen-rich compounds that exhi-
bit interesting properties both for application as energetic ma-
terials!!! as well as for coordination chemistry.!?! In particular,
inorganic compounds of 5,5'-azobis[/ H-tetrazol-1-ides] (vulgo
5,5’-(azobis)tetrazolides or 5,5'-azotetrazolates, ZT>") have
been studied to great extent.!
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The free acid 5,5'-(azobis)tetrazole (H,ZT) is highly un-
stable.!! Thus, the ZT? ion is highly sensitive against acidic
attack. Upon acidic decomposition, it forms 5-hydrazinotetraz-
ole, formic acid, and N, gas.™!

Water of crystallization plays a crucial role in the stabiliza-
tion of inorganic ZT compounds.”® Hence, not all ZT com-
pounds are accessible through simple synthetic routes. It is
difficult to generalize the behavior of inorganic compounds of

* Ass. Prof. Priv.-Doz. DI Dr. P. Weinberger

E-Mail: peter.e163.weinberger@tuwien.ac.at

[a] Institute of Applied Synthetic Chemistry
TU Wien
Getreidemarkt 9/163-01-3
1060 Vienna, Austria

[b] Department of Mineralogy and Crystallography
University of Vienna
Althanstrasse 14 (UZA 2)
1090 Vienna, Austria

[c] Institute of Radioecology and Radiation Protection
Leibnitz Universitit Hannover
Herrenhduser Strafe 2
30419 Hannover, Germany
© 2020 The Authors. Zeitschrift fiir anorganische und allgemeine
Chemie published by Wiley-VCH GmbH - This is an open access
article under the terms of the Creative Commons Attribution Li-
cense, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited.

ZT throughout the periodic table of elements. In any case, an
often observed general pattern is that alkali and alkaline earth
metal compounds of ZT™ crystallize with a sufficient amount
of water of crystallization, thus making them stable and al-
lowing for the growth of sufficiently large crystals for X-ray
diffraction structure analysis. Divalent ions of transition met-
als, e.g. Cu®* or Cd?*, however, often precipitate immediately
upon addition of Na,ZT solution as a fine precipitate that ex-
plodes violently at the slightest touch when dried. It required
some special preparative skills and complexation of the cation
with NHj; ligands to allow for the synthesis of the ZT com-
pounds.!®! Trivalent salts of lanthanides (Ln) crystallize with a
sufficient amount of constitutional water,I’”! which makes them
safe to handle. The same is true for the UO,?* compound.®
The Ln,ZTj; series are neat examples to illustrate the “Gadolin-
ium Break”, which predicts a slight change in the chemical/
crystallographic behavior of a series of Ln compounds between
the Gd(IIT) and Tb(III) compounds. In this case, in the light
Ln,ZT; series (Ln = Ce — Gd), the ZT ion acts as a ligand to
the metal,!”! whereas in the heavy Ln,ZT5 series (Ln = Tb —
Lu), the compound crystallizes as a salt with isolated hydrated
cations and anions.[!?!

In general, the aforementioned changes in the chemical en-
vironment greatly affect the crystallization behavior of ZT
compounds. Crystallization in supercritical CO,/H,COj5 yields
a Dy,ZT; compound with lower H,O content;! crystallization
under presence of CO, also yields an isotypic series of lantha-
nide ZT carbonates.!!! Lastly, presence of ppb amounts of for-
eign actinides, e.g. Am(III), results in a Tb(Am),ZT; com-
pound!'?! that crystallizes in the crystal structure type of the
light Ln,ZT5 compounds,™! rather than according of the series
of the heavy Ln,ZT3,1'% to which Tb,ZTj originally belongs.

Cations with higher valence, however, such as Th(IV) or
Ce(1V),™ partly destroy the ZT?~ anion due to their Lewis
acidic properties. Hammerl et al. reported the formation of a
brown precipitate and gas when combining Ce(IV) and
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ZT> 141 In this study, we wanted to take a deeper look into
this reaction — with unexpected results.

