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ABSTRACT: Three novel potassium—zinc borohydrides/chlorides are described. KZn(BH,); and K,Zn(BH,),Cl,_, form in ball-
milled KBH,:ZnCl, mixtures with molar ratios ranging from 1.5:1 up to 3:1. On the other hand, K3Zn(BH,),Cls_, forms only in the
2:1 mixture after longer milling times. The new compounds have been studied by a combination of in situ synchrotron powder
diffraction, thermal analysis, Raman spectroscopy, and the solid state DFT calculations. Rhombohedral KZn(BH,); contains an
anionic complex [Zn(BH,);]~ with D5 (32) symmetry, located inside a rhombohedron Kg. KZn(BH,); contains 8.1 wt % of
hydrogen and decomposes at ~385 K with a release of hydrogen and diborane similar to other Zn-based bimetallic borohydrides
like MZn,(BH,)s (M = Li, Na) and NaZn(BH,);. The decomposition temperature is much lower than for KBH,. Monoclinic
K,Zn(BH,),Cl,_, contains a tetrahedral complex anion [Zn(BH,),Cl,_ +J*” located inside an Edshammar polyhedron
(pentacapped trigonal prism) K. The compound is a monoclinically distorted variant of the paraelectric orthorhombic ht-phase of
K,ZnCl, (structure type K,SO,). K,Zn(BH,),Cl,_, releases BH, starting from 395 K, forming Zn and KBH,. As the reaction
proceeds and x decreases, the monoclinic distortion of K,Zn(BH,),Cl, _, diminishes and the structure transforms at 445 K into the
orthorhombic ht-phase of K,ZnCl,. Tetragonal K3Zn(BH,),Cls_, is a substitutional and deformation variant of the tetragonal
(I4/mcm) Cs3CoCls structure type possibly with the space group P4,/ncm. K3Zn(BH,),Cls_, decomposes nearly at the same
temperature as KZn(BH,)3, i.e., at ~400 K, with the formation of K,Zn(BH,),Cl, , and KBH,, indicating that the compound is an

adduct of the two latter compounds.

B INTRODUCTION

Bimetallic borohydrides currently attract significant attention
due to their fascmatmg structural diversity and due to tunable
physical properties." A variety of new members of this group of
compounds have been discovered during the past few years.”
The preparation of bimetallic borohydrides was motivated by the
idea of modifying the thermodynamic properties of stable alkali
metal and alkali earth borohydrides by combining them with
unstable transition metal borohydrides.” They are often prepared
by mechanochemical methods (ball milling) from mixtures of
alkali metal borohydrides and transition metal halides.*

Besides numerous reports on bimetallic borohydrides in the
literature,”* only three series of bimetallic borohydrides have
been structurally characterized: MSc(BH,),, (M = Li, Na, K) Jo-12
MZn,(BH,)s (M = Li, Na) and NaZn(BH,),,"*'* and Li,Al;-
(BH,) 15" as well as NaAl(BH,),.'® The aluminum compounds
show partial solubility between the chloride and the borohydride
anion. These compounds are described as salts containing com-
plex anions such as tetrahedral [Sc(BH,),] , [Al(BH,),] , or
triangular [Zn(BH,)3]”. The MZn,(BH,)s (M = Li, Na)
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compounds may be rationalized as built of two interpenetrated
frameworks containing a binuclear anion [Zn,(BH,)s] . Or-
dered blmetalhc borohydride-halides are also known, e.g.,, KZn-
(BH,)CL,'” and NaY(BH,),Cl,.'*

In addition to bimetallic borohydrides with ordered struc-
tures, solid solutions of anion-substituted compounds may also
be prepared,” and the first cationic solid solution borohydride
Mg, Mn, _(BH,), was recently characterized.”® In some systems
there are no ternary compounds; for example, only eutectic melt-
ing mixtures were found in the systems LiBH,—Ca(BH,)," and
LiBH,—Mg(BH,),.**

The present study tends to extend our knowledge about struc-
tural formation and evolution of bimetallic borohydrides within
the MM’ —BH,(Cl) series, where M is an alkali metal and M is a
d-block metal. This has prompted the present investigation of
potassium zinc borohydrides motivated in particular by the
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Table 1. List of Prepared Samples, Phase Composition, and Agreement Factors (R,,, Corrected for Background) As Obtained by
Rietveld Refinement (Program TOPAS) Using As-Milled Mixtures at Room Temperature”

sample mixture KBH4:ZnCl, KZn(BH,); [wt %] K,Zn(BH,),Cly_, [wt%] impurities [wt %] Ryp P
Al 1.5:1 27.0(4) 73.0(4) - 0.064 8450
A2 21 25.0(10) 33.0(30) 41.0(20) K5Zn(BH,),Cls_, 0.240 127500
B2 21 18.5(6) 69.3(10) 8.6(4) KBH, 0.090 9800
3.6(9) f-ZnCl,

A3 2.667:1 15.6(6) 48.5(14) 27.4(8) KBH, 0.078 2600
8.5(8) f-ZnCl,

B4 3:1 14.1(5) 45.5(10) 31.0(8) KBH, 0.092 6560

9.4(9) B-ZnCl,

“ Samples denoted A are prepared at the University of Geneva, and samples denoted B are prepared at Aarhus University. The high value of %> reflects
mainly the extremely high counting statistics of the powder diffraction data obtained from modern X-ray detectors

. . . 13
discovery of new compounds Li- and Na-containing analogues.

In the K-containing system, oan a compound of composition
K,Zn3(BH,)g has been reported,**** however without any struc-
tural details. We show that this compound does not form in ball-
milled mixtures. Instead, three other salts are formed with
the stoichiometries KZn(BH,)3, K,Zn(BH,),Cl,_,, and K5Zn-
(BH,).Cls_,. Their powder patterns do not correspond to the
patterns in Figure 3 of ref 25. We study the formation, structure,
and decomposition pathways of the novel compounds and com-
pare the results with recent studies of K—Mg—BH,, K—Mn—
BH,,%® and K—Cd—BH,*’ systems.

B EXPERIMENTAL SECTION

Sample Preparation. The preparation and manipulation of all
samples were performed in an argon-filled glovebox with a
circulation purifier (p(O,, H,O) < 1 ppm).

For samples A (prepared in Geneva, see Table 1), anhydrous
zinc chloride, ZnCl, (Sigma-Aldrich, 99.995%), and potassium
borohydride, KBH, (Sigma-Aldrich, 98%), were combined in
molar ratios KBH4:ZnCl, of 1.5:1, 2:1, and 2.667:1 and ball-
milled under inert conditions (argon atmosphere) in a Fritsch
Pulverisette 7 planetary mill for 350 min (S min breaks every
10 min) using 25 mL stainless steel containers and an approx-
imate 1:35 weight ratio of sample to three stainless steel balls with
15, 12, and 10 mm in diameter.

For samples B (prepared in Aarhus, see Table 1), anhydrous
zinc chloride, ZnCl, (Sigma-Aldrich, >98%), and potassium
borohydride, KBH, (Sigma-Aldrich, 98%), were combined in
molar ratios KBH,:ZnCl, of 2:1 and 3:1 and ball-milled for 120 min
(2 min breaks every 2 min) under inert conditions (argon atmo-
sphere) in a Fritsch Pulverisette 4 planetary mill using 80 mL
tungsten carbide steel containers and an approximate 1:35 weight
ratio of sample to 10 mm tungsten carbide steel balls.

Thermal Analysis. Simultaneous thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were per-
formed on samples B using a Netzsch STA449C Jupiter instru-
ment and corundum crucibles with lids as sample holders. The
samples were heated from RT to 500 °C (heating rate, AT/At =
10 °C/min). The experiments were conducted in a helium (4.6)
atmosphere.

In Situ Time-Resolved Synchrotron Powder Diffraction
(SR-PXD). In situ SR-PXD data for all samples were collected
at the Swiss-Norwegian Beamlines (SNBL) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
A glass capillary (o.d. 0.5 or 0.8 mm) with the sample was heated

from RT to 400 or 500 K at a rate of 1 or 2 K/min while syn-
chrotron powder diffraction data (SR-PXD) were collected. The
temperature was controlled with the cooler Oxford Cryostream
700+. The data were collected on a MAR34S5 image plate detec-
tor using radiation with selected wavelengths of 4 = 0.72846(2),
0.70351(2), or 0.69736(1) A as determined by using external Si
or LaBg standards. The capillary was oscillated by 1°/s during
exposure to the X-ray beam for 20—60 s, followed by readout for
~83 s. All obtained raw images were transformed to 2D-powder
diffraction patterns using the FIT2D program.*®

Structure Solution and Refinement. All measured powder
patterns showed Bragg peaks of crystalline phases with fwhm
within 0.1—0.2° 26.

KZn(BH.,)3. The paraelectric high-temperature polymorph (s.g.
Pnma) of K,ZnCl, (structure type K,80,)>” was identified as a
main phase in the SR-PXD data measured above 445 K for all
samples. For the sample with the best crystallinity, sample A3,
this allowed for subsequent identification of seven Bragg peaks
belonging to an unknown phase, which disappear at ~385 K.
From the SR-PXD pattern measured at 100 K, these seven peaks
were indexed with program FOX>® in a hexagonal lattice with
a=7.6291(8),c=10.977(2) A, and V= 553.3(1) A> (final values
from Rietveld refinement at 100 K). The systematic extinctions
pointed to a rhombohedral lattice. From the lattice parameters
the structure type KBrO5>' was suggested with the composition
KZn(BH,);. The structure was solved with the direct space
program FOX?° and refined with the Rietveld method using the
TOPAS program.” According to eqs 1 and 2, as given later, a
borohydride-chloride, K,Zn(BH,),Cl, ,, unreacted KBH,, and
B-ZnCl, were introduced in the Rietveld refinement. The
structures of KBH, and 3-ZnCl, were based on the known struc-
tural models;*? i.e., only the lattice parameters and isotropic dis-
placement parameters were refined. The structural model of
K;Zn(BH,),Cl,_, as found from the powder diffraction data
measured at higher temperatures (see below) was introduced in
the refinement. The structure of KZn(BH,); was solved and
refined with one BH, group as a semirigid ideal tetrahedron with
refined B—H distance. The symmetry of the refined structure
was subsequently checked with the routine ADDSYM of the
program PLATON,** and the space group R3 was confirmed.
This structural model of KZn(BH,); was optimized by DFT
calculations in the solid state keeping the lattice parameters fixed
to the values observed at 100 K. The DFT-optimized structure of
KZn(BH,); fits very well powder diffraction data of all samples,
and therefore only the atomic coordinates of the DFT-optimized
structure at 100 K are given in Supporting Information Table S1
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and as a CIF file. The lattice parameters at RT are also given in
Table S1 (Supporting Information) as refined from the powder
diffraction data of the sample Al.

K3Zn(BH4),Cl;_ . The diffraction peaks observed in the pow-
der pattern of the sample B1 at 500 K were identified as
belonging to the orthorhombic (Pnma) ht-K,ZnCl,. These peaks
split with decreasing temperature indicating a monoclinic dis-
tortion with lattice parameters a = 12.363(4), b = 9.110(3),
c=7.339(2) A, $=95.74(2)°, and V = 822.5(4) A> (final values
from Rietveld refinement at 100 K). The space group was deter-
mined from the systematic extinctions as P2;/n (nonstandard
setting of the space group P2,/c) indicating that the compound is
a monoclinic deformation of ht-K,ZnCl,. The structural model
of K,Zn(BH,),Cl,_, was obtained from the SR-PXD data of
sample A3 measured at 400 K by searching direct space in FOX,
starting out from the orthorhombic prototype ht-K,ZnCl, (space
group setting Pbnm) transformed to monoclinic symmetry of
P2,/n and mixing the CI atoms with BH, groups. The final
refinement was carried out using the SR-PXD pattern for sample
A3 measured at 100 K. This sample was preferred over the sam-
ple Al, even though the weight fraction of K,Zn(BH,),Cl, _, is
higher in the latter (see Table 1). Higher content of borohydride,
x = 1.9, in sample A3 compared to x = 0.92 in sample Al and
stronger monoclinic deformation made the sample A3 more
suitable for the final refinement. Four antibump distance res-
traints were needed to stabilize the refinement of K,Zn(BH,),-
Cl, . ie, Zn—H 1.9, Zn—B 2.5, K—B 3.2, and H—H 22 A.
Three isotropic displacement parameters (two for K and Zn and
one for B, H, and CI) were refined. The structure of KZn(BH,);
was fixed to the DFT-optimized model, and only three isotropic
displacement parameters (two for K and Zn and one for B and H)
were refined. The uncertainties of crystallographic coordinates of
borohydrides were not available from the least -squares matrix
and were estimated by the bootstrap method.*® The agreement
factors from the Rietveld refinement using the sample A3 at
100 K are the following: R,,, (not corrected for background) =
4.56%, R, (corrected for background) 8.84%, x> = 1.8 x 10*,
RBragg (KZD(BH4)3) =1 58%) and RBragg (KZZH(BH4)xC14 x) -
1.76%. The high value of % reflects mainly the extremely high
counting statistics of the powder diffraction data obtained from
modern 2D detectors. The refined structural parameters of
K,Zn(BH,),Cl,_, at 100 K are given in Table S2 (Supporting
Information) and as a CIF file, and the Rietveld plot is shown
in Figure S1 (Supporting Information). The lattice parameters
at RT for borohydride contents of x = 1.9 and x = 0.92
are also given in Table S2 (Supporting Information) as refined
from the powder diffraction data of the sample A3 and Al,
respectively.

DFT Calculation. The solid state DFT calculations were per-
formed using the VASP program.***” The electron exchange-
correlation interaction was described in the generahzed gradient
approximation PW91 according to Perdew and Wang.*® Plane waves
formed the basis set, and calculations were performed using
the pro]ector—augmented wave method**** and atomic pseu-
dopotentials.* The energy cutoff controlling the accuracy of the
calculation was set to 500 eV, representing an extended basis set
and consequently highly accurate calculations. The positions of
all atoms were optimized by means of the conjugated gradient
method in the four k-points**® with the unit cell parameters
fixed. Considering the size of the unit cell, the calculations were
restricted to the gamma point of the Brillouin zone. The normal
modes were calculated in the harmonic approximation with

the total energy converged to 10~ eV and with the residual
forces on the atoms smaller than 0.005 eV/A. The Hessian was
constructed from the single-point energy calculations of the
6n structures generated from the optimized structure by
displacing each of the #n atoms in the cell in the positive and
negative senses along the Cartesian directions x, y, and z*
The calculated modes were analyzed with the help of the
MOLEKEL program.*®

Raman Spectroscopy. Raman spectra were collected on the
sample Al using a homemade micro Raman spectrometer equip-
ped with an argon laser at a wavelength of 514.5 nm, a 50 X long
distance working objective, a nitrogen-cooled CCD detector, and
helium cryostat. The low signal to background ratio is due to
the extremely low power used for these experiments (600 W) as
the sample showed high sensitivity to the laser beam. To protect
samples from the air, powders were loaded into XRD sample
holders and covered with a transparent foil. To remove the
Raman signal of the foil, we opted for a 63 X long working
distance objective, focusing through the foil onto a half-filled
sample holder. Each presented spectrum is an average of 1000
spectra of 1 s exposure.

B RESULTS AND DISCUSSION

Synthesis and Initial Phase Analysis. Ball milling of all
KBH,:ZnCl, mixtures results in the formation of a new bimetallic
borohydride KZn(BH,); described by the reaction scheme 1

3KBH, + ZnCl, — KZn(BH,), + 2KCl (1)

A consecutive reaction 2 produces a ternary chloride K,ZnCl,
21<C1 + ZI'IC12 - KZZnC14 (2)

as concluded from the formation of this compound in all mixtures.

However, K,ZnCl, formed by the reaction 2 contains BH,
substituting for Cl (see below). The ideal ratio for the maximum
yield of KZn(BH,); lies therefore between KBH,:ZnCl, = 1.5:1
and 2:1, depending on the solubility x of BH, in K,Zn(BH,),-
Cl, .. Sample Al (KBH,:ZnCl, = 1.5:1) yielded 27 wt %
KZn(BH,); and 73 wt % K,Zn(BH,),Cl,_, (see Table 1).
There is an excess of KBH, in other samples, hence unreacted
KBH, is observed. Traces of metallic zinc and one unidentified
weak diffraction peak (d ~ 3.42 A) were observed in the as-milled
samples Al and A3 indicating that additional intermediate com-
pounds may form during the reactions 1 and 2.

Interestingly, sample A2 shows diffraction peaks from one
additional compound compared to the sample B2 (both mixtures
in the ratio KBH,:ZnCl, = 2:1, see Figure S2 in Supporting
Information). This compound is derlved from the tetragonal
(I4/mcm) structure type Cs;CoCls* and has the composition
K;Zn(BH,),Cls_, (see below). The conditions for the forma-
tion of K3Zn(BH,),Cl;_, may be realized only in a very narrow
composition range as it was observed only in the sample A2. The
absence of this compound in the sample B2 may arise from
different ball milling conditions. The main difference between
these two samples mixed with the same ratio KBH,:ZnCl, = 2:1
(see Table 1) is the total ball milling time, i.e,, 120 and 350 min
for samples B and A, respectively. We conclude that with longer
ball milling time the K,Zn(BH,),Cl, , produced by reaction
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) 1.205 1A

Figure 1. Triangular anionic complex [Zn(BH,);] ™ with the symmetry
D3 (32) in the crystal structure of KZn(BH,); (space group R3) as
observed by Rietveld refinement and DFT calculations. Interatomic
distances (A) are shown in regular font, bond angles (°) in italics. All
structural drawings were prepared with the program DIAMOND.®”

2 starts to react with the remaining KBH, according to

KzZn(BH4)xCI4,x + KBH; — K3Zl’l(BH4)x+lcl4,x (3)

Crystal Structure of KZn(BH,)s. The crystal structure of the
new bimetallic borohydride KZn(BH,), which forms in all mixtures,
can be derived from the structure type KBrO; with Zn placed on
the Br position and BH, on the O position. Zn is coordinated by
three BH, groups in a triangular planar coordination (deviation
of the Zn atom from the plane of three B atoms is 0.09 A),
suggesting the anionic complex [Zn(BH,);]  (Figure 1). The
complex is located inside a rhombohedron Kg with the rhombo-
hedral angle of 83.54° (Figure 2) and has the symmetry of Dj
(32) with Zn—B distances of 2.199 A and bidentate bonding
mode Zn—H,BH,. However, the space group symmetry of
KZn(BH,); is not R32 but R3 because the 2-fold axis of the
complex anion is not collinear with the 2-fold axes in R32, and the
complex is located on the Wyckoff site 3a with point symmetry 3.
The Zn-coordinated H—H edges of three BH, tetrahedra are not
perpendicular to the plane of three B atoms but are rotated by
16.1° (see Figure 1) to minimize repulsive H—H interactions
(H—H > 2.65 A). Similarly, a conrotation angle of 23° is ob-
served for the molecular AI(BH,); by infrared spectroscopy and
ab initio calculations.*” The inner (Zn-coordinated H) B—H
distances are longer (1.248 and 1.257 A) than the outer B—H
distances (1.205 and 1.210 A). The latter compare well with the
typical B—H distances in metal borohydrides as resulting from
DFT calculations*® or observed by neutron diffraction.” The
H—B—H angleis 113.97° and 116.30° for Zn—H,B and K—H,B
fragments, respectively, while it is within 104.68 —108.03° for the
noncoordinating H,B edges. A similar opening of the coordinat-
ing H,B edges of the complex anion [Zn(BH4) 1~ was observed
by DFT calculations in NaZn(BH,);"* as well as of the complex
anion [Zn,(BH,)s]™ in LiZn,(BH,4)s* by neutron powder
diffraction, and it is known for several binary borohydrides
(see Discussion in ref 49).

The complex anion [Zn(BH,);] ™ in KZn(BH,); has triangular
geometry very similar to the one found in monoclinic NaZn-
(BH4)3 (see Figure 2). An important difference in the case of

NaZn(BHa)s

Figure 2. Fragments of crystal structures of KZn(BH,); (space group
R3), KZn(BH,)Cl, (space group P2,/m), and NaZn(BH,); (space
group P2,/c) showing triangular complex anions [Zn(BH,4);]” and
[Zn(BH,)Cl,]  located in alkali metal cage Mj. Black dashed lines show
a lengthened axial contact associating the anions into a chain.

NaZn(BH,); is the orientation of one BH, tetrahedron: the Zn-
coordinated H—H edge is exactly perpendicular to the plane
of the three B atoms with two other tetrahedra staying inclined
and thus breaking the D5 (32) symmetry of the complex hydride
anion. The BH, tetrahedron perpendicular to the plane has
the shortest contact distance to neighboring complex anion
[Zn(BH,);]  (black dashed line in Figure 2) which originally
motivated the rationalization of NaZn(BH,); as built from 1D
polymeric anions [{Zn(BH,)s},]" . Indeed, it is this interac-
tion which may have the origin in the smaller Na" cation com-
pared to the K* cation and consequently resulting in the lower
symmetry of the complex anion [Zn(BH,);] and of the whole
crystal structure of NaZn(BH,); compared to KZn(BH,)s.
The coordinating rhombohedron Kg of KZn(BH,); becomes a
strongly deformed tetragonal prism Nagin NaZn(BH,); (Figure 2).
A triangular heteroleptic complex anion [Zn(BH,)ClL,]™ has
been observed in KZn(BH,)Cl,,"” which forms in the ball-milled
mixtures KBH,:ZnCl, with molar ratio of 1:1. The complex is
positioned on a mirror plane, i.e., it is planar, and is located inside
slightly deformed tetragonal prism Kg (Figure 2).

A ternary borohydride with the stoichiometry 1:1:3 has been
recently observed also in the K—Mn—BH,** and K—Cd—BH,
systems,”” however, with different crystal structures of framework
types. Cadmium is situated in KCd(BH,); in two different
coordinations to BH, with higher coordination numbers, tetrahedral
and octahedral, compared to zinc in KZn(BH,);. Manganese is
situated in perovskite-derived KMn(BH,) in octahedral coordination.

Replacing the anions [Zn(BH,)3] ™ in KZn(BH,); by a mon-
atomic anion B the structure type rt-GeTe is obtained,”® which is
a distortion variant of the rhombohedral r£-NiO structure type,
which is itself a distortion of the close-packed NaCl-type.
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K2Zn(BH4)xClax K2ZnCl4

Figure 3. Tetrahedral anionic complexes in an Edshammar polyhedron
(pentacapped trigonal prism) Ky: (left) [Zn(BH,)Cl,]* in K,Zn-
(BH,4),Cly_, (s.g. P2,/n); (right) [ZnCl,)*" in ht-phase of K,ZnCl,
(structure type K,SO,, s.g. setting Pbnm).

Figure 4. Crystal structure of K,Zn(BH,),Cl,_, viewed along the
b-axis, showing the relation to the Ni,In and NiAs structure types: green
K atoms (K2) make slightly deformed trigonal prisms. As in NaSc-
(BH,),,"" each second prism contains the complex anion - similarity to
NiAs type. In K,Zn(BH,),Cl, , the rest of the prisms are filled by the
second K atom (K1, orange) - similarity to Ni,In type.

Crystal Structure of K,Zn(BH,),Cls_,. The structure of
K,Zn(BH,),Cl,_, is a monoclinically distorted variant of the
ht-phase of K,ZnCl, (structure type K,SO,) which is stable
above 555 K.* Figure 3 compares the coordination of the com-
plex anion [Zn(BH,),Cl,_,]*~ and [ZnCl,]*~ in K,Zn(BH,),-
Cl,_, and K;,ZnCl,, respectively. The coordination polyhedron
is a deformed Edshammar polyhedron,®" i.., pentacapped tri-
gonal prism K;;. The polyhedron is deformed mostly in the
equatorial plane of the prism. The lattice expansion at RT
induced by the borohydride substitution is strongly anisotropic
with maximal expansion along the c-axis and the monoclinic
angle rapidly increasing to ~94° already for x = 0.92.

A ternary borohydride with a stoichiometry 2:1:4 has been
recently observed also in K—Mg—BH,, K—Mn—BH,,*® and
K—Cd—BH, systems.”’ All of these compounds contain a com-
plex anion [M'(BH,),]*~ (M’ = Mg, Mn, or Cd) located in the
deformed Edshammar polyhedron K ;. The compounds differ in
the degree of deformation of the pentacapped trigonal prism and
consequently in the coordination numbers of two K sites. More
detailed analysis is given in ref 26.

T=12K

27 wt% KZn(BH,),
73wt% K,Zn(BH,),Cl,,

Intensity (a.u.)

0 T T T T T T T T
500 1000 1500 2000 2500

Raman shift (cm™)

Figure 5. Raman spectrum of the sample A1 measured at T = 12 K. The
sample contains 27 wt % KZn(BH,)3 and 73 wt % K,Zn(BH,),Cl,_, as
obtained from Rietveld refinement.

If the complex anion [Zn(BH,),Cl, ] 2 s replaced by a
monatomic anion B, a binary compound K,B is obtained whose
high symmetry prototype is hexagonal Ni,In structure type (s.g.
P63/mmc)>* derived from the NiAs structure type by filling
trigonal prismatic interstices Ass by Ni. A projection of K,Zn-
(BH,4).Cl,_, along the b-axis showing this packing is given in
Figure 4. Interestingly, NiAs structure type represents a high-
symmetry prototype of the Na* and [Sc(BH,),]  packing in
NaSc(BH,), (see Figure 13 in ref 11). A series of structures
related to the NiIn aristo-type by group—subgroup relation is
known for binary ionic compounds A,B.>® A structural drawing
of K,Zn(BH,),Cl,_, directly comparable with K,Cd(BH,),
(Figure 2c in ref 27) is given in the Supporting Information as
Figure S3.

While KZn(BH,)3; is clearly rationalized as a salt containing a
complex anion [Zn(BH,);] ", the understanding of bonding in
K,Zn(BH,),Cl,_, is not that straightforward. The ternary chlo-
ride K,ZnCl, has been described as containing a complex anion
[ZnCl,] 2= 29 The distances Zn—B/Cl become longer and K—B/
Cl shorter in K,Zn(BH,),Cl, _, compared to K,ZnCl, (Table S3,
Supporting Information), the latter being shorter than the K—B
distances in KZn(BH,); and KBH,. A description of K,Zn-
(BH,).Cl,_,asa3D polymeric structure should not be therefore
excluded.

K,ZnCl, was reported29 to transform to a ferroelectric ortho-
rhombic (Pna2,) phase below 555 K with three times larger cell
volume, which is incommensurately modulated between 403 and
555 K. Interestingly, the BH, substitution for CI suppresses the
3-fold structure within the studied temperature range (up to 500 K).

Crystal Structure of K3Zn(BH,),Cls_ . Comparing the lattice
parameters, it was found that the structure of K3Zn(BH,),Cls_ .
may be derived from the tetragonal (I4/mcm) structure type
Cs3CoCls.* A compound with this structure type exists in a Zn-
containing system as Cs3ZnBrs.** The composition of this addi-
tional compound is therefore estimated as K;ZnCls; however,
the symmetry is lower than I4/mcm, likely a consequence of BH,
substitution on Cl sites. The most probable space group is P4,/
nem (maximal subgroup of I4/mcm) as suggested from the ana-
lysis of systematic extinctions. A compound with the same stoich-
iometry was recently identified in the K—Mg—BH, system,”®
however, with different deformation of the Cs;CoCls structure
type having space group P4,/mbc. The structure of K;Zn(BH,),-
Cls_, is not yet fully characterized; see Supporting Information
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Figure 6. In situ SR-PXD data (left) measured for a ball-milled sample of KBH,—ZnCl, in molar ratio 2:1 (sample B2) from RT to S00 K, AT/At =1
K/min (ESRF, A = 0.70351(2) A). The right plot shows an enlargement of the in situ SR-PXD data. Symbols: ¢ KZn(BH,);, ® K(BH,).Cl, _,,

A K,Zn(BH,),Cl,_,, ® KCl and Zn.

(Figures S4 and SS) for more details. From the analogy with the
K—Mg—BH, system we may, however, conclude that the com-
pound contains a complex anion [Zn(BH,),Cl,_,]*".

Raman Spectroscopy. A Raman spectrum measured at 12 K
on the sample Al is shown in Figure S. The interpretation of the
spectrum is complicated by the presence of two borohydride/
chloride compounds in the sample, i.e., 27 wt % KZn(BH,); and
73 wt % K,Zn(BH,),Cl, .. The spectrum nevertheless resem-
bles the e)g)erimental spