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Zinc and cadmium sulfate and nitrate complexes with hexamethylenetetramine, [Zn(hmta),
(H0),**[Zn(H,0)6]* 2802~ 6H,0 (1), [Cd(hmta)(H,0),]2" nSO~-2nH,0 (2), [Zn(H,0)s)* -2
(hmta)-2NO3 -4H,0 (3) and [Cd(hmta)(NOs)>(H,0),], (4), have been synthesized and characterized
by elemental and thermal analysis, IR spectroscopy, and X-ray crystallography.

Keywords: Zinc; Cadmium; Sulfate; Nitrate; Hexamethylenetetramine; Thermal decomposition;
Spectroscopic properties

1. Introduction

Crystal engineering has developed significantly in the recent years, especially the design,
synthesis, and characterization of new complexes and supramolecular architectures [1-3].
Coordination polymers are of interest for various structural topologies and intriguing frame-
works, specific properties such as luminescence, magnetism, physical and chemical adsorp-
tion, nonlinear optics [4-8], and potential application in catalysis, pharmacy, separation,
optoelectronics, etc. [9—12]. Such compounds are also useful precursors of nanoparticles
based on metal oxides [13]. An effective method to prepare such architectures is using
metal ions and specific ligands in supramolecular assembly. Generally, two groups of
ligands are utilized: N-donor organic compounds possessing potential bridging abilities
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(e.g. 4,4'-bipyridine, 1,4,7-triazacyclononane, 1,2.4-triazole derivatives [14-16], etc.) and
multifunctional organic and inorganic anions (e.g. terephthalate, thiocyanate, malonate [17,
18], etc.). By combination of ligands, synthesis of 1-D, 2-D, and 3-D polymers is possible
even if mild reaction conditions are applied [19-21]. This is especially important because
energy-consuming processes (like long-term hydrothermal syntheses) have limited applica-
bility due to economic issues.

One of the most popular ligands explored during almost a half of century is hexamethyl-
enetetraamine (hmta), with an enormous number of coordination compounds described [22].
The hmta is a strong bulky organic base good soluble in water [23]. This ligand possesses
four nitrogen atoms, and hence, as a potentially tetradentate ligand, can create from one to
four metal-ligand bonds [24]. These features allow construction of coordination polymers of
very different dimensionality [25]. Moreover, hmta can accept hydrogen bonds, allowing
construction of versatile supramolecular arrays [26]. The hmta located in the outer coordina-
tion sphere, as an effective hydrogen bond donor, can be employed to modulate inner coordi-
nation sphere composition and geometry [27]. This ligand is also used as a cross-linking
agent in construction of multinuclear coordination polymers [28]. There are reported com-
pounds containing hmta with almost every metal ion, from alkali [29] and alkaline earth met-
als [30], heavy metals [31, 32] and precious metals [33, 34] to rare earth metals [35, 36].

Zinc- and cadmium-based polymers draw much attention and have been widely explored
[37-40]. Zinc is an essential element for all living organisms and its coordination com-
pounds control the proper functioning of certain enzymes [41], detect phosphoprotein, and
also supply phosphopeptides and other phosphate derivatives intracellularly [42]. Metal-
organic compounds containing Zn(II) coordination centers can be used as pH sensors, lumi-
nescent materials [43, 44], and biosensors. Additionally, some coordination compounds of
zinc have antioxidant properties and are also used as antiulcer drugs [45]. Cadmium always
accompanies zinc in natural sources and is a by-product of zinc metallurgy. Biological role
of cadmium is not known yet, but its ions are important in biochemical sciences, e.g. in
preparation of protein crystals [46]. Coordination polymers of cadmium are important due
to their optical and luminescent properties, clathration, molecular magnetism [47, 48], etc.
and they are used in many industrial fields including gas storage and separation processes
[49]. In addition, supramolecular structures of Cd(II) attract much attention because of their
softness and a possibility to obtain Cd(II) compounds with different coordination numbers
and various geometries [47, 50].

In this work, we present the syntheses, structures, spectroscopic, and thermal analysis of
four coordination compounds, [Zn(hmta),(H,0)4]*"[Zn(H,0)6]*2803~-6H,0 (1),
[Cd(hmta)(H,0) 4]ﬁ+-nSO4*-ZnH20 (2), [Zn(H,0)6]*"-2(hmta)-2NO; -4H,0 (3) and [Cd
(hmta)(NO5),(H,0),], (4). Compounds 3 and 4 were previously structurally determined
[51-53], but to check the possibility of formation of compounds with different metal (M) to
ligand (L) ratio, the syntheses were repeated with M : L equal to 1:1 and 1:2. Addition-
ally, some properties of 3 and 4 were not studied previously.

2. Experimental setup

2.1. Synthesis

All reactants (except the cadmium nitrate(V)) were of analytical grade and obtained from
POCh Gliwice. The solution of cadmium nitrate (containing 0.008 mol of Cd(NO3),) was



Downloaded by [Institute Of Atmospheric Physics] at 15:40 09 December 2014

1334 R. Kruszynski et al.

prepared by suspending cadmium oxide (0.025 mol, 3.2103 g) in 31.25 cm® of a standard
solution of nitric(V) acid (0.016 mol HNOs in water, ¢=0.500 mol dm>). The suspension
was stirred on a magnetic stirrer until pH of the mixture was 7.0 (about 3 min). The
mixture was filtered to remove unreacted excess of cadmium oxide. The residue on the filter
was washed thrice with 5 cm® of cold water and all solutions were combined. The last fil-
trate showed no presence of nitrate ions on the basis of test with brucine in concentrated
sulfuric(VI) acid.

Solutions of respective salts (zinc sulfate(VI) heptahydrate, 0.001 mol, 0.2875 g in 5 cm®
of water; cadmium sulfate(VI) octahydrate, 0.001 mol of Cd*" ions, 0.2565¢g in 5cm® of
water; zinc nitrate(V) hexahydrate 0.001 mol, 0.2975 g in 4 cm® of water) were mixed with
solutions of hexamethylenetetramine (hmta, 0.001 mol, 0.1402 g in 7cm’ of water). The
above-described solutions of cadmium nitrate(V) were also mixed with solution of hmta
(0.008 mol, 1.1215 g in 8 cm® of water).

To determine the influence of metal : ligand reaction stoichiometry on the final product,
all syntheses were repeated with doubled amounts of hmta (0.002 mol, 0.2804 g in 10 cm®
of water and 0.016 mol, 2.2432 g in 16 cm® of water, respectively). In all cases, after two
weeks, colorless crystals were obtained and separated from the solution by filtration on the
small Buchner funnel. Elemental analyses for compounds were the same within experimen-
tal error for both L : M stoichiometries used in syntheses and mean values of three determi-
nations for 1:1 L:M ratio were [Calculated/Found (%)]: (1) C1,Hs6NgO24S,Zn, C 16.17/
16.20; H 6.33/6.28; N 12.57/12.60; O 43.07/42.98; S 7.19/7.08; Zn 14.67/14.44; (2)
CgH24CdN,4OoS C 15.78/15.58; H 5.30/5.34; N 12.27/12.07; O 35.03/34.95; S 7.02/7.08;
Cd 24.61/24.45; (3) C1,H44N 19O 6Zn C 22.18/22.16; H 6.82/6.80; N 21.55/21.48; O 39.39/
39.19; Zn 10.06/9.08; (4) CsH;sCdNgOg C 17.46/17.26; H 3.91/4.00; N 20.37/20.51; O
31.02/31.00; Cd 27.24/27.04. The determined densities were: 1.63, 1.91, 1.55, and 2.09 g
cm >, respectively for 1, 2, 3, and 4.

2.2. Crystal structure determination

Colorless rectangular prism-shaped crystals were mounted on a KM-4-CCD automatic dif-
fractometer equipped with a CCD detector, and used for data collection. X-ray intensity
data were collected with graphite-monochromated Mo K|, radiation (1=0.71073 A) at 291.0
(3) K, with @ scan mode. Ten second exposure time was used for each compound, and all
reflections inside the Ewald sphere were collected up to §=25° for 1-3 and up to 6=36°
for 4 (due to C centering, the set of reflections collected to smaller # angle has unacceptable
reflection to parameter ratio). The unit cell parameters were determined from least-squares
refinement of the 6847, 8005, 2939, and 2774 strongest reflections, respectively, for 1-4.
Details concerning crystal data and refinement are given in table 1. Examination of reflec-
tions on two reference frames monitored after each 20 frames measured showed 2.52, 0.75,
and 1.12 loss of intensity for 1, 2, and 3, respectively, and no loss of the intensity for 4.
Lorentz, polarization, decay, and numerical absorption [54] corrections were applied. The
structures were solved by direct methods. All nonhydrogen atoms were refined anisotropi-
cally using full-matrix, least-squares method on F2. All hydrogen atoms were found on the
difference Fourier syntheses and were refined in riding model. The isotropic displacement
factors of hydrogen atoms were equal 1.2 and 1.5 times the value of equivalent displace-
ment factor of the patent carbon and oxygen atoms, respectively The carbon-bonded hydro-
gen atom positions were idealized after each cycle of refinement. The SHELXS97 [55],
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Table 2.  Selected structural data of 1-4 [A, °, valence units].

i~ dy Vi i——k ik
Compound 1
Zn1-01 2.091(3) 0.343 02-Zn1-0O1 86.46(12)
Zn1-02 2.080(3) 0.353 02-Znl1-0O1" 93.54(12)
Znl1-03 2.098(3) 0.336 02-Zn1-03 93.56(12)
02-Zn1-03' 86.44(12)
01-Zn1-03 86.29(13)
01-Zn1-03' 93.71(13)
Zn2-04 2.098(3) 0.336 06-Zn2-05 86.57(12)
Zn2-05 2.084(3) 0.349 06-Zn2-05" 93.43(12)
Zn2-06 2.082(3) 0.351 06-Zn2-04 86.60(12)
06-Zn2-04" 93.40(12)
05-Zn2-04 93.64(12)
05-Zn2-04" 86.36(12)
Zn3-N1 2.399(4) 0.177 08-Zn3-07 92.35(14)
Zn3-07 2.044(3) 0.389 08-Zn3-07" 87.65(14)
Zn3-08 2.034(3) 0.400 O8-Zn3-N1 90.29(13)
08-Zn3-N1" 89.71(13)
O7-Zn3-N1 92.47(13)
O7-Zn3-N1" 87.53(13)
Zn4-N5 2.385(4) 0.184 010-Zn4-09 93.16(15)
Zn4-09 2.046(3) 0.387 010-Zn4-09" 86.84(15)
Zn4-010 2.034(3) 0.400 010-Zn4-N5 87.78(14)
010-Zn4-N5" 92.22(14)
09-Zn4-N5. 89.84(14)
09-Zn4-N5" 90.16(14)
Compound 2
Cd1-N1 2.445(7) 0.337 02-Cd1-01 89.5(2)
Cd1-01 2.318(6) 0.308 02-Cd1-01™ 90.5(2)
Cd1-02 2.257(6) 0.363 02-Cd1-N1 _ 87.2(2)
02-Cd1-N1" 92.8(2)
O1-Cd1-N1 _ 88.1(2)
O1-Cd1-N1" 91.9(2)
Cd2-N2 2.440(7) 0.342 03-Cd2-04 88.0(2)
Cd2-03 2.257(6) 0.363 03-Cd2-04' 92.0(2)
Cd2-04 2.304(6) 0.319 03-Cd2-N2. 86.4(2)
03-Cd2-N2' 93.6(2)
04-Cd2-N2. 89.9(2)
04-Cd2-N2' 90.1(2)
Cdl11-N11 2.396(7) 0.385 O11-Cd11-012 89.9(2)
Cd11-011 2.281(6) 0.340 011-Cd11-012" 90.1(2)
Cd11-012 2.297(6) 0.326 O11-Cd11-N11 89.6(2)
O11-Cd11-N11" 90.4(2)
0O12-Cd11-N11_ 88.9(2)
012-Cd11-N11" 91.1(2)
Cd12-N12 2.406(7) 0.375 013-Cd12-014 89.3(2)
Cd12-013 2.259(6) 0.361 013-Cd12-014" 90.7(2)
Cd12-014 2.293(6) 0.329 O13-Cd12-N12 86.5(2)
013-Cd12-N12" 93.5(2)
014-Cd12-N12 89.5(2)
014-Cd12-N12" 90.5(2)
Compound 3
Zn1-01 2.1009(14) 0.334 02-Zn1-01 91.37(6)
Zn1-02 2.0337(13) 0.400 02-Zn1-01" 88.63(6)
Zn1-03 2.1029(13) 0.332 02-Znl1-03 87.63(6)
02-Zn1-03" 92.37(6)