Results and Discussion

The HSAB concept (Pearson’s acid-base concept)!'3! classi-
fies trivalent lanthanides as hard Lewis acids, water as a hard
solvent and the carbonate anion as a hard base. The lantha-
nide’s ionic radii decrease from La** to Lu** by 16 % influenc-
ing their Lewis acidity and their reactivity towards complex-
ation substantially. This can be monitored by the dianionic ZT
ligand, which represents a peculiar ligand in rare earth element
(REE) coordination chemistry being a rather weakly coordinat-
ing ligand. However, it is known to form a coordinative bond
for the lighter REEs. Furthermore, recent work by Klamm et
al.l" employed the inherent Lewis acidity to generate bimetal-
lic lanthanide complexes by cleavage of a cryptand ligand.
This concept was used to prepare (p-carbonato)-dodeca-aqua-
bis(5,5'-azobis(1 H-tetrazol-1-ide))-di-cerium tetrahydrate,
[Ce,(ZT),CO5(H,0),,]-4H,0 (1) starting off from Ce(IV) am-
monium nitrate, which is a well-known and efficient Lewis
acid for one-pot syntheses.['>! In our case we used the starting
material as an efficient Lewis acid partially decomposing the
ZT thus reducing Ce(IV) to Ce(Ill) and allowing for a slow
complexation as hexaquo-coordinated dinuclear complex. The
decomposition of some of the ligand yields among others for-
mic acid, which might be the source of the carbonate in com-
pound 1 (for details see experimental section). As the paper of
Klamm et al.'* showed similar crystallization behavior for
Ce(III) and Pr(III) compounds, we tried and succeeded in the
synthesis of the Pr-homologue as well.

Moreover, the formation of the two title compounds is in
line with results from our previous investigations!'!! but in
contrast to this previously published series our title compounds
feature ninefold coordination. Both compound 1 and (p-car-
bonato)-dodeca-aqua-bis(5,5’-azobis(1 H-tetrazol- 1-ide))-di-
praseodymium tetrahydrate (2) crystallize isostructural in the
monoclinic space group /2/a with four molecules in the crys-
tallographic unit cell (see Table 1). Both Ce and Pr are coordi-
nated ninefold in a distorted capped square anti-prismatic fash-
ion being rather common for Ln complexes. The coordination
sphere comprises of the ZT moiety, six H,O molecules and the
bidentate carbonato ligand (see Figure 1). The asymmetric unit
consists of half of the [Ln,(ZT),CO5(H,0),,]-4H,0O with the
C(3)-O(1) bond representing a twofold rotation axis.

There is a manifold of stabilizing hydrogen-bonding net-
work among the coordinating H,O molecules as well as a total
of four non-coordinating water molecules per compound mol-
ecule, and the ZT moiety, which are known to be crucial to
stabilize the potentially explosive ZT compounds.!®! The ZT
moieties are aligned almost parallel to the ac plane with the
carbonato bridge between the two coordination centers being
perpendicular to it. The Ce—O—Ce angle of 1 measures 165.06°
compared to the 168.8° of the dinuclear carbonato-bridged Ce-
compound of the previously investigated series,!'!! whereas the
Pr—O-Pr angle of 2 measures 165.10° compared to the 169.6°
of the dinuclear carbonato-bridged Pr-compound.!'! In con-
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Table 1. Crystallographic data and structure determination details for
compounds 1 and 2. The general formula is [Ln,(ZT),CO5(H,0);,] *
4H,0; Z = 4. Both compounds crystallize in monoclinic space group
/a.

1 2
Ln Ce Pr
M, 956.66 958.24
alA 19.280(2) 19.236(2)
b /A 6.538(1) 6.526(1)
c /A 24.172(2) 24.100(2)
pr 90.154(6) 90.224(3)
v /A3 3047.1(6) 3025.1(6)
Pealed, /grem™ 2.086 2.104
w1 /mm! 3.057 3.291
Reflns collected 13339 13307
Ind. reflections 7123 7021
Rinc 0.021 0.025
Obs. reflections 6050 7021
F(000) 1880 1888
R, ® 0.036 0.037
wR, ? 0.064 0.069
Weighting scheme © 0.025, 3.6 0.03, 5.7
GOF 1.102 1.045
No. of parameters 258 258

a) R, = SIF,— IFJ/ ZIF,). b) Rw = [S(F.2= FAEw(F)*11/2. ¢) w =
[6cX(F0?) + (xP)? + yP]-1, P = (F,2= 2Fc®)/3.
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Figure 1. Structure of 1. Only selected O atoms are labelled for clarity.

trast to the earlier reported series, which features a wave-like
alignment of the 5,5'-(azobis)tetrazolide ligands, our title com-
pounds are aligned coplanar to the ac plane with parallel-dis-
placed n—n stacking of the (azobis)tetrazolide moieties of adja-
cent molecules. Distances of the N8 of the azo-bridge to the
N10 of the tetrazole ring of the adjacent molecule range be-
tween 3.299 A and 3.381 A.

Figure 2 shows the packing of 1, viewed normal to (010)
which is characterized by the stacking of ZT moieties, interca-
lated with dinuclear [Ce,ZT,(CO5)(H,0);,] moieties. Crystal
structure and refinement data for 1 and 2 are listed in Table 1.

Conclusions

In continuation of our endeavor to elucidate the coordination
chemistry of the dianionic azobis|[tetrazolide] within the lan-
thanides we prepared two novel compounds based on the dinu-
clear p-carbonato-bridged bis-lanthanide structural motif. Ex-
ploiting the intrinsic Lewis acidity of Ce and Pr under syn-
thetic conditions complying with Pearson’s HSAB concept we
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Figure 2. Packing of 1, viewed on (010).

yielded the presented structures of ninefold coordinated com-
plexes.

Experimental Section

Caution! ZT compounds are potentially explosive and should be han-
dled with care, especially when anhydrous. Heating, complete drying
and loss of water of crystallization should hence be avoided. They can
react violently upon stimuli such as friction, heat, electric sparks or
impact. Using appropriate safety equipment can drastically reduce the
risk when handling these compounds (face shields, wrist protectors,
Kevlar® gloves, conducting shoes, and ear protection).!'®!

Syntheses: Chemicals for the syntheses were purchased at Sigma Ald-
rich in p.a. quality and used without further processing or purification.
Na,ZT-2H,O was synthesized by oxidation of 5-aminotetrazole with
KMnO, in aqueous solution of NaOH, as outlined in literature.*!

Synthesis of [Ce,(ZT),CO3(H,0);,]-4H,0 (1): 100 mg Na,ZT-2H,0
(0.407 mmol) were dissolved in 3 mL of H,O at ambient conditions,
and a solution 111 mg of (NH,),Ce(NO3)s (0.203 mmol) in 1 mL of
H,O was added. The mixture immediately turned dark brownish,
formed a fine precipitate, and evolved gas (presumably N, gas due to
Lewis acidic attack of the ZT?~ ion). Although it has been reported
that formic acid is rather resistant to oxidation, impurities present in
the ceric salt may introduce partial oxidation yielding non-stoichiomet-
ric amounts of carbonate!!”! being possibly the source of the carbonate
ion in 1. The lid of the plastic vial was closed and the mixture was
stored at 4 °C. After about 8 months, dark brown, elongated pointed
crystals were harvested from the bottom of the vial at low yield (about
20%). Ce,CsH3,N50049: caled. C 6.27 , H 3.37 , N 29.23 %; found: C
6.74 , H 3.45% N 28.29 %. Consistent with our previous studies of
ZTs of REE, the N content is usually slightly underestimated, whereas
the C content is slightly overestimated. This is likely due to the fact
that elementary analytical equipment is rarely calibrated with such
high N compounds.
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Synthesis of [Pr,(ZT),CO3(H,0),2]-4H,0 (2): 109 mg of Pr(NO;);3°6
H,0 (0.25 mmol), 71 mg Na,ZT-2H,0 (0.17 mmol) were dissolved in
3mL of H,O at ambient conditions. Then 2.3 mg of Na,CO;
(0.022 mmol) were dissolved in 1.5 mL of H,O and added to the solu-
tion. Some white precipitate formed, but the mixture was allowed to
stand untouched for about one week. A very small yield of greenish-
brownish crystals was recovered for X-ray diffraction. The yield, how-
ever, was not enough to allow for further analyses, such as elementary
analysis.

A preliminary approach for the synthesis of 2 with stoichiometric
amounts of Pr(NOj3);*6H,O (118 mg), Na,ZT-2H,0 (66 mg), and
Na,CO; (14.4 mg) turned out unsuccessful, likely due to immediate
quantitative precipitation or Pry(COj3);.

X-ray Crystallography: Crystals were measured at 200 K. Data col-
lection was performed with a Nonius Kappa CCD diffractometer
(graphite monochromatized Mo-K,, radiation, A = 0.71073 A) equipped
with a 0.3 mm monocapillary optics collimator. For structure solutions
by direct methods and the structure refinements, the programs
SHELXS-97!8 and SHELX-2018/3!'°! were used, respectively. Ab-
sorption correction was done by evaluation of partial multiscans. Ther-
mal ellipsoids in ORTEP™" plots represent a 50 % probability.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-2038690 for 1 and CCDC-2038691 for 2 (Fax: +44-
1223-336-033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccde.
cam.ac.uk).

Acknowledgements

P. Weinberger acknowledges financial support by FWF P 31076. Open
access funding enabled and organized by Projekt DEAL.

References

[1] a) N. Fischer, K. Huell, T. M. Klapétke, J. Stierstorfer, G. Laus,
M. Hummel, C. Froschauer, K. Wurst, H. Schottenberger, Dalton
Trans. 2012, 41, 11201-11211; b) D. Fischer, T. M. Klapotke,
D. G. Piercey, J. Stierstorfer, Chem. Eur. J. 2013, 19, 4602-4613;
¢) J. Stierstorfer, T. M. Klapotke, A. Hammerl, R. D. Chapman,
Z. Anorg. Allg. Chem. 2008, 634, 1051-1057; d) A. Hammerl,
T. M. Klapétke, R. Rocha, Eur. J. Inorg. Chem. 2006, 2210-2228;
e) A. Hammerl, T. M. Klapotke, H. Noth, M. Warchhold, G. Holl,
M. Kaiser, U. Ticmanis, Inorg. Chem. 2001, 40, 3570-3575; f)
H. Gao, J. M. Shreeve, Chem. Rev. 2011, 111, 7377-7436; g)
A. M. W. Dufter, T. M. Klapotke, M. Rusan, J. Stierstorfer, Z.
Anorg. Allg. Chem. 2020, 646, 580-585; h) M. Benz, T. M.
Klapétke, J. Stierstorfer, Z. Anorg. Allg. Chem. 2020, 646, 1380-
1388; i) N. Fischer, D. Fischer, T. M. Klapotke, D. G. Piercey, J.
Stierstorfer, J. Mater. Chem. 2012, 22, 20418-20422.

[2] a) D. Miiller, C. Knoll, B. Stoger, W. Artner, M. Reissner, P.
Weinberger, Eur. J. Inorg. Chem. 2013, 2013, 984-991; b) L. Ga-
jecki, D. J. Berg, J. Hoenisch, A. G. Oliver, Dalton Trans. 2018,
47, 15487-15496; c) N. Szimhardt, M. H. H. Wurzenberger, A.
Beringer, L. J. Daumann, J. Stierstorfer, J. Mater. Chem. A 2017,

Z. Anorg. Allg. Chem. 2020, 1882-1885

www.zaac.wiley-vch.de 1884

© 2020 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie
published by Wiley-VCH GmbH

5UI90 117 SUOLLLLIOD) AR 3[qdl ddke au) A PeLLBAoB 2 e SBoILE VO ‘38N J0 SBINI 10y AXeiq 1 8UIIUO AB]IM UO (SUOTIPUOD-PUE-SULBYWI0D™B | 1M ARG PUI|UO//SANY) SUONIPUOD PUE SWid | aU) 805 *[7Z02/20/.2] UO ARIqiT8uIluO AB1IM ‘AUBLLBD BLEIUR0D) Ad ¥BE000Z0Z I8eZ/Z00T 0T /10p/LI00"Aa] 1M AZeIq1puluo//Sdly Wo1y papeo|umod ‘vz



Journal of Inorganic and General Chemistry

/AAC

Zeitschrift fur anorganische und allgemeine Chemie

5, 23753-23765; d) X.-L. Tong, J.-H. Xin, Z. Anorg. Allg. Chem.
2011, 637, 2265-2272.

[3] a) W.-T. Wang, S.-P. Chen, G. Fan, G. Xie, B.-J. Jiao, S.-L. Gao,
J. Coord. Chem. 2009, 62, 1879—-1886; b) J.-M. Lin, W.-B. Chen,
X.-M. Lin, A.-H. Lin, C.-Y. Ma, W. Dong, C.-E. Tian, Chem.
Commun. 2011, 47, 2402-2404; c) R. Deblitz, C. G. Hrib, G.
Plenikowski, F. T. Edelmann, Inorg. Chem. Commun. 2012, 18,
57-60; d) G. Laus, V. Kahlenberg, K. Wurst, H. Schottenberger,
N. Fischer, J. Stierstorfer, T. M. Klapétke, Crystals 2012, 2, 127-
136; e) J.-M. Lin, Y.-X. Qiu, W.-B. Chen, M. Yang, A.-J. Zhou,
W. Dong, C.-E. Tian, CrystEngComm 2012, 14, 2779-2786; f)
W.-B. Chen, Y.-X. Qiu, X.-M. Lin, M. Yang, H. Yan, F.-X. Gao,
Z.-J. O. Yang, W. Dong, J. Coord. Chem. 2013, 66, 1700-1708;
2) Y-X. Qiu, W.-B. Chen, X.-M. Lin, M. Yang, H. Yan, F.-X.
Gao, X.-J. Ruan, Z.-J. O. Yang, W. Dong, Inorg. Chem. Commun.
2013, 29, 201-204; h) R. Deblitz, C. G. Hrib, S. Blaurock, P. G.
Jones, G. Plenikowski, F. T. Edelmann, Inorg. Chem. Front. 2014,
1, 621-640; i) N. Li, W.-B. Chen, Y.-F. Guan, Z.-J. OuYang, W.
Dong, Inorg. Chim. Acta 2014, 409, 349-352; j) N. Li, Z.-X. Li,
W.-B. Chen, M. Yang, W. Dong, J. Coord. Chem. 2014, 67, 3243—
3251; k) Q. Zhang, D. Chen, X. He, S. Huang, J. Huang, X. Zhou,
Z. Yang, J. Li, H. Li, F. Nie, CrystEngComm 2014, 16, 10485—
10491; 1) D. Chen, S. Huang, Q. Zhang, Q. Yu, X. Zhou, H. Li,
J. Li, RSC Adv. 2015, 5, 32872-32879; m) B. Jiao, Y. Ren, W.
Wang, J. Mol. Struct. 2018, 1171, 150-154.

[4] A. Hammerl, G. Holl, T. M. Klapotke, P. Mayer, H. Noth, H.
Piotrowski, M. Warchhold, Eur. J. Inorg. Chem. 2002, 834-845.

[5] C. Knoll, D. Miiller, G. Giester, J. Ofner, B. Lendl, P. Weinberger,
G. Steinhauser, New J. Chem. 2013, 37, 3840-3844.

[6] G.-H. Tao, B. Twamley, J. M. Shreeve, Inorg. Chem. 2009, 48,
9918-9923.

[7]1 G. Steinhauser, G. Giester, N. Leopold, C. Wagner, M. Villa, A.
Musilek, Helv. Chim. Acta 2010, 93, 183-202.

ARTICLE

[8] G. Steinhauser, G. Giester, C. Wagner, P. Weinberger, B. Zach-
huber, G. Ramer, M. Villa, B. Lendl, Inorg. Chem. 2012, 51,
6739-6745.

[9] G. Steinhauser, G. Giester, N. Leopold, C. Wagner, M. Villa, Helv.
Chim. Acta 2009, 92, 2038-2051.

[10] G. Steinhauser, G. Giester, C. Wagner, N. Leopold, J. H. Sterba,
B. Lendl, M. Bichler, Helv. Chim. Acta 2009, 92, 1371-1384.

[11] D. Miiller, C. Knoll, A. Herrmann, G. Savasci, J. M. Welch, W.
Artner, J. Ofner, B. Lendl, G. Giester, P. Weinberger, G. Stein-
hauser, Eur. J. Inorg. Chem. 2018, 2018, 1969—-1975.

[12] J. M. Welch, D. Miiller, C. Knoll, M. Wilkovitsch, G. Giester, J.
Ofner, B. Lendl, P. Weinberger, G. Steinhauser, Angew. Chem.
Int. Ed. 2017, 56, 13264—13269.

[13] a) R. G. Pearson, J. Am. Chem. Soc. 1963, 85, 3533-3539; b)
R. G. Pearson, J. Chem. Educ. 1968, 45, 581-587; c) R. G. Pear-
son, J. Chem. Educ. 1968, 45, 643-648.

[14] B. E. Klamm, T. E. Albrecht-Schmitt, R. E. Baumbach, B. S. Bil-
low, F. D. White, S. A. Kozimor, B. L. Scott, A. M. Tondreau,
Inorg. Chem. 2020, 59, 8642-8646.

[15] K. U. Sadek, F. Al-Qalaf, M. M. Abdelkhalik, M. H. Elnagdi, J.
Heterocycl. Chem. 2010, 47, 284-286.

[16] a) T. M. Klapotke, B. Krumm, F. X. Steemann, G. Steinhauser,
Saf. Sci. 2010, 48, 28-34; b) G. Steinhauser, T. M. Klapotke, J.
Chem. Educ. 2010, 87, 150-156; c) G. Steinhauser, J. Evers, S.
Jakob, T.M. Klapotke, G. Oehlinger, Gold Bull. 41, 305-317.

[17] N. K. Mathur, S.P. Rao, D.R. Chowdhary, Anal. Chim. Acta
1961, 24, 533-535.

[18] G. M. Sheldrick, University of Gottingen, Germany, 1997.

[19] Sheldrick, G. M., Crystal structure refinement with SHELXL,
Acta Crystallogr. Sect. C 2015, 71, 3-8.

[20] L. J. Farrugia, J. Appl. Crystallogr. 1997, 30, 565.

Received: October 20, 2020
Published Online: November 12, 2020

Z. Anorg. Allg. Chem. 2020, 1882-1885

www.zaac.wiley-vch.de 1885

© 2020 The Authors. Zeitschrift fiir anorganische und allgemeine Chemie
published by Wiley-VCH GmbH

5UI90 117 SUOLLLLIOD) AR 3[qdl ddke au) A PeLLBAoB 2 e SBoILE VO ‘38N J0 SBINI 10y AXeiq 1 8UIIUO AB]IM UO (SUOTIPUOD-PUE-SULBYWI0D™B | 1M ARG PUI|UO//SANY) SUONIPUOD PUE SWid | aU) 805 *[7Z02/20/.2] UO ARIqiT8uIluO AB1IM ‘AUBLLBD BLEIUR0D) Ad ¥BE000Z0Z I8eZ/Z00T 0T /10p/LI00"Aa] 1M AZeIq1puluo//Sdly Wo1y papeo|umod ‘vz



