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Introduction

Synthesis, characterization and thermal behaviour
of solid phases in the quasi-ternary system
Mg(SCN),—H,O-THF+}

Markus Joos,® Maurice Conrad,” Rotraut Merkle, @ Thomas Schleid,”
Joachim Maier,? Robert E. Dinnebier (22 and Sebastian Bette () *3P

Mg(SCN),-4H,0 can be converted into previously unknown compounds Mg(SCN),:(4 — x) H,O-xTHF with
x =0, 2 and 4 by multiple recrystallization in tetrahydrofuran (THF). The phases were characterized by
infrared spectroscopy (IR), thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC),
and their crystal structures were solved from X-ray powder diffraction (XRPD) data. In the crystal structures
isolated Mg(NCS),(H,0)4_(THF), units form layered motifs. The thermal behavior of Mg(SCN),-4H,0 and
Mg(SCN),-4THF was investigated by temperature dependent in situ XRPD, where Mg(SCN),-4THF was
found to acquire a room temperature (x-form) and high temperature modification (B-form). The phase
transformation is associated with an order—disorder transition of the THF molecules and with a reversion
of the stacking order of the layered motifs. Further heating eventually leads to the formation of
Mg(SCN),-2THF. There thiocyanate related sulfur atoms fill the voids in the coordination sphere of mag-
nesium, which leads to the formation of one dimensional electroneutral [Mg(NCS),,2(SCN),,»(THF),]
chains. All investigated Mg(SCN),-(4 — x) H,O-xTHF phases exhibit a remarkable anisotropic thermal
expansion, and Mg(SCN),-4H,O and Mg(SCN),-2THF were found to show both positive and negative
thermal expansion coefficients.

Mg(SCN),-5H,0 or anhydrous Mg(SCN),;* ™" however, only
little to no evidence was presented to support this. Several

Magnesium halides and pseudo-halides exhibit a great
variety of chemical and structural properties and are used in
many different applications, which is why they have been
extensively studied.'™ However, in the row of magnesium
pseudo-halides, ie. cyanides, cyanates, azides etc., thiocya-
nates are often overseen, and only little chemical and struc-
tural knowledge is available for magnesium thiocyanates and
their derivatives.

The first known crystalline magnesium thiocyanate phase
was reported to be the tetrahydrate Mg(SCN),-4H,O in 1930,°
which was later confirmed by the elucidation of its crystal
structure.” In addition, some reports have mentioned the exist-
ence of related phases, such as the pentahydrate
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studies showed that Mg®>" when coordinated to SCN™ anions
seems to be capable to form a diversity of solid ionic com-
plexes with different organic molecules such as pyridine (Py),
nicotinamide (NIA) and their derivatives,'*™® although their
crystal structures remain unknown.

Besides the tetrahydrate Mg(SCN),-4H,0, crystal structure
investigations of Mg(SCN),-containing compounds have
generally been neglected so far and only spectroscopic studies
or thermal analyses are present.'®'? Further structural studies
of related Mg®"-SCN-phases are only available for mixed cat-
ionic systems involving other cations like K" or Cd**.'*"* In
contrast, other MgX, salts with similar anions (X = CN,
N(CN),) are well known in terms of crystal structures and
properties.'®"”

Furthermore, unlike many other thiocyanate salts M(SCN),
(M = Li, Na, K, Ca, Sr, Ba, Ni, Ag, Hg, ..., n = 1 or 2),"%% it is
yet unclear how to obtain the anhydrous form of Mg(SCN),
and under what conditions it would be stable. As mentioned
before, some studies suggest the formation of anhydrous Mg
(SCN), by simple heating of Mg(SCN),-x [L] complexes ([L] =
H,O0, pyridine, ...);"° however, the phase formation was not
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analytically confirmed in any case. In fact, a more likely de-
hydration mechanism might be similar to that of MgCl,,
which forms a wide variety of hydrates."?%® The hexahydrate
MgCl,-6H,O is a commonly occurring mineral named
bischofite and finds a diversity of industrial usage."*?° Upon
heating of MgCl, hydrates different dehydration stages occur;
however, the anhydrous state cannot simply be reached as the
formation of oxychloride species prevails.>**” Solvent based
methods or rather tedious thermochemical procedures are
necessary to produce pure, anhydrous MgCl,.?

Besides the rich hydrate chemistry of MgCl,, it also forms
different organometallic complexes, which are of great impor-
tance in organic chemistry (such as Grignard reagents or for
Ziegler-Natta catalysis)**® and have more recently even
sparked interest in the battery community.>* These complexes
are formed by the inclusion of organic molecules such as pyri-
dine (Py), dimethoxyethane (DME), tetrahydrofuran (THF) etc.,
and a lot of research studies are devoted to their structural
analysis, especially to understand the coordination between
metals and organic molecules.?**338

Moving on from halides to pseudo-halides, the previously
mentioned coordination chemistry between metals and
organic molecules is still a rather unexplored field for crystal-
line, solid thiocyanates. Some examples of solvent complexes
with dimethoxyethane (DME), tetrahydrofuran (THF) and
acetonitrile (AN) can be found for rare earth metal thiocya-
nates and Ca(SCN),.*° There also exist coordination com-
pounds with acetone (Ac) of transition metals (TM = Cr, Mn
and Fe);*® yet for Mg(SCN),, only little is known about these
kinds of complexes and no structural data are available so far.

In this study we report the synthesis, structure, spectro-
scopic properties and thermal behavior of the solid phases
dithiocyanatetetraaquamagnesium(u) [Mg(SCN),(H,0)4] (also
referred to as magnesium dithiocyanate tetrahydrate, Mg
(SCN),-4H,0), bis(tetrahydrofuran)diaquadi-thiocyanatemag-
nesium(u), [Mg(SCN),(H,0),(THF),], and dithiocyanatetetrakis
(tetrahydrofuran)-magnesium(u), [Mg(SCN),(THF),] (from
hereon we will address these compounds as Mg(SCN),:(4 — x)
H,O-xTHF with x = 0, 2, 4)."* The thermal behaviour of the
title compounds was analysed in detail by temperature depen-
dent in situ X-ray powder diffraction and a strong anisotropic
lattice expansion as well as several phase transitions of Mg
(SCN),-4THF eventually leading to the formation of Mg
(SCN),-2THF were observed.

Experimental

Mg(SCN),-(4 — x) H,O-xTHF (x = 0, 2, 4) phases were syn-
thesized by recrystallization in H,O or THF or by ion exchange.
The obtained products were characterized by X-ray powder
diffraction (XRPD), infrared (IR) spectroscopy, thermo-
gravimetric analysis (TGA), differential scanning calorimetry
(DSC), scanning electron microscopy (SEM) and energy disper-
sive X-ray (EDX) analysis. The handling and measurements of
the samples were conducted under dry inert gas or vacuum
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unless stated otherwise. All details of the synthesis and ana-
lysis can be found in the ESL{

Results
Synthesis and characterization

Syntheses of Mg(SCN),-4H,0 have been reported in a number
of different publications employing various synthesis routes,

such as:®&10712

Mg(OH),+2HSCN(+2NH,SCN) + 2H,0 —
Mg(SCN), - 4H,0 (+2NH; 1)

1
MgCO,+2HSCN (+2NH,SCN) + 3H,0 — @
Mg(SCN), - 4H,0 + CO, | (+2NH, 1)
MgSO, - 7H,0 + Ba(SCN), - 3H,0 — @)

Mg(SCN), - 4H,0 + BaSO,4 | +6H,0
MgCl, - 6H,0 + KSCN =2
Mg(SCN), - 4H,0 + KCl | +2H,0

3)

The third synthesis route is employed in this study.
However, it was discovered that after the removal of ethanol,
the formation of Mg(SCN),-4H,O crystals was severely inhib-
ited, and precipitation required long vacuum treatment at
rather high temperatures (~150 °C) with the possible for-
mation of decomposition products. A much easier way to
produce crystalline Mg(SCN),-4H,0 without risking decompo-
sition was, after removing most of the ethanol, to re-dissolve
the obtained slurry in water and then use freeze drying to pre-
cipitate the crystals of Mg(SCN),-4H,0. Nonetheless, the purity
of Mg(SCN),-4H,0 for both the synthesis routes 2 and 3 is
limited due to the solubility product of BaSO, in water (1.3 x
10~ mol L™")** and KCl in ethanol (3.9 x 10~° mol L™").** This
problem does not occur in the synthesis route 1; however,
additional heat treatments or neutralization is required to
entirely remove NH; or CO,. To avoid the limits created by these
methods, we used cation exchange via an ion exchanger, which
directly yielded pure Mg(SCN),-4H,0 without further treatments
being necessary. Low requirements on the metal-base purity of
the precursor KSCN are an additional advantage of this method,
as impurity cations contained within the commercially available
precursor material will be replaced by Mg>" cations as well.

Both the syntheses of Mg(SCN),-2H,0-2THF and Mg
(SCN),-4THF required an additional re-crystallization step
using THF as the solvent. It was difficult to control the ratio of
H,O to THF, especially for Mg(SCN),-2H,0-2THF, and several
synthesis attempts produced a mixture of both Mg
(SCN),-2H,0-2THF and Mg(SCN),-4THF (Fig. 1). In the case of
Mg(SCN),-4THF, this problem could be overcome by simply
refluxing the solution in THF to remove any remaining H,O,
although this might have caused the formation of an amor-
phous side phase (more details can be found in the ESIY).
With the above described methods three phases with x = 0, 2,
4 in the ternary system Mg(SCN),-(4 — x) H,O-xTHF were suc-
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Fig. 1 XRPD patterns of the series Mg(SCN),:(4 — x) H,O-xTHF showing
different syntheses products; pure phases (black) and mixed phases
(colored).

Table 1 Crystallographic data for all Mg(SCN),-(4 — x) H,O-xTHF phases

x=0 xX=2 x=4
Space group P2,/a C2/m P24/n
alA 7.4947(1) 10.7474(2) 15.2137(8)
b/A 9.0296(1) 8.1893(1) 10.2054(4)
c/A 7.8721(1) 9.6299(2) 7.7220(3)
Bl° 113.650(1) 93.153(1) 94.980(2)
VIA 488.00(1) 846.29(3) 1194.39(9)
V4 2 2 2

cessfully synthesized, all of which crystallize in a monoclinic
lattice (Table 1).