(Continued )
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Table 2. (Continued ).

i~ d; Vi i~k G
01-Znl-03 87.21(6)
01-Zn1-03Y 92.79(6)

Compound 4

Cdl1-N1 2.4079(13) 0.373 04-Cd1-01 101.42(5)

Cd1-01 2.3113(17) 0.313 04-Cd1-01" 78.58(5)

Cd1-04 2.2829(12) 0.338 04-Cd1-N1 90.90(4)
04-Cd1-N1" 89.10(4)
O1-Cd1-N1 88.52(6)
O1-Cd1-N1" 91.48(6)

Note: Symmetry transformations used to generate equivalent atoms: (i) —x+2, —y, —z+1; (i) —x+1, =y +1, —z;
(iii) ~x+2, =y, —z; (iv) —x+ 1, =y +1, =z +1; (v) —x, =y, —z+2; and (vi) —x+ 1.5, =y +0.5, —z+ 1.

SHELXL97 [56], and SHELXTL [57] programs were used for all the calculations. Atomic
scattering factors were those incorporated in the computer programs. Selected structural data
are given in tables 2 and 3.

2.3. Other measurements

Elemental analyses were carried out using a Vario EL III CHNOS Elemental Analyzer
(C, H, N, O, S). Zinc(Il) and cadmium(Il) contents were determined by complexometric
titration with EDTA (0.01 mol dm > water solution) [58]. IR spectra of the samples as KBr
pellets were recorded on a Jasco FT/IR 6200 spectrophotometer from 4000 to 400 cm ™.
The TG-MS system, used to monitor volatile products produced during thermal decomposi-
tion or fragmentation, consisted of a TG/DTA (SETSYS-16/18) coupled to a mass spectrom-
eter (QMS-422; ThermoStar Balzers Instruments) with a platinum crucible 100 mm®. The
heating rate was 2 °C min~'. Dynamic measurements were carried out in air at a flow rate of
1dm3h™". Sample masses were 10.04, 10.54, 9.18, and 9.95 mg, respectively, for 1, 2, 3,
and 4. An ion source had temperature of 423 K obtained by using 70 eV electron impact ion-
ization. The solid products of thermal decomposition were determined from thermoanalytical
curves [59] and on the basis of IR spectra and elemental analyses of the sinters. The final
and some transition products of decomposition were confirmed by X-ray powder diffraction
(XRPD) using the powder diffraction file [60] or literature data. The XRPD patterns were
measured in reflection mode on an XPert PRO XRPD system equipped with a Bragg—
Brentano PW 3050/65 high-resolution goniometer and PW 3011/20 proportional point
detector. Cu Ka; radiation was used. The patterns were measured at 291.0(2) K from 2° to
90° with the narrowest beam attenuator. A diamond powder was used as an internal refer-
ence. The samples were sprinkled onto the sample holders using a small sieve, to avoid a
preferred orientation. The thicknesses of the samples were no more than 0.1 mm. During the
measurements, each specimen was spun in the specimen plane to improve particle statistics.
The compounds density was determined in benzene by a Berman density torsion balance.

3. Results and discussion

The hmta acting as a ligand most often creates 2: 1 L : M stoichiometry in the solid state
[61], regardless of the stoichiometry used in synthesis. Because, in known compounds
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D-H--A d(D-H) d(H-A) d(D---A) <(DHA)
Compound 1

O1-HIP--099' 0.86 1.82 2.683(5) 176.0
O1-HI1O0-"N7 _ 0.85 2.04 2.875(5) 169.0
02-H2P---095" 0.87 1.79 2.660(5) 174.0
02-H20"N2 0.89 2.00 2.873(5) 165.3
03-H30---N6" 0.83 2.04 2.856(5) 169.0
03-H3P---094" 0.87 1.84 2.701(5) 168.5
04-H40:--N8 0.81 2.07 2.858(5) 164.2
O4-H4P---096 0.84 1.87 2.705(5) 171.9
05-H50--N3" 0.80 2.07 2.874(5) 173.7
O5-H5P---097 0.89 1.78 2.667(5) 173.7
06-H60:- N4 0.82 2.03 2.844(5) 167.8
O6-H6P---098 0.87 1.81 2.671(5) 172.2
O7-H7P---012" 0.80 1.38 2.161(6) 162.7
O7-H7P---013 0.80 1.90 2.699(5) 179.8
08-H80---012' 0.85 1.96 2.801(6) 171.2
O8-H8P---015" 0.82 1.81 2.631(5) 173.1
09-H90---017"" 0.82 1.86 2.677(5) 179.4
09-HOP---018™" 0.82 1.97 2.791(5) 179.5
010-H100---014™ 0.85 1.82 2.605(6) 152.1
O10-H10P---O18 0.86 2.13 2.973(6) 165.2
094-H940---013" 0.81 2.11 2.909(6) 166.8
094-H94P---016 _ 0.84 2.05 2.845(6) 158.2
095-H95P---016"" 0.82 1.97 2.787(6) 179.8
095-H950---014"™ 0.82 1.98 2.805(6) 179.9
096-H96P---017"" 0.77 2.06 2.827(6) 172.3
096-H960---011™ 0.86 1.99 2.847(7) 177.0
097-H970---011* 0.83 1.93 2.759(6) 176.2
097-H97P---O15 0.82 1.95 2.772(5) 179.9
098-H980---O11" 0.87 1.91 2.774(6) 171.2
098-H98P:--012 0.86 2.60 3.133(7) 121.0
098-H98P---O13 0.86 2.15 3.011(7) 179.7
099-H99P---016™"" 0.86 1.92 2.774(6) 173.7
099-H990---017*" 0.85 2.55 3.270(7) 142.6
099-H990---018™" 0.85 2.19 2.979(6) 153.5
CI-HIB--012! 0.97 2.51 3.412(6) 154.7
CI-HIA--094" 0.97 2.52 3.463(6) 163.4
C3-H3A---098' 0.97 2.55 3.486(6) 161.4
C3-H3A---O7" 0.97 2.60 3.136(6) 115.2
C4-H4A--096™ 0.97 2.53 3.465(6) 160.6
C7-H7B---099 0.97 2.54 3.458(6) 158.2
C9-H9A---018 0.97 2.54 3.450(6) 155.4
C9-HI9B---095™™ 0.97 2.50 3.436(6) 163.1
C10-H10B--010 0.97 2.57 3.121(6) 116.3
C10-H10B---097 0.97 2.52 3.468(6) 164.5
Compound 2

O1-H10--021"" 0.84 1.89 2.716(9) 167.9
OI-H1P--032 0.84 1.97 2.808(9) 179.6
02-H20--024™ 0.81 1.89 2.687(10) 166.1
O2-H2P--092 0.81 1.84 2.658(10) 179.6
03-H30--022"" 0.87 1.87 2.704(10) 158.5
O3-H3P--091 0.82 1.82 2.643(10) 175.3
04-H4pP---021™" 0.93 1.94 2.821(10) 158.2
04-H4p---022™ 0.93 2.58 3.302(11) 134.6
04-H40:--033 0.87 1.86 2.721(10) 174.9
O11-H11P--"N4" 0.83 2.04 2.868(9) 179.8

(Continued)
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Table 3. (Continued).

D-H-A d(D-H) d(HA) d(D-A) <(DHA)
O11-H110---031 0.82 1.89 2.707(9) 179.2
012-H120---032 0.83 1.90 2.728(10) 176.7
O12-H12P---093 0.84 1.89 2.722(9) 169.2
O13-HI13P---023*" 0.91 1.81 2.710(10) 169.4
O13-H130--033 0.84 1.89 2.716(10) 166.0
014-H140---024™" 0.83 1.92 2.740(10) 170.0
O14-H14P---O31 0.82 1.91 2.73009) 179.7
091-H910---033™™" 0.82 2.14 2.963(12) 179.7
091-HI91P---N13™ 0.89 2.01 2.780(10) 144.0
092-H920---032* 0.81 1.97 2.775(11) 179.8
092-H92P:--034" 0.88 2.05 2.926(11) 179.6
093-H930---021™" 0.83 2.16 2.986(12) 173.4
093-H93P---022*" 0.87 1.98 2.822(11) 162.0
094-H940--'N3 0.81 2.11 2.914(11) 179.7
094-H94P---023 0.89 241 3.228(12) 152.3
094-H94P---024 0.89 232 3.082(14) 144.1
C1-H1B--03 0.97 2.55 3.215(11) 125.3
C3-H3A--N14" 0.97 2.58 3.412(12) 144.3
C5-H5A--034 0.97 2.54 3.427(12) 151.6
C6-H6A---093" 0.97 244 3.395(12) 166.5
C6-H6B---094™" 0.97 2.37 3.283(12) 157.4
C15-H15B---094™" 0.97 2.57 3.475(13) 156.1
C16-H16A---092™" 0.97 2.44 3.382(12) 163.5
C16-H16B---091*" 0.97 2.44 3.366(12) 158.8
Compound 3

O1-HIP---N4"" 0.90 1.98 2.868(2) 171.2
O1-H10---011 _ 0.85 2.02 2.858(3) 166.2
02-H2P---099" 0.83 1.85 2.663(2) 165.1
02-H20---N3 0.76 2.03 2.792(2) 177.7
03-H30--012*" 0.81 2.05 2.837(2) 165.9
O3-H3P-N1*" 0.79 2.05 2.820(2) 165.1
098-H980---013 0.88 1.92 2.805(3) 173.9
098-H98P:--O12 0.94 2.02 2.911(3) 159.7
098-H98P:--013*"" 0.94 2.48 3.292(4) 145.5
099-H990--"N2 0.81 2.01 2.819(2) 173.5
099-H99P--098 0.88 1.93 2.816(3) 175.8
C4-H4A:--099"™" 0.97 2.57 3.467(3) 154.6
C5-H5A---012" 0.97 2.55 3.448(3) 153.9
Compound 4

04-H40---03™" 0.87 2.20 3.041(6) 160.7
O4-H4p---N2*"™" 0.94 1.86 2.8026(18) 174.3
04-H40---03 0.87 2.57 3.013(5) 112.7
CI-HIB---03™" 0.97 2.52 3.494(4) 178.1
CI-HIA---02*" 0.97 2.53 3.383(5) 147.0
C4-H4B---02™™ 0.97 2.45 3.325(5) 150.2
C4-H4B---01™ 0.97 1.85 2.231(2) 99.6

Note: Symmetry transformations used to generate equivalent atoms: (i) x+1, y, z; (ii) x+ 1, y— 1, z; (iii)) —x+ 1,
-y, —z+1; (iv)x, y— 1, z; (v) —x+2, =y+1, —=z; (vi) =x+ 1, y, z; (vi)) x— 1, y, z; (viii) —x— 1, —=y— 1, —z—1;
(x)x, y+1,z, (x) x+2, =y, —z; (xi) —x+ 1, —=y+1, z; (xii) x — 1, y+ 1, z; (xiii) —x+2, =y, —z+ 1; (xiv) —x +3,
-y, —z; (XV) X, y, z+ 15 (xvi) —x, =y + 1, —z+2; (xvii) —x, —y+ 1, —z+ 1; (xviii) x, =y, z+0.5; (xix) —x+2, y,

—z+0.5; and (xx) x — 0.5, =y +0.5, —z+0.5.
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containing M(NO3), (where M =Zn, Cd) and hmta, the Zn : hmta ratio is 1 :2 [52] and the
Cd : hmta ratio is 1 :1 [51, 53], the syntheses were additionally performed in two comple-
mentary stoichiometries Zn:hmta 1:1 and Cd:hmta 1:2, to check the possibility of for-
mation of compounds with different M : L ratios. Analogous experiments were performed
for M(SO,) salts. In all cases, the obtained products were the same for both L : M stoichi-
ometries used in syntheses. The identities of the solid compounds were confirmed by ele-
mental analyses accompanied by XRPD and IR spectroscopy (elemental analysis may be
inconclusive because it may give the same results in case of formed compound and mixture
of the reactants with the same stoichiometry). The registered XRPD patterns and IR spectra
were the same in the range of experimental error. The three compounds have the less com-
mon 1 :1 stoichiometry (these ones containing the M(SO,4) and Zn(NOs),) and one com-
pound has the 1:2 M : L ratio (this one containing Cd(NO3),).

The synthesized compounds are air stable, soluble in water, and insoluble in benzene. As
expected, the density of the cadmium coordination compounds is larger than of zinc ones
(about 0.3 gcm ™ in case of sulfates(VI) and about 0.5 g cm™ in case of nitrates(V)).

The structural investigations show that the Znl, Zn2, Zn3, and Zn4 atoms of 1 (figure 1)
occupy, respectively, the special positions b, e, a, and & of the P-1 space group with site
symmetry —1 and multiplicity 1 [62], thus the asymmetric unit contains halves of the four
complex cations (two Zn(hmta),(H,0)4]*" and two [Zn(H,0)s]*"), two sulfate(VI) anions
and four water molecules. Such composition makes 1 structurally unique because it contains
two uncommon features, i.e. two different complex cations of one metal in the crystal net
and two halves of each cation in the asymmetric unit (typically only one half of cation with
internal symmetry exists) [61]. The Cdl, Cd2, Cdl1, and Cd12 atoms of 2 (figure 2) are
located, respectively, at the special positions a, b, e, and & of P-1 space group. As a conse-
quence, the cations and organic ligand assemble to chains propagating along the crystallo-
graphic [0 0 1] axis, and the asymmetric unit contains the [Cd 5(H,0),(hmta)(H,0),Cd 5]
parts of two polymeric chains, two sulfate(VI) anions, and four water molecules. In both 1
and 2, the same special positions are occupied by metal cations but the formed structures

Figure 1. The solid state structure of 1 with atom numbering scheme, plotted with 50% probability of displace-
ment ellipsoids of nonhydrogen atoms. The hydrogen atoms are plotted as spheres of arbitrary radii. The symme-
try-generated atoms indicated by A, B, C, and D letters were obtained via —x+2, =y, —z+1; —x+1, —y+1, —z
—x+2, -y, —z; —x+ 1, —y+ 1, —z+ | symmetry transformations, respectively.
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Figure 2. The solid state structure of 2 with atom numbering scheme, plotted with 50% probability of displace-
ment ellipsoids of nonhydrogen atoms. The hydrogen atoms are plotted as spheres of arbitrary radii. The symme-
try-generated atoms indicated by A, B, C, and D letters were obtained via —x+2, —y, —z; —x+2, =y, —z+1; —x+
1,-y+1,—z —x+1, —y+1, —z+ 1 symmetry transformations, respectively.

are distinctly different. The Znl and Cdl atoms of 3 and 4 (figures 3 and 4) occupy, respec-
tively, the special position a of the P-1 space group (site symmetry —1, multiplicity 1) and
d of the C2/c space group (site symmetry —1, multiplicity 4). Additionally in 4, C2 and C3
atoms of hmta molecule are located at the special position a of the C2/c space group (site
symmetry 2, multiplicity 4). Above-mentioned symmetry operation expands the asymmetric
unit of 3 to [Zn(HzO)f,]2+ cations and clearly separated two hmta molecules, two nitrate(V)
anions, and four water molecules. The listed symmetry elements build up the asymmetry
unit of 4 to [Cd(hmta)(NO3),(H,0),], chain propagating along the crystallographic [10—1]
axis. The central ions are six-coordinated by six water molecules (the Znl and Zn2 cations
of 1 and Zn1 cation of 3), or by two nitrogen atoms of two hmta molecules and four waters
(the Zn3 and Zn4 cations of 1 and all Cd cations of 2), or by two nitrogen atoms of two
hmta molecules, two oxygen atoms of two nitrate(V) anions and two water molecules (the
Cd cation of 4). The coordination polyhedra of all central ions can be described as ideal (by
symmetry) tetragonal bipyramids (figure 5) [63]. The bonds within sulfate(VI) anions are
fully delocalized and slightly localized within nitrate(V) anions. The nitrate(V) anion of 4
shows disorder similar to the previously described one [53]. The hmta N—C bond lengths in
all compounds are similar to those of pure hmta [64] and its compounds [23, 27, 30].

The bond valences were computed as v;=exp[(R;— d;;)/b] [65, 66], where R, is the
bond-valence parameter (in the formal sense, R;; can be considered as a parameter equal to
the idealized single-bond length between i and j atoms for given b) and b was taken as
0.37 A [67, 68]. The Rz 0, Rznn, Rcao and Reg n were taken from literature data [38]
(containing re-determined parameters for coordination compounds, as previously described
[69, 70]) and their values were 1.6950, 1.7588, 1.8818, and 2.0430, respectively. The com-
puted bond valences are collected in table 2. The computed total valences of the central
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Figure 3. The solid state structure of 3 with atom numbering scheme, plotted with 50% probability of displace-
ment ellipsoids of nonhydrogen atoms. The hydrogen atoms are plotted as spheres of arbitrary radii. The symme-
try-generated atoms indicated by A letter were obtained via —x, —y, —z + 2 symmetry transformations, respectively.

Cd1B

Figure 4. The solid state structure of 4 with atom numbering scheme, plotted with 50% probability of displace-
ment ellipsoids of nonhydrogen atoms. The hydrogen atoms are plotted as spheres of arbitrary radii. The symme-
try-generated atoms indicated by A and B letters were obtained vie —x+ 1.5, —y+0.5, —z+1 and —x+1, y,
—z+0.5 symmetry transformations, respectively.

ions (BVS) are very close to the expected +2 (formal oxidation state of metal), and small
deviations (negative and positive in 1, only positive in other compounds) may originate
from restraints imposed by rigid polymeric chains and relatively strong intermolecular
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Compound 1

Figure 5. The coordination polyhedra in 1-4.

interactions, preventing the coordination environment from attaining the most favorable
geometry. Noteworthy is the fact that in 1, the M—O coordination bonds are twice stronger
than M—N bonds, while in other studied compounds M-N and M—O, coordination bonds
have comparable strength. This, together with negative deviations from BVS existing only
in 1, suggests that the strains within the crystal net of 1 are the largest ones.

In the structures of the investigated compounds, multiple intermolecular O-H:--O,
O-H:--N and C-H---O hydrogen bonds exist that create the 3-D nets (table 3). They are
formed between anionic species (sulfate(VI) and nitrate(V) ions), water and hmta molecules
and create diverse graphs [71-74]. Unitary graph sets of 2 and 3 consist only of D patterns.
In case of 1, only C patterns exist in the first level graph, i.e. six C,*(12) patterns formed
by O—H:--N hydrogen bonds (existing between zinc coordinated water and hmta molecules).
N, graph of 4 is more complex and it consists of C;'(6)C;'(6)R,*(12)R,%(12) motifs. One
C and one R pattern is created by O—H:--O hydrogen bonds, while the remaining ones are
formed by O-H:--N hydrogen bonds. These bonds exist between water molecules and
nitrate(V) ions (O—H::-O) or hmta molecules (O—H:--N). Binary graph sets of 1 and 2 are
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complicated and contain multiple multiatomic C and R patterns. In 1, the numerous
C1(16), C424), R*(12), R4*(16), R4*(24), and Re*(32) patterns are created by different
sets of hydrogen bonds and, for example, four different R,*(16) patterns are formed by four
different pairs of hydrogen bonds. Binary graph set of 2 includes C,*(12), C4*(16), R,*(8),
R,'(10), R,*(12), and R,*(12) patterns. Similar to 1, each listed pattern may be created by
different pairs of hydrogen bonds (e.g. 14 different C4*(16) patterns are formed). In 1 and
2, hydrogen bonds link the metal coordinated water molecules with sulfate(VI) ions
(O—H:--O bonds) and hmta molecules (O—H:--'N bonds), as well as link sulfate(VI) ions with
water located in the outer coordination sphere (O—H---O bonds). In 3, the N,C,%(8)C»%(8)
C2®)C, 2 B)R4 (12)C4*(16)C4 (16)C4* (16)C4 (1R, * (16)R (16)R,*(16)R4*(16) graph is
formed on the second level. Three patterns of each C,%(8), C4*(16) and R4*(16) graph type
are formed by O—H:-*N hydrogen bonds, existing between zinc-coordinated water and hmta
molecules. The other patterns involve O—H:--O hydrogen bonds between zinc-coordinated
water molecules and nitrate(V) ions (C,%(8), C4*(16) and R4*(16) patterns), or between
outer coordination sphere water molecules and nitrate(V) ions (the R,*(12) pattern). Among
studied compounds, the binary graph set of 4 is the simplest one, consisting of C,%(9),
C,2(10), C,%(12), R4*(18), and R,*(22) patterns, formed by hydrogen bonds between
cadmium-coordinated water molecules and two different acceptors: nitrate(V) ions
(O—H:--O bonds) and hmta molecules (O—H:**N bonds).

Infrared spectra are consistent with existing bonds of the formed species. The spectra of
compounds containing sulfate(VI) ions (1 and 2) exhibit characteristic bands of SOAZ" (i.e.
the bending vibrations at about 619 cm™! (table 4) and the asymmetric stretching vibrations
of tetrahedral sulfate(VI) ion at about 1051, 1112, and 1190 cm™ ", partially overlapped with
CN stretching vibrations of hmta molecules (table 4). The last two bands in spectra of
respective pure metal sulfates(VI) are observed as a single band (table 4) and its duplication
in 1 and 2 is associated with the multifurcating of sulfate(VI) oxygen atoms acting as
hydrogen bond acceptors. The spectrum of 1 possesses also a strong band at 990 cm™’
which is absent in the spectrum of 2. This band originates from symmetric vibrations of
S—O oscillators. The absence of these frequencies in 2 can be explained by more symmetri-
cal environment of SOﬁ‘ (the hydrogen bonds formed by each specific oxygen atoms are
more similar than in 1), causing greater degeneration of the present oscillator energy levels.
Spectra of compounds containing nitrate(V) groups (3 and 4) contain bands characteristic
for NOj vibrations, assigned to NO3™ out of plane bending vibrations at 817-824 cm ' and
to NO5 asymmetric stretching vibrations at 1385 cm™ ! (strong sharp band). The bands at
820 cm™ ! are red shifted in comparison to the one of a free nitrate(V) ion and blue shifted
in comparison to anhydrous zinc nitrate(V). This is caused by the presence of different
hydrogen bonds between nitrate(V) ions and neighboring species in these structurally dis-
similar compounds. The band at 1385cm™" is slightly blue shifted in comparison to free
nitrate(V) ion and pure salts (table 4). The higher excitation energy of the oscillators corre-
sponding to NOj stretching vibrations is due to immobilization of these ions in the crystal
nets of 3 and 4. Some NOj ion bending vibrations present in 3 are absent (at 763 em ') or
significantly weakened (777-782 cm™ ") in spectrum of 4. This is caused by existence of the
nitrate(V) ions of 4 in the inner coordination sphere, blocking some oscillations and dimin-
ishing the population of some NOJ ion oscillators. In the IR spectrum of 3, NO; combina-
tion bands and overtones are more populated than in 4 (table 4). This is caused, as above,
by stabilization of nitrate(V) ions of 4 in the crystal net by coordination and hydrogen
bonds (in 4, the nitrate(V) ions form O-H:*O bonds only with water molecules directly
coordinated, while in 3, the NOj3 ions are bonded by O-H:--O also with water molecules
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located in the outer coordination sphere). The hmta molecules exhibit vibrations typical for
its oscillators (table 4) and most of the corresponding bands (e.g. 681-700 and 1381-1386
cm™ ") are shifted to higher frequencies, compared to free ligand (table 4). These shifts are
caused by O—H:*N and C-H--*O hydrogen bonds existing between hmta molecules and
other molecular and ionic species (table 3). In all spectra, the bands characteristic for
stretching vibration of O—H groups are present (in the range of 1624-1697 cm™' and at
about 3500 cm™ " as strongly broadened band) (table 4).

The thermal decomposition of the compounds is a gradual process (scheme 1). Thermal
analyses were previously reported for 3 (in static air, with heating rate 5 °C/min) [52] and 4
(in flowing nitrogen, with heating rate 10 °C/min) [51], but essential differences exist
between the results reported in this work and those presented earlier. In all cases, the first
step of decomposition is removal of water molecules. For 1, 2, and 3, it starts at 30-58 °C.
The exception is 4, which is the uncommonly thermally stable (for a compound containing
water molecules), and it starts decomposing at 168 °C, consistently with the previous study
[51]. The dehydration of 1 and 3 (zinc compounds) is a multistep process and finishes at
184 and 193 °C, respectively. This is different from previously described thermal degrada-
tion process of 3 [52], in which this compound decomposes in two steps, losing four water
molecules in the first (finished at 100 °C) and evolving remaining water molecules simulta-
neously with the decomposition of hmta molecules in the second step (600—645 °C). Exis-
tence of water in coordination compound at 600 °C is highly improbable. In our
experiment, dehydration of 3 takes place in three steps and finishes at 193 °C. The removal
of water molecules from cadmium compounds (2 and 4) occurs in a one-step process
(scheme 1). In the previously reported study, dehydration of 4 [51] is also one step, but fin-
ished at 300 °C, opposite to the current findings (the determined end of dehydration of 4 is
at 201 °C). The observed difference might originate from faster heating rate used previously
(10°C min™" instead of 5 °C min"), preventing evaporation of all water molecules at lower
temperature, due to providing lower amount of energy at the same time (in both cases
energy required to water releasing is the same). For all compounds, dehydration is endother-
mic and rather quick process. Further decomposition (occurring as the temperature rises) is
associated with hmta removal and the decomposition of the remaining salt (metal
sulfate(VI) or nitrate(V)). The decomposition of salt and hmta molecules are overlapping
exothermic processes with individual steps difficult to distinguish. For 1 and 2, after com-
bustion of hmta, the formed salts decompose partially to mixture of metal oxide and the
metal sulfate(VI) (scheme 1). The decomposition products of 1 are stable to 850 °C, and
further heating leads to slow conversion of the zinc sulfate(VI) to zinc oxide. This phenom-
enon was observed earlier for pure salt, i.e. zinc sulfate(VI) decomposes to mixture of zinc
oxide and zinc sulfate(VI) (with the molar ratio 1:2) and that mixture undergoes further
decomposition to zinc oxide when the temperature reaches 861 °C [75]. The decomposition
products of 2 are stable to the highest measured temperature (1000 °C). The pure anhydrous
cadmium sulfate(VI) is thermally stable and its m.p. is 1000 °C [76], but in 2, the formation
of cadmium oxide together with cadmium sulfate(VI) is observed. This is caused by the
kinetic effects of the formation process of cadmium sulfate(VI) from sulfate(VI) ions
located in the outer coordination sphere. The combustion of the hmta molecules directly
bonded to the metal cation partially inhibit formation of cadmium sulfate(VI) by preceding
oxidation of the cadmium (part of the outer coordination sphere sulfate(VI) ions decompose
to sulfur trioxide). Analogous processes occur also in 1. During the thermal decomposition
of pure zinc sulfate(VI), mixture of zinc oxide and zinc sulfate(VI) is formed at 780 °C
[75], while 1 decomposes to this mixture at 697 °C (scheme 1). Further thermal
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2

[Zn(hmta),(H,0)4]* *[Zn(H,0)]*"+2S0,* *6H,0
| stage I; m. 1. 29.15% / 28.27%

J -14H,0 (37-115°C) 88°C endo
Zn(hmta),(H,0),]*"*ZnS04S0,*

stage II; m. 1. 4.99% / 4.04%

-2H,0 (115-184°C) endo
[Zn(hmta),] *'+ZnSO4SO0*

| stage I1I; m. 1. 41.42% / 40.43%

J -2hmta (184-697°C) 697°C exo
0.67 ZnO* *1.33 ZnSO, *

«—

[Cd(hmta)(H,0),]* +S0**2H,0

| stage I; m. 1. 22.53% / 23.65%

J -6H,0 (58-168°C) 120°C endo

[Cd(hmta)]*"+SO,*

| stage 11, m.1. 43.47% /42.97 %

| stage I1Ta, m.1. 12.82%/—; (168-291°C) 243°C exo

| stage I1Ib, m.1. 30.65% / —; (291-627°C) 571°C exo, 617°C exo
2 -hmta, -0.7S0s,

0.7CdO*+0.3CdSO,*

[Zn(H,0)]*"+2(hmta)*2NO; *4H,0

| stage I; m. 1. 18.17% / 19.39%

J - 7H,0 (30-103°C) 81°C endo

[Zn(H,0);]* +2(hmta)*2NO5y

| stage I1; m. 1. 3.15% / 2.77%

\2 - H,0 (103-139°C) 131°C endo
[Zn(H,0),]*"+2(hmta)*2NO;’

| stage I1T; m. 1. 4.95% / 5.54%

y - 2H,0 (139-193°C) 172°C endo

Zn(NO;),**2hmta*

| stage TV; m. 1. 59.57% / 59.78%

| stage IVa, m.1. 30.95%/—; (193-371°C) 196°C exo, 204°C exo, 263°C exo, 338°C exo
| stage IVb, m.1. 22.62% / —; (371-573°C) 538°C exo
\2 - 2NO,, -0.50, -2hmta

ZnO*

2[Cd(hmta)(NOs),(H,0),]
| stage I; m. 1. 10.37% / 8.73%

| - 2H,0 (168-201°C) 191°C endo

[Cd(hmta)(NO),]

| stage II; m. 1. 79.16% / 81.93%

! - 0.7Cd(NO3),, -0.6NO», -0.30,, -hmta (201-482°C) 258°C exo
0.3CdO*

§cheme 1. The stages of thermal decomposition of 1-4 (m.l. — experimental mass loss/theoretical mass loss,
— product confirmed by XRPD).

decomposition of anhydrous 3 and 4 differs from processes observed for 1 and 2. The
nitrate(V) salts (formed as intermediates during hmta removal) decompose to the metal
oxide, giving nitrogen oxide and oxygen as gaseous products, according to the following
equation: 2 M(NO3), — 2MO +4NO, + O, (where M =Cd, Zn) [77-79]. In 3, this melted
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salt is gradually formed and it decomposes instantly after formation (m.p. of zinc nitrate(V)
hexahydrate is 36 °C, of anhydrous zinc nitrate(V) is 100 °C, and anhydrous salt decom-
poses at about 125 °C [78, 79]). The hmta removal in 4 is a rapid process and the formed
salt is partially evaporated (the anhydrous cadmium nitrate(V) m.p. is 401 °C and above this
temperature, the salt evaporation begins [77]). The final decomposition products of 3 and 4
are zinc oxide and cadmium oxide, respectively (scheme 1).

4. Conclusions

The reaction of hmta with zinc and cadmium nitrates(V) as well as zinc and cadmium sul-
fates(VI) leads to formation of diverse coordination compounds. The electronic properties
of the anions influence strongly coordination modes of hmta. The presence of sulfate(VI)
anions leads to complication of the formed structures in comparison to compounds contain-
ing nitrate(V) anions. The exchange of nitrate(V) ion to sulfate(VI) ions in zinc compounds
leads to formation of heteroligand [Zn(hmta),(H,0)4]*" instead of sole creation of simple
[Zn(H,0)s]*", and in cadmium compounds to polymeric chains possessing four structurally
unequal cadmium cations instead of the cadmium cations occupying the one structural site.
In both cadmium compounds, hmta molecules are directly bonded to the metal cation and
as bridging ligands lead to creation of polymeric species. Polymerization does not occur in
the zinc compounds due to smaller stability of Zn(hmta),>* than Cd(hmta),>*. The sulfate
(VI) anions in both compounds are located in the outer coordination sphere, while the loca-
tion of the nitrate(V) anions depends on the cation electronic properties, for more electro-
negative cadmium, they are directly bonded. The structural differences affect both the
thermal and spectral properties of the compounds. Migration of hmta molecules from the
outer to the inner coordination sphere (especially when it results in creation of polymeric
compounds) leads to increase of thermal stability of respective compounds (polymeric 2
and 4 versus nonpolymeric 1 and 3). The analogous situation occurs in case of coordination
sphere migration of nitrate(V) anions (4 versus 3).

Supplementary material

Tables of crystal data and structure refinement, anisotropic displacement coefficients, atomic
coordinates and equivalent isotropic displacement parameters for nonhydrogen atoms,
H-atom coordinates and isotropic displacement parameters, bond lengths, and interbond
angles have been deposited with the Cambridge Crystallographic Data Center under No.
CCDC963566, CCDC963567, CCDC963568 and CCDC963569, respectively, for 1, 2, 3,
and 4.
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