ROYAL SOCIETY

OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Polymorphism and tautomerism in
[dienH,][Co(dien),][Ge,Se] leading to different
hydrogen bonded networks+
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Four compounds of composition [dienH,][Co(dien),][Ge,Sg] (dien = diethylenetriamine) were obtained
under solvothermal conditions changing the reaction time and educt ratio in the reaction slurries. In
three compounds the [Co(dien),]>* complexes adopt the s-fac and in one the u-fac configuration. The
main differences between the samples are found in the number and type of protonated dien molecules.
In one distinct cation of compound 1 as well as in compound 2 the terminal N atoms are protonated,
whereas in the second cation of 1 as well as in 3 and 4, one terminal and the central N atom are
protonated. Therefore, the compounds with different protonated cations are tautomers, whereas
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compounds 3 and 4 represent polymorphic modifications. The occurrence of tautomerism and
polymorphism for compounds with identical chemical composition is unprecedented in the chemistry of
thiometallates and was never reported until now. In the crystal structure of all compounds the (dienH,)?*

DOI: 10.1039/c4ce00312h
cations and the [Ge,Sgl*™ anions are linked by intermolecular N-H--S hydrogen bonding into different
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Introduction

The thiometallate chemistry of main group elements Ge, Sn,
In, As or Sb was substantially developed during the last two
decades.’ ® The main synthetic method applied for the gener-
ation of thiometallates is the solvothermal approach allowing
the usage of different solvents and starting materials as well
as structure directing molecules. Upon analyzing the crystal
structures and the primary building blocks in the Ge, Sn, In,
As or Sb based thiometallate compounds several differences
are obvious. In thiogermanates and -indates the central cat-
ions are in a tetrahedral environment of four S anions,” while
in thiostannates the coordination number varies depending
on the oxidation state of Sn.® The [GeS,]*” anion can act as a
ligand to metal cation centres,”" but the tetrahedron is
more often found in condensation products like the [Ge,Sq]*”
anion,”” " in the adamantine-like anion [Ge,S1,]* (ref. 16-20)
or as [GegS;4]° (ref. 21).

The situation is different for As and Sb, especially if these
atoms are in the oxidation state +3 forming [AsS;]*” resp.
[SbS;]*~ trigonal pyramids as primary building units which
often undergo condensation reactions to form more complex
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anions.”>** Combination of the tetrahedral [GeS,]*” group
with the [SbS;]*” pyramid should generate new compounds
exhibiting unique structures. Indeed there are some
examples for such combinations reported in literature like
[Co(dien),],[GeSb,S19] (dien = diethylenetriamine) or
[Mn(en);][GeSb,S¢] (en = ethylenediamine). In the former
compound semi-cube like [GeSb,S;] clusters and chain-like
Sb,S;o tetramers are observed being interconnected into a
double layer with composition [GeSb,S;o]. In the latter
compound a GeS, tetrahedron, one SbS; pyramid and a
SbS, moiety are joined to form a [GeSb,Sg] group and each
of these groups is interconnected to three adjacent units
via their four terminal S atoms to generate a 2-D anionic
network with composition [GeSb,S¢].>* A semi-cube like
moiety [GeSb,S;] is also the main structural motif in
[Ni(dien),]s[GesSbgS,1]:0.5H,0. Alternating [GeSb,S,] units
and SbS; pyramids sharing a common S atom lead to the for-
mation of a layered anion [Ge;SbgS,;] containing large pores
with dimensions of about 13-13 A.** Remarkable ion
exchange properties were reported for the three-dimensional
network compound [(Me),NH,],[Sb,GeS¢] ([(Me),NH,], =
dimethylammonium). Two different left-handed helices
generated by corner-sharing of SbS, and GeS, units are
joined to form channels hosting the cations.>® In the
compound [(Me),NH,]¢[Ge,Sb,S,][Ge,;S10] the adamantane-like
[GesS10]" anion coexists with the [GeSb,S,]*” anion. In the
latter anion a Sb-Sb bond is observed which is very rare in
thioantimonates. The structure of [dabcoH],[Ge,Sb;S;]
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(dabco =  1,4-diazabicyclo[2.2.2]octane)  features a
[Ge,Sb;S14],>" ribbon constructed by two [GeSbSs] chains
interconnected by a SbS, moiety.”” A one-dimensional anionic
ribbon [GeSb,Se],”"” containing the unique {GeSb;Si}
building unit was observed in the structure of
[AEPH,][GeSb,Sc]-CH30H (AEP = N-(2-aminoethyl)piperazine).
This compound exhibits photocatalytic activity in the
degradation of rhodamine B.>®

In the past few years we demonstrated that transition
metal complexes are suitable structure directing molecules
forcing the formation of new thiometallate compounds
exhibiting unusual and unique crystal structures.>*** During
further explorative syntheses to combine thioantimonates
with thiogermanates and using an in situ generated Co>" tran-
sition metal complex to prepare new compounds exhibiting
new structural motifs, we obtained three compounds with com-
position [dienH,][Co(dien),][Ge,Se] by increasing the amount
of Sb in the reaction mixture. Another compound with identi-
cal composition was isolated using slightly different educt
ratios and increasing the reaction time. The appearance of
tautomeric and polymorphic forms of a thiometalate is
unique and was never reported before. Here we report the
solvothermal syntheses and the crystal structures of these
new compounds exhibiting dienH, molecules being proton-
ated at different N atoms.

Single-crystal structure analysis

The data collections were performed using an imaging plate
diffraction system (IPDS-2) with Mo-Ka radiation from STOE
& CIE and for all compounds a numerical absorption
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correction was performed using X-Red and X-Shape from
STOE & CIE. The structure solutions were done with direct
methods using SHELXS-97 and structure refinements were
performed against F* using SHELXL-97.** All non-hydrogen
atoms were refined with anisotropic displacement parameters
except one disordered N atom of lower occupancy in
compound 1. The C-H and some of the N-H H atoms were
located in difference map but were positioned with idealized
geometry (ammonium H atoms allowed to rotate but not
to tip) and were refined isotropic using a riding model.
Those H atoms which cannot be positioned were located in
difference map, their bond lengths set to ideal values and
afterwards they were refined isotropic using riding model. In
compound 1 one N atom and in compound 2 and 4 one
C atom is disordered and was refined using a split model.
In compound 2 the non-coordinating amine ligand is disor-
dered around a center of inversion, which is also the case if
the structure is refined in space group P1. The absolute struc-
ture of compound 4 was determined and is in agreement
with the selected setting (Flack-x-parameter: 0.002(2)). Details
of the structure determinations are given in Table 1.

CCDC - 985614 (1), CCDC - 985615 (2), CCDC - 985616
(3) and CCDC - 985617 (4) contain the supplementary crystal-
lographic data for this paper.

Syntheses

The chemicals GeO,, Co, Sb, S and dien were used as pur-
chased. For all syntheses glass tubes with a volume of 7 mL
were used which were sealed with an aluminum cap. The
amine (2 mL) was diluted with 200 uL water. The mixtures

Table 1 Selected crystal data and details on the structure determinations for compounds 1-4

Compound 1 2 3 4

Formula C1,H,4,CoGe;NoSe C1,H,4,CoGe;NoSe C1,H4,CoGeyNoSe C1,H4,CoGeyNoSe
MW/g mol™ 708.01 708.01 708.01 708.01
Crystal system Triclinic Triclinic Orthorhombic Orthorhombic
Space group P1 P1 Pbca Pca24

a/A 11.3224(3) 7.2034(5) 15.2110(3) 14.7043(3)
b/A 14.6492(4) 9.2773(6) 16.7025(4) 9.0099(2)

c/A 18.3710(5) 11.4365(8) 21.8821(4) 21.4540(5)
af° 71.000(2) 74.107(5) 90 90

ple 78.352(2) 73.402(5) 90 90

/e 73.441(2) 71.293(5) 90 90

VIA® 2741.5(2) 679.62(8) 5559.4(2) 2842.3(2)

T/K 293 293 293 293

zZ 4 1 8 4

Deaielg cm™ 1.715 1.730 1.692 1.655
/t/mm’l 3.254 3.282 3.209 3.139
Omax/deg 28.0 28.0 28.0 26.0
Measured refl. 38362 7633 42958 38098

Rint 0.0462 0.0198 0.0704 0.0404
Tnin/max 0.5285/0.6177 0.5423/0.6735 0.5149/0.7110 0.5386/0.7204
Unique refl. 13102 3205 6648 5573

Refl. [Fy > 40(F,)] 10537 2933 5672 5486
Parameters 552 148 273 283

Ry [Fo > 40(Fy)] 0.0388 0.0295 0.0474 0.0199

WR, [all data] 0.0908 0.0744 0.0832 0.0482

GOF 1.043 1.110 1.142 1.042
Apmaximin/e A 0.851/-0.606 0.818/-0.701 0.503/-0.537 0.284/-0.249
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were heated in an oven at 140 °C between 1 and 26 days.
Educt ratios (in mmol) for compounds 1 to 4: GeO,:Co:Sb:S:
(1) 1:1:1:3; (2) 1:1:1.34:3; (3) 1:1:1.5:3; (4) 0.7:1:1:3.
The reaction times for 1-3 were 1-4 days, and for crystallization
of 4 26 days were necessary. All compounds were obtained as
yellow needles with a yield of about 10% based on GeO,. The
reaction products were washed with diethylether. Stibnite
(Sb,S;3) could be identified with X-ray powder diffractometry as
main product. EDX analyses of selected crystals yield Co:Ge:S
ratios close to that determined with single crystal structure
refinements.

Results and discussion

The four new compounds were obtained during a systematic
investigation to prepare new thiogermanate-thioantimonates.
Attempts to synthesize the samples by applying only GeO,,
Co, S and the amine yielded no crystalline products.
Performing experiments with GeO,, Sb, S, and Co salts like
Co(NO;),-6H,0, C0SO,-7H,0, CoCl,-6H,0 or Co,0; did not
lead to formation of the compounds. For Co sources
containing crystal water, the water concentration of the reac-
tion mixtures was adjusted to give the desired ratios for dien:
H,0. All syntheses done with Ge instead of GeO, were also
not successful. The syntheses were only successful and the
compounds could only be isolated in the presence of elemen-
tal antimony in the reaction slurry. While compounds 1-3
could be obtained by increasing the amount of Sb in the reac-
tion mixture, compound 4 was obtained by reducing the
GeO, content. The reaction time plays also a crucial role.
Compounds 1-3 could only be obtained exclusively besides
Sb,S; (see above) if the reaction time did not exceed 4 days,
while compound 4 was obtained after 26 days and also at
longer reaction times up to 40 days. Extending the reaction
times for 1-3 afforded crystallization of a second compound
mainly as very thin needles which were too tiny for single
crystal structure determination. Experiments were also under-
taken to elucidate whether the compound can be trans-
formed into each other to determine which is more stable.
Combinations of handpicked single crystals of 1-4 were
stirred at room temperature in glass tubes containing ether,
methanol, ethanol, acetone or n-hexane and after 72 h the
residue was filtered off, dried and then examined with X-ray
powder diffractometry. In all cases the powder patterns are
identical to that of the compounds applied at the beginning
of the experiment, which can be traced back to the fact that
their solubility is not large enough to allow interconversion.

The role of antimony for the formation of the samples is
not understood. But there are examples reported in literature
that an element or a compound which were not in the final
product was a necessary ingredient for the formation of the
material.*>3°

All four compounds contain the well known [Ge,S¢]*
anion composed of two edge-sharing GeS, tetrahedra (Fig. 1),
[Co(dien),]** complexes and diprotonated dien molecules
(see Scheme 1). In all [Ge,Se]*™ anions of the title compounds

This journal is © The Royal Society of Chemistry 2014
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Fig. 1 The Col centred [Col(dien),]?* complex in 1 with numbering of
selected atoms. Note that the other two [Co(dien),]?* complexes have
the same configuration. H atoms are not displayed.

HN NH  NHy|2*

\C— C/ \C—C/
Compound 1 and 2 a
HN NH,  NH,|?*
| < o—d a

Compound 1, 3 and 4

Scheme 1 The two different tautomeric dien cations observed in the
structures of compounds 1-4.

the Ge-S bonds exhibit the typical pattern of two long
Ge-Sp,-Ge bonds (range in the four compounds:
2.2658(9)-2.2973(7) A) and two shorter Ge-Sierm, bonds (range in
the four compounds: 2.1416(8)-2.1714(10) A) (see tables in ESI?).

Surprisingly, the dien molecules in these compounds are
differently protonated. In compound 2 only the terminal N
atoms are protonated, whereas in 3 and 4 only cations are
observed, in which one terminal and the central N atom is
protonated, leading to two different polymorphic modifications.
In compound 1 both tautomeric dien cations are found.

Compounds 1 and 2 crystallize in the triclinic space group
P1 (Table 1) but with different number of molecules in the
unit cell. In the structure of 1 three crystallographically inde-
pendent Co®" ions are present of which two occupy special
positions. The four unique Ge atoms and all other atoms in 1
are located on general positions. The three independent Co**
ions are each surrounded by two dien molecules yielding
distorted CoNg octahedra in s-fac configuration (Fig. 1).

The Co-N bond lengths in the three complexes
(Col: 2.159(3)-2.188(3) A; Co2: 2.140(3)-2.184(3) A; Co3:
2.141(3)-2.197(3) A, Table S17) are typical for [Co(dien),]*"
with the s-fac configuration.

A remarkable structural detail of 1 is the occurrence of
both tautomeric dien cations (see Scheme 1). In the structure
of 1 anions and Co** centred cations alternate along [100]
while along [001] the sequence is - -[Ge,Se]" —[dienH,**[Ge,S¢]* ™
(Fig. 2). Along [010] the different constituents form rods.
Alternatively, the arrangement of the constituents may be
described as alternating layers composed of [dienH,]**~[Ge,Sq]*

CrystEngComm, 2014, 16, 5551-5559 | 5553
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Fig. 2 Arrangement of the anions and cations in the structure of 1. Note that the rods of [Co(dien),]>* complexes consist of Col centered
complexes (left and right) or of alternating Co2/Co3 centered complexes. H atoms are not shown.

and of Co®" centred complexes. The H atoms of the [dienH,]**  anions is realized within the (010) plane (Fig. 3). The two
bound to the N atoms are involved in S---H-N bonding  unique [dienH,]*" cations each join three [Ge,Se]*” anions via
interactions and a layer-like arrangement of cations and  their terminal S atoms generating different types of ring-like

. “,
. 0y
e

. S \‘ P \'S

L 'O
c « ) ¢ ON
L -
b d oC

Fig. 3 Layers in the structure of 1 generated by intermolecular S---H-N bonding interactions. Only H atoms bonded to N atoms are displayed.

\ @Ge
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motifs (Fig. 3). All three H atoms of the terminal NH; group
and both H atoms of the central NH, moiety of molecule 1 are
involved in S---H interactions while only one H atom of the
terminal NH, unit has such an interaction. In the second pro-
tonated dien molecule containing two terminal NH; groups
five H atoms are engaged in S:--H bonding and also the H
atom of the central NH unit. Hence, in both molecules six out
of seven H atoms bonded to N have S---H bonds (Table S27).
Taking into account the hydrogen bonding interactions
between S atoms of the anions and the H atoms of the Co”>*
centred complexes a very complex N-H--'S bonding pattern is
generated yielding a 3D supramolecular assembly.

In the structure of compound 2 with one formula unit in
the cell the unique Co*>" ion is located on a special position
while all remaining independent atoms are located on gen-
eral positions. Like in compound 2 the [Co(dien),]*" complex
adopts the s-fac configuration with comparable Co-N bond
lengths as observed in 1 (Co-N: 2.153(2)-2.188(2) A, Table S37).
In contrast to 1 only one type of protonated dien molecule is
observed (Scheme 1) with two terminal NH; groups. In the
structure of 2 a similar arrangement of the anions and cations
like in 1 is found with [Ge,S¢]'” anions and [Co(dien),]*
complexes alternating along [001] and the protonated amine
molecules and the anions along [010] (Fig. 4).

The two NH; groups of the dien molecule and the terminal S
atoms of the anion exhibit N-H---S bonding interactions
leading to formation of a two dimensional supramolecular

Fig. 4 Arrangement of [Ge,Sgl*™ anions, [Co(dien),]?* and [dienH,]?*

N atom in the dien molecules is shown. H atoms are not displayed.

This journal is © The Royal Society of Chemistry 2014
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layer-like arrangement within the (001) plane being character-
ized by rings composed of two dienH, cations and two [Ge,Se]*
anions (Fig. 5). We note that all H atoms of the NH; groups
are engaged in S---H-N bonding to two different anions
(Table S4t) while the H atom of the central NH group does
not show S---H interactions. Along [100] adjacent [Ge,S¢]*
anions are interconnected into rods by the [dienH,]*" ions.

The [Co(dien),]*" complexes are located between the layers
composed of [dienH,]*" cations and [Ge,Se¢]*” and including
the S---H-N interactions between the anions and the
[Co(dien),]*" complex a three-dimensional array of the cations
and anions is generated.

Compound 3 crystallizing in the orthorhombic space
group Pbca (Table 1) contains eight formula units and all
unique atoms sit on general positions. The unique Co”>" ion
is surrounded by two dien ligands (Co-N bond lengths:
2.139(3)-2.210(3) A, Table S51) and adopts the u-fac configu-
ration (Fig. 6). In this compound charge neutrality is achieved
by the presence of one dien molecule with one protonated ter-
minal N atom and the protonated central N atom (Scheme 1).

The arrangement of the cations and anions follows the
same pattern as observed for 1 and 2 where cations and anions
alternate along two directions (here: [010] and [001]) and indi-
vidual ions are arranged to form rods along the third direction.

The N-H:--S bonding interactions (Table S61) generate a
layer-like arrangement within the (001) plane containing
rings composed of three cations and anions (Fig. 7). Two H

ions in the structure of 2. Note: only one of the two positions of the central

CrystEngComm, 2014, 16, 5551-5559 | 5555
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Fig. 5 N-H---S hydrogen bonding network in the structure of compound 2 involving [Ge,S]*™ anions and [dienH

atoms are displayed.
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Fig. 6 The [Coldien),]?* cation with u-fac configuration (left) and the arrangement of the cations and anions in the structure of compound 3

(right).

atoms of the terminal NH; group and both H atoms of the
central and terminal NH, units exhibit such interactions
(Table S67). In contrast to compounds 1 and 2, one bridging
S atom of the [Ge,S¢]'” anion has a short S---H-N contact
besides the four terminal S atoms. The N-H atoms of the
[Co(dien),]*" complex exhibit also hydrogen bonds to S atoms
to form a three-dimensional supramolecular network.

5556 | CrysttngComm, 2014, 16, 5551-5559

Compound 4 crystallizes in the non-centrosymmetric
space group Pca2,; (Table 1) with four formula units and all
atoms being located on general positions. The unique
[Co(dien),]** complex adopts the s-fac configuration with
Co-N bond length very similar to those observed for the other
three compounds (Co-N: 2.139(3)-2.210(3) A, Table S71). The
charge compensating protonated dien molecule contains a

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 The S:--H-N bonding network in the structure of compound 3. The C-H H atoms are omitted for clarity.

terminal NH; group and a central NH, unit (Scheme 1). In the
structure rows composed of [Co(dien),]** complexes and
[Ge,Se]*” ions are arranged along [001] and along [010]
columns consisting of either only [Co(dien),]** complexes or
[Ge,S6]" /[dienH,]*" ions alternate (Fig. 8).

C

The N-H---S bonding pattern between [dienH,]*" cations
and [Ge,S¢]"” anions leads to the formation of chains being
directed along [010] (Fig. 9). In contrast to compounds 1-3
only five of the seven H atoms bound to N atoms are involved
in the hydrogen bonding interactions (Table S87).

r

.Ge
¢S
.Co
én
®c

e

Fig. 8 Arrangement of the constituents in the structure of compound 4. Note that H atoms are not drawn for clarity.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 The N-H:--S bonding pattern between [dienH,]?* ions and [Ge,S¢]*™ anions. Only the H atoms bonded to the N atoms are shown.

Like for the other three compounds the S atoms have also
hydrogen bonding interactions to H atoms of the [Co(dien),]**
complex.

As mentioned above, in all compounds a completely
different topology of the hydrogen-bonded network between
[Ge,Se]*™ anions and dienH, cations is observed. The topology
not only depends on the position where the nitrogen atoms
of the dien ligands - central or terminal - are protonated.
It also depends on the number of hydrogen bonds formed
by the different amine and ammonium groups. This is sche-
matically shown in Fig. 10, displaying the numbers of hydro-
gen bonds formed by the different H atoms. From this
representation it is obvious that e.g. despite the fact that both

2 1 3 1 2 3

Compound 1

3 0 3 2 2 2

Compound 2 Compound 3

Yool Tt

2 2 1
Compound 4

Fig. 10 The [dienH,]?* cations in the four compounds. The numbers
of N-H-+-S interactions to the [Ge,Sg]*™ anions is indicated. Only N-H H
atoms are shown.

5558 | CrystEngComm, 2014, 16, 5551-5559

terminal N atoms of the dien molecules in compounds 1 and
2 are protonated not all H atoms are equally involved in
hydrogen bonding interactions even if the overall number of
the H-bonds is identical. Consequently a different H-bonding
pattern must result in the structures.

Conclusions

In the present contribution four different compounds of
same composition were obtained under different reaction
conditions. In all compounds discrete [Co(dien),]** cations
and [Ge,Sg]'” anions are observed and charge compensation
is achieved by diprotonated dien molecules. Interestingly, the
dien cations are differently protonated leading to tautomerism,
which is a rare phenomenon. However, in two of these com-
pounds the same tautomeric cations are observed, and there-
fore, they also represent polymorphic modifications. In all of
these compounds the anions and the dien cations are linked
by intermolecular N-H---S hydrogen bonding, which, because
of the different arrangement of the building blocks and the
occurrence of different tautomers in the crystal lead to
completely different hydrogen bonded networks. These
results clearly show the advantage of solvothermal synthesis
for the preparation of different stable and metastable
compounds. Moreover, we also demonstrate here that even
for relatively simple chemical compounds one can observe
highly unusual phenomena if the product formation is inves-
tigated in more detail.
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