The exchange of water with THF molecules leads to funda-
mental changes in the crystal lattice. From x = 0 to x = 2, the

View Article Online
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volume per formula unit strongly increases by 179.15 A, illus-
trated by the strong downshift of the 001 reflection. This
increase is smaller than the volume of two free THF molecules
(269 A®). The SEM images in Fig. S4a and bf show that the
grain morphologies become more platelet like, which indi-
cated a more pronounced layered motif in the crystal structure
after the THF incorporation. When the THF content is
increased from x = 2 to x = 4, the volume per formula unit
increases by 174.05 A®, which is very similar to the first
exchange step. The C-centered monoclinic unit cell becomes
primitive (space group P2,/n for x = 4) upon complete
exchange.

Furthermore, the grains adopt a rod-shaped morphology
with well-defined crystal faces, as can be seen in Fig. S4c.t The
EDX results of x = 4 shown in Fig. S5 match the proposed stoi-
chiometry with an average Mg: S ratio of 1: 2.

IR spectroscopy was employed to confirm the presence of
thiocyanate and THF as well as to derive information on the
coordination of Mg>". Fig. 2 shows selected excerpts of the IR
spectra for all Mg(SCN),:(4 — x) H,O-xTHF phases.

The spectra show THF and water related bands situated in
the high wavenumber region between 2800 and 3600 cm™". For
Mg(SCN),-4H,0 and Mg(SCN),-4THF the bands of THF and
H,O0 are respectively absent (Fig. 2, black and orange line),
while the spectrum of Mg(SCN),-2H,0-2THF shows a combi-
nation of both (Fig. 2, blue line; further details can be found
in Table 2). Interestingly, the characteristic bands v(C=N)
(~2080 cm™") and §(H-O-H) (~1630 cm™') of the SCN™ anion
and H,O are split for Mg(SCN),-4THF and Mg
(SCN),-2H,0-2THF, respectively. In the case of the SCN™ anion,
such a splitting was also observed for the dihydrate Ca
(SCN),-2H,0,”" the trihydrate K,Mg,(SCN)s-3H,0,'* and
various rare earth metal thiocyanate complexes with different
solvent molecules.’® In the last case, the splitting was attribu-
ted to the bridging nature of SCN™ to two cations, enabling
both symmetric and asymmetric 1(C=N) modes. In contrastry,
here SCN™ does not have a bridging function (see below), and

transmission

23T

H,0
(H-0O-H)

3600 3300 3000 2700 2100

1800 1500 1200 900

v/cm?

Fig. 2

This journal is © The Royal Society of Chemistry 2021

IR spectra of Mg(SCN),:(4 — x) H,O-xTHF phases with x = 0 (black, measured in Ar), x = 2 (blue, measured in air), x = 4 (orange, measured in Ar).
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Table 2 Wavenumbers of IR spectra in Fig. 2 for all Mg(SCN),:(4 — x)
H,O:xTHF phases with tye respective assignments according to the

literature®-21-44-46
x=0;v/em™* x=2;v/em™* x=4;v/em™ Assignment
[1] 3511 [1] 3509 v,(0-H) [H,0]
[2] 3400 [2] 3402
[3] 3363 [3] 3365
[4] 3314 [4] 3328
[5] 3244 [5] 3247 v1(0-H) [H,0]
[6] 2982 [1] 2977 v,(C-H) [THF]
[7] 2955 [2] 2963
[8] 2931 [3] 2932
[9] 2892 [4] 2893 14(C-H) [THF]
[6] 2123 [10] 2117 [5] 2110 1(C=N) [SCN]
[7] 2081 [11] 2083
[12] 2072 [6] 2075
[7] 2034
[8] 1636 [13] 1637 5(H-0-H) [H,0]
[14] 1606
[15] 1476 [8] 1459 5(H-C-H) [THF]
[16] 1458 [9] 1447
[17] 1372 »(H-C-H) [THF]
[10] 1344
[18] 1318
[19] 1296 [11] 1296
[20] 1247 [12] 1261
[21] 1172 [13] 1177 v,(ring) [THF]
[14] 1092 T(H-C-H) [THF]
[22] 1028 [15] 1028 v,(ring) [THF]
[16] 981 25(S-C=N) [SCN]
[23] 962 [17] 958 p(H-C-H) [THF]
[9] 940 25(S-C=N) [SCN]
[24] 926 [18] 921 v4(ring) [THF]
[25] 880 [19] 882 [THF]
[26] 861
[27] 847
[10] 789 [28] 790 [20] 797 1(S-C) [SCN]
[29] 778
[11] 719 [30] 722 T(H-O-H) [H,0]
[21] 705
[31] 678 [22] 678 p(H-C-H) [THF]
[12] 610 [32] 616 [23] 581 8(ring i-p) [THF]
[13] 495 [33] 518
[14] 468 [24] 488 8(S-C=N) [SCN]
[15] 458 [34] 458 [25] 477
[16] 432 [35] 432

vy: symmetric stretch, v,: asymmetric stretch; 6: scissoring or bending;
w: wagging; T: twisting; p: rocking; i-p: in-plane.

6952 | Dalton Trans., 2021, 50, 6949-6961

View Article Online

Dalton Transactions

it is more likely that the splitting is connected to the
complexity of molecules coordinated to the central cation in
the vicinity of SCN™. Since this splitting does not appear in the
bands of Mg(SCN),-4H,0, it can be attributed to the
coordination of THF molecules to Mg**, inducing polarization
effects either in H,O or SCN™. However, an unambiguous
explanation requires a more rigorous treatment of the spectro-
scopic features of these phases and is beyond the scope of this
report.

In summary, the combination of XRPD and IR spectroscopy
shows that THF molecules can successfully be introduced into
the structure of Mg(SCN), producing new crystalline phases
with distinct properties.

Thermal behavior

In the family of magnesium salts, MgCl, is a close relative to
magnesium thiocyanate for which the thermal behaviour has
already been studied thoroughly, especially regarding the com-
plexity of obtaining pure, anhydrous MgCl,.>* In comparison,
the hydrates of LiSCN, NaSCN and Ca(SCN), were reported to
be readily dehydrated by simple heating of the hydrated
material.'®'%?! Various anhydrous thiocyanate salts have been
shown to melt congruently around 280-470 °C followed by
decomposition above ~550 °C,>> and bimetallic thiocyanates
first dissociate before decomposing to sulphides and gaseous
species.’

Fig. 3 shows the TGA measurement of Mg(SCN),-4H,0
along with the corresponding signals from mass spectroscopy
(MS). According to the TGA and MS analyses, the tetrahydrate
passes through different hydrates (nominal a dihydrate at
144 °C and nominal a monohydrate at 154 °C), until it finally
decomposes starting around 161 °C. However, along with the
recorded peaks for H,O in the MS, another signal with a molar
mass of 44 ¢ mol™" (e.g. CO,) was observed, which could indi-
cate that the dehydration is accompanied by a partial
decomposition process already below 161 ©°C. The here
recorded TGA measurement agrees with that from Mojumdar
et al,'® even though the temperatures seem to be slightly
shifted. Regarding the interpretation, however, some clarifica-
tions are necessary: (i) Given the hygroscopy of Mg
(SCN),-4H,0, it is possible that the additional H,O molecule
reported in reference 10 was actually just adsorbed surface
water. (ii) There is no evidence for the intermediate formation
of anhydrous Mg(SCN), and the MS analysis rather suggests a
thermal decomposition. (iii) Even though the formation of
MgS as a decomposition product is indeed possible and would
be in line with other thiocyanate systems,"” it remains challen-
ging to substantiate this given the limited information obtain-
able by e.g. XRPD or IR spectroscopy (Fig. S9F).

Further TGA and DTA measurements of magnesium thio-
cyanate complexes with various incorporated organic mole-
cules often show a step-wise mass loss of the organic molecule
followed by thermal decomposition.'®'* A similar mechanism
was observed in the TGA measurement of Mg(SCN),-4THF
(Fig. 4) concerning the loss of THF. According to the combi-

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 TGA measurement of Mg(SCN),-4H,0 under N,: (a) TGA signal; (b) MS signal.
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Fig. 4 TGA measurement of Mg(SCN),-4THF under N,: (a) TGA signal; (b) MS signal.

nation of TGA and MS, three intermediates were formed with
3.5 (113 °C), 3 (156 °C) and 2THF (210 °C) molecules followed
by thermal decomposition.

The thermal behavior of Mg(SCN),-4H,O0 and Mg
(SCN),-ATHF was further investigated by DSC (Fig. 5). The DSC
measurements showed that in a semi-closed system (cold
welded aluminium pan) the tetrahydrate melts at 144 °C with
a pronounced hysteresis (supercooling) effect as crystallization
does not occur before 80 °C. Beyond 144 °C the material
showed further endothermic peaks starting at 167 °C, indicat-
ing thermal decomposition. The decomposition temperature

This journal is © The Royal Society of Chemistry 2021

measured by DSC fits well to that observed by TGA in Fig. 3a.
In contrast, Mg(SCN),-4THF displayed higher thermal stability
than the tetrahydrate with the first endothermic peak occur-
ring at 197 °C. This finding is rather counterintuitive, since
the exchange of H,O with organic ligands would be expected
to decrease the thermal stability of the material. Thereafter
two more endothermic peaks are observed at 219 °C and
279 °C. Since no exothermic peaks appear in the cooling run
as well as considering the results from TGA, we can assume
that the peak at 279 °C indicates the thermal decomposition
of the material. Furthermore, the TGA measurement showed

Dalton Trans., 2021, 50, 6949-6961 | 6953
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Fig. 5 DSC measurements of different phases in the series Mg(SCN),:(4 — x) H,O-xTHF shown for (a) x = 0 and (b) x = 4.

that at around 210 °C the material loses two THF molecules,
which is connected with the DSC peaks at 197 °C and 219 °C.
Subsequent heating to higher temperatures merely revealed
further decomposition of the material.

In order to corroborate the above findings of TGA and DSC,
temperature dependent in situ XRPD measurements were
conducted for both Mg(SCN),-4H,0 and Mg(SCN),-4THF
(Fig. 6). For the tetrahydrate, all reflections in the XRPD
pattern disappear between 149 °C and 186 °C in agreement
with the melting point at 144 °C and the decomposition at
167 °C from DSC. The formation of a new phase is observed at
190 ©°C, distinctly different from the originally present
Mg(SCN),-4H,0 in terms of the XRPD pattern. Even though a
structure solution of this emergent phase was not possible due
to anisotropic peak broadening, it appears to be a yet
unknown stacking faulted decomposition product of Mg
(SCN),-4H,0.

Mg(SCN),-4THF undergoes several phase transitions upon
heating before it melts or becomes amorphous (Fig. 6). At
138 °C a phase transition occurs from the parent structure
a-Mg(SCN),-4THF to a new polymorphic phase p-Mg
(SCN),-ATHF, evident from the changes in the XRPD pattern. It
should be noted here that most likely this B-phase was not
observed in the TGA measurement shown in Fig. 4, as THF
first evaporated in the continuous N, gas stream of the TGA
before the p-phase could form. Yet with the sealed capillary
employed in the temperature dependent in situ XRPD measure-
ment, THF is contained long enough in the sample for the
B-phase to evolve. It remains unclear, however, why for the a-
to p-transition no signal was observed in the DSC. Given the
long measurement times in XRPD (hours for each temperature
point), the kinetics of the phase transition are most
likely slow. Furthermore, within the employed temperature
ranges, any vibrational entropic contributions to the overall
change in energy is probably small and difficult to resolve by

6954 | Dalton Trans., 2021, 50, 6949-6961

DSC. It is therefore very likely that the phase transition could
not be resolved by DSC and was consequently not observed.
Upon further heating THF loss is inevitable until at
164 °C (DSC: 197 °C, TGA: 210 °C) a new phase starts to
form yielding Mg(SCN),-2THF. The formation temperature
here is a bit lower than that observed by TGA and DSC, which
can be attributed to both different measurement set-ups
as well as a different environment from the gas phases
(the closed system in XRPD, the semi-closed system in DSC
and the open system in TGA). The new phase Mg(SCN),-2THF
is stable up to 234 °C at which point, it first turns into an
unknown, stacking faulted decomposition product and then
finally melts or becomes amorphous starting around 251 °C
(DSC: 279 °C).

The obvious differences in thermal behaviour between
Mg(SCN),-4H,0 and Mg(SCN),-ATHF are rather surprising,
especially considering their similar coordination chemistry.
Even though it appears counterintuitive for the tetrahydrate to
have a lower thermal stability, as the formation of bridging
hydrogen bonds should stabilize the structure, without having
any knowledge of anhydrous Mg(SCN),, a direct comparison
between the phases cannot be made analytically.

With both TGA and XRPD the formation of anhydrous
Mg(SCN), was not observed and it remains to be clarified
under which conditions it could be obtained. The intermedi-
ately formed Mg(SCN),-2THF phase is to date the only
magnesium thiocyanate with only two coordinating molecules.
Regarding the progression of reflections in the XRPD
patterns (Fig. 6b and d), a significant shifting of selected
reflections to lower angles was observed for both phases. This
shifting indicates a strong and possibly anisotropic lattice
expansion, which we will address later in more detail. Given
the delicate synthesis and storage of Mg(SCN),-2H,0-2THF, we
decided to only report the results of room temperature
measurements.

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Temperature dependent in situ XRPD data of Mg(SCN),-4H,0 (a and b) and Mg(SCN),-4THF (c and d) in a sealed capillary under Ar showing
(a and c) selected XRPD patterns and (b and d) the thermal progression of reflections.

Structure description

In the series Mg(SCN),:(4 — x) H,O-xTHF with x = 0, x = 2 and x
= 4, the Mg”" cations always exhibit a distorted octahedral
coordination sphere with the thiocyanate anions located in the
trans configuration with the N pointing towards Mg”* (Fig. 7). In
Mg(SCN),-4H,0 water molecules occupy the equatorial posi-
tions (Fig. 7a, green atoms) and the magnesium is situated on
the centre of inversion. After replacing two water molecules by
THF in Mg(SCN),-2H,0-2THF all ligand pairs remain in the

This journal is © The Royal Society of Chemistry 2021

trans configuration. The magnesium cation, the thiocyanate
anion and the THF related oxygen atom are situated on a mirror
plane, which leads to a positional disorder of the non-planar
THF molecule (Fig. 7b, red and blue atoms and bonds). The
complete replacement of water by THF yields a propeller-like
complex [Mg(NCS),(THF),] with magnesium situated on the
centre of inversion. Two out of four THF molecules in the trans
configuration are positionally disordered (Fig. 7c, red and blue
atoms and bonds). In all complexes the average bond lengths
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disordered THF molecule: @ position a, @ position b

Fig. 7 Octahedral coordination of Mg?* with SCN~, H,O and THF in the series Mg(SCN),-(4 — x) H,O-xTHF for (a) x = 0, (b) x = 2, (c) X = 4 (a-phase).
Two THF molecules (red and blue atoms and bonds) with identical oxygen positions were used to model the positional disorder.
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Fig. 8 Packing diagrams in the series Mg(SCN),:(4 — x) H,O-xTHF for (a and b) x = 0, (c and d) x = 2, (e and f) x = 4. Yellow and blue octahedra indi-
cate different orientations, where the thiocyanate ions on top of the blue octahedra point to the front and on the bottom point to the back and the
right hand thiocyanates of the yellow octahedra point to the front and the left hand point to the back.

between the central atom and ligands follow this trend: d[Mg-
N] < d[Mg-O(H,0)] < d[Mg-O(THF)], which is to be expected.

In the crystal structures of Mg(SCN),-(4 — x) H,O-xTHF iso-
lated [Mg(NCS),(H,0),_,(THF),] octahedra form layered motifs
(Fig. 8). The layers of the tetrahydrate consist of [Mg
(NCS),(H,0)4] octahedra that show an alternating orientation
along the a-axis (Fig. 8a, blue and yellow octahedra), a uniform
orientation along the b-axis (Fig. 8b) and are stacked in the
[001] direction in a distorted ABA'B’ sequence (ESI, Fig. S117).
The substitution of two water molecules by THF leads to an
increase of the inter layer distance. In Mg(SCN),-2H,0O-2THF
the [Mg(NCS),(H,0),(THF),] octahedra exhibit a uniform
orientation within the layer plane and the layers are stacked in

6956 | Dalton Trans., 2021, 50, 6949-6961

a distorted AA-type fashion (Fig. 8c and d, ESI, Fig. S11}) in
the [001] direction. Further replacement of water by THF mole-
cules does not lead to an increase of the inter layer distances.
This can be explained by the shift of the AA-stacking order in
Mg(SCN),-2H,0-2THF to a distorted ABC-type stacking in Mg
(SCN),-ATHF (Fig. 8e) in the [110] direction and by an increase
of the distances between [Mg(NCS),(THF),] octahedra within
the layers.

In terms of layer constitution and stacking order, Mg
(SCN),-ATHF (Fig. 8e and f) exhibits strong similarities to Mg
(SCN),-4H,0, whereas Mg(SCN),-2H,0-2THF occupies an
exceptional position in the row of Mg(SCN),-(4 — x) H,O-xTHF
structures.

This journal is © The Royal Society of Chemistry 2021
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Heating of Mg(SCN),-4THF (a-form) leads to the high temp-
erature modification of f-Mg(SCN),-4THF and eventually to the
formation of Mg(SCN),-2THF by the release of 2THF mole-
cules. In the crystal structures of the Mg(SCN),-xTHF phases,
magnesium is always coordinated octahedrally with the thio-
cyanate anions situated in the trans conformation (Fig. 9). The
coordination patterns of a- and f-Mg(SCN),-4THF are almost
identical (Fig. 9a and b). In the high temperature phase, all
THF molecules are positionally disordered (Fig. 9b, blue and
red atoms and bonds). After the release of two THF molecules
at higher temperatures, the positional disorder of the remain-
ing THF molecules increases (Fig. 9c, blue, red, yellow and
green atoms and bonds), and the thiocyanate anions become

View Article Online

Paper

positionally disordered as well (Fig. 9¢, magenta and violet
atoms and bonds). Due to the release of two ligands during
the formation of Mg(SCN),-2THF, the emerging voids in the
coordination sphere of magnesium are filled by thiocyanate
related sulphur atoms, which leads to the formation of thio-
cyanate bridged . [Mg(NCS),/,(SCN),,»(THF),] chains (Niggli
%o{ {Mg(N S)4/202/1} })

The constitution and the packing of the layered motifs are
very similar for the room and the high temperature modifi-
cation of Mg(SCN),-4THF (Fig. 10a-d) and the seemingly
increased interlayer distance after the phase transformation is
attributed to the strong thermal expansion of o-Mg
(SCN),-ATHF (see below). In the f-form the distorted ABC stack-

formula:

disordered THF molecule: @ position a, @ position b, ) position ¢, @ position d

disordered NCS anion:

@ position a, @position b

Fig. 9 Octahedral coordination of Mg?* with SCN™ and THF for (a) a-Mg(SCN),-4THF; (b); p-Mg(SCN),-4THF; and (c) Mg(SCN),-2THF. Multiple THF
molecules (red, blue, yellow and green atoms and bonds) and of SCN™ anions (magenta and violet atoms and bonds) were used to approximate the

positional disorder in the structures.
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Fig. 10 Packing diagrams of (a and b) a-Mg(SCN),-4THF at 25 °C, (c and d) f-Mg(SCN),-4THF at 150 °C and (e and f) Mg(SCN),-2THF at 180 °C. In (f)
the C atoms from the THF molecules are omitted for clarity. Yellow and blue octahedra indicate different orientations, where the thiocyanate ions
on top of the blue octahedra point to the front and on the bottom point to the back and the right hand thiocyanates of the yellow octahedra point

to the front and the left hand point to the back.

This journal is © The Royal Society of Chemistry 2021
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ing sequence of a-Mg(SCN),-4THF is reverted to a disordered ACB
stacking sequence (ESI, Fig. S11}). Releasing two THF molecules
from Mg(SCN),-4THF causes drastic structural changes. In
Mg(SCN),-2THF the [Mg(NCS),,(SCN),,(THF),] chains are
arranged in layers as well with a decreased interlayer distance
(Fig. 10e). Within the layers the [Mg(NCS),/2(SCN),»(THF),] octa-
hedra are oriented uniformly (Fig. 10e and f). Like (-Mg
(SCN),-4THF, Mg(SCN),-2THF exhibits a disordered ABC stacking
sequence (ESI, Fig. S117) in the [110] direction.

Lattice expansion

The thermal expansion was investigated in detail for Mg
(SCN),-4H,0, o- and p-Mg(SCN),-4THF and Mg(SCN),-2THF.
Plots showing the variation of the thermal expansion coeffi-
cient (a) with the principal directions X;, X, and Xj
(Table S107) for these phases are presented in Fig. 11. All com-
pounds exhibit a pronounced anisotropic thermal expansion
and some even both positive (Fig. 11, red lines) and negative
(Fig. 11, blue lines) thermal expansion. The thermal expansion
properties can be correlated with certain aspects of the crystal
structures.

Mg(SCN),-4H,0 exhibits both a large positive thermal
expansion of 165(4) x 107® K™ in the [100] direction, corres-
ponding to the principal X; direction and a negative thermal
expansion of —44(2) x 107° K" in the [010] direction, corres-
ponding to the principal X; direction (Table S107). Hence,
both the positive and negative thermal expansions occur
within the layered motifs, whereas the thermal expansion per-
pendicular to the layers (principal X, axes) is only moderate
(32(1) x 107° K™1). Fig. S12+ shows four [Mg(NCS),(H,0),] octa-
hedra, which are arranged in a diamond motif within the layers.
Strong hydrogen bonds between water molecules (dark grey,
dashed bonds) and weaker bonds between water molecules and
SCN™ related sulphur (light grey dotted bonds) mediate the
interactions within the layers. During the thermal expansion
the thiocyanate anions start to move slightly out of the layer
plains (Table S$10,f principal X, axes). Accordingly, the
[Mg(NCS),(H,0),] octahedra, whose thiocyanate anions face in

a) MgSCN, - 4 H,0

b) a-MgSCN, - 4 THF
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the direction of the centre of gravity of the diamond motif
(Fig. S12,} black globe), start to move towards each other (blue
arrow, corresponding to the principal X; axis). Due to steric
reasons and in order to maintain a favourable O-H---S angle
close to 180°, the [Mg(NCS),(H,0),] octahedra situated along the
a-axis veer away from the center of gravity (red arrow, corres-
ponding to the principal X; axis). With respect to the centre of
gravity, the expansion behaviour is comparable to Nuremberg
scissors.

A complete exchange of water by THF molecules leads to an
increase of the total volume expansion from 153(2) x 107° K™*
to 268(2) x 107° K~* (Table S107), which can be explained by
the weaker interactions between [Mg(NCS),(THF),] octahedra.
Even though the macroscopic structural motifs a- and p-Mg
(SCN),-ATHF are identical (Fig. 10a-d), the thermal expansion
properties differ (Fig. 11b and c). Hence the growing disorder
of the THF molecules that evolves during the transition from
the a- to the p-form has a major impact on the thermal expan-
sion properties. The expansion occurs very anisotropically in
a-Mg(SCN),-4THF (Fig. 11): while there is a strong positive
expansion along the principal X; axes of 173(1) x 107% K*
(Table S10t), along the principal X; axis, there is hardly any
positive thermal expansion (3(1) x 107® K™*). Within the struc-
ture, the strong (Fig. S13a and b,T along X; red arrow) and
medium (along X, green arrow) thermal expansion lead to a
beginning shift of the ABC stacking order of the layered motifs
towards an ACB stacking. During the phase transition from the
a- to the p-form the ordered THF molecule becomes position-
ally disordered, which leads to a discontinuous increase in the
unit cell volume of almost 15 A® (Fig. S15). The ACB stacking
order of the p-modification appears to be more favourable with
all THF molecules in the structure being disordered. In
addition, the complete disorder of the THF molecules leads to
a smaller volume expansion of 217(3) x 107° K™* (Fig. 11c). A
strong positive expansion of 128(3) x 107° K™ occurs along the
principal X; axis, which corresponds to the [001] direction.
Within the layers, rows of equally oriented [Mg(NCS),(THF),]
octahedra (Fig. S13c and d,T red arrows) elongate. The thermal

c) B-MgSCN, - 4 THF

d) MgSCN, - 2 THF

Qin X,

Fig. 11 Plots showing the variation of the thermal expansion coefficient a with the principal directions Xy, X, and X3z (ESI, Table S10 and Fig. S14+) of
(a) Mg(SCN)2:4H,0, (b) a-Mg(SCN)2:4THF, (c) p-Mg(SCN)2-4THF and (d) Mg(SCN)2:2THF. Red colour indicates expansion, and blue colour indicates

compression.

6958 | Dalton Trans., 2021, 50, 6949-6961

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1dt00469g

Open Access Article. Published on 15 April 2021. Downloaded on 12/4/2025 9:54:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

expansion along the principal X; and X, axis occurs almost iso-
tropically and corresponds to an expansion both within and in
between the layers (Fig. S13c and d,} green arrows).

The release of two THF molecules leads to the formation of
one dimensional thiocyanate bridged polyhedra forming . [Mg
(NCS),/2(SCN),/5(THF),] chains in the crystal structure of Mg
(SCN),-2THF (Fig. 10e and f). This phase shows a negative
thermal expansion of —16(1) x 107® K™ along these chains
(principal X; axis) and a strong positive thermal expansion of
219(3) x 107° K~ ' perpendicular to the layered motifs (principal
X3 axes, Table S10t). The total volume expansion coefficient of
240(1) x 107°® K" is larger than in p-Mg(SCN),-4THF (217(3) x
10~° K~") but smaller than in the a-form (268(2) x 107° K™).

Discussion

In the group of alkali and earth alkaline metal thiocyanates, only
Be(SCN), has not been investigated and magnesium thiocyanate
exists exclusively as coordination compounds Mg(SCN),-x [L]. A
close relative is LiSCN, which does exist in its anhydrous form,
yet is extremely prone to form hydrates.'®"” In both cases, the
unfavourable bonding between A™ (A = Li, Mg; n = 1, 2) and
sulphur atoms in SCN™ is the fundamental reason for their exten-
sive solvent coordination chemistry. The investigations of Mg
(SCN),-coordination compounds reveal a complex thermal
decomposition behaviour and disprove any previous claims
about the existence of anhydrous Mg(SCN),.*"'® To date,
Mg(SCN),-2THF is the only Mg(SCN), coordination compound
with two solvent ligands, and additionally, the first known Mg>*
thiocyanate with Mg-S bonds. Further research of this compound
might lead to a procedure to promote Mg-S bonding and success-
fully isolate anhydrous Mg(SCN),. The anisotropic thermal expan-
sion properties of the title compounds are interesting as well.
Among the thiocyanates, it was already shown that in KSCN the
lattice expansion occurs anisotropically with a linear increase
until its well-known phase transition.*® Other studies about the
thermal expansion of thiocyanates are rather rare and typically
limited to more complex systems, such as multi-cationic or
organometallic compounds, which are of interest for nonlinear
optics.**® Both in Mg(SCN),-4H,O and in Mg(SCN),-2THF we
observed positive and negative thermal expansion, which is not
an unusual phenomenon in pseudo halide compounds like
Ag;[Co(CN)e].*"** In addition, there is an order-disorder phase
transition in Mg(SCN),-4THF, which affects the thermal expan-
sion properties. Disorder in coordination compounds is very
common, e.g. one famous example being the rotational disorder
of [CH3NH;]" (MA) in MAPbI; with its tetragonal to cubic phase
transition.>® The research of ligand disorder and its impact on
the parent material’s chemistry or properties is very established
in extended systems, such as metal-organic frameworks
(MOFs),>* but much rarer in crystalline solids with molecular
coordination units. Like other coordination polymers,>
Mg(SCN),-2THF exhibits a negative thermal expansion along the
chains and a strong positive thermal expansion perpendicular to
the chain axis.

This journal is © The Royal Society of Chemistry 2021
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In conclusion, the coordination chemistry of Mg(SCN),
turned out to be rich and has the potential to go beyond H,O
and THF as ligands. Moreover, magnesium is very similar to
nickel in terms of ionic radius and preference for an octa-
hedral coordination,”® so exploring SCN-THF complexes
appears to be an excellent opportunity to further expand the
rich coordination chemistry of nickel(n) thiocyanates.>”
Indeed, similar M"(SCN),-4THF complexes with M = Ni, V and
a M"(SCN),-2THF phase with M = Co have been found,®! but
the thermal behaviour and the polymorphism have not been
investigated yet.

Conclusion

The recrystallization of Mg(SCN),-4H,0 in THF yields the
hitherto unknown compounds Mg(SCN),-2H,0-2THF and
a-Mg(SCN),-4THF. While the mixed H,O-THF phase is very
sensitive to heat or moisture, and even slowly decomposes
under an Ar atmosphere, the pure THF phase exhibits a
higher thermal stability and can be stored under an inert
atmosphere for at least several weeks. In the crystal structures
isolated Mg(NCS),(H,0),_,(THF), units form layered motifs
and magnesium is always situated on the center of inversion
or on a mirror plane. The latter might be the reason why Mg
(SCN),:(4 — x) H,O-xTHF compounds with x = 1 or 3 were
not discovered. In the structure of a-Mg(SCN),-4THF half of
the THF molecules are positionally disordered. Heating of
the compounds leads to a phase transformation into the
f-form between 130 and 135 °C. After the phase transform-
ation, all THF molecules are positionally disordered and the
stacking order of the layered motifs is reversed. Further
heating eventually leads to the release of two THF molecules
at 170 °C. In Mg(SCN),-2THF thiocyanate related sulfur
atoms fill the voids in the coordination sphere of mag-
nesium, which leads to the formation of one dimensional
o[ Mg(NCS),/,(SCN),/»(THF),] chains. Anhydrous Mg(SCN),
cannot be obtained by further heating as the thiocyanate par-
tially decomposes leading to the formation of a strongly dis-
ordered solid that cannot be characterized. All investigated
Mg(SCN),-(4 — x) H,O-xTHF phases exhibit a remarkable an-
isotropic thermal expansion, and Mg(SCN),-4H,O as well as
Mg(SCN),-2THF were found to show both positive and nega-
tive thermal expansion. The order-disorder transition of the
THF molecules during the transformation from a- to p-Mg
(SCN),-ATHF has a major impact on the thermal expansion
properties, ie. it reduces the overall volume expansion and
makes it more isotropic.
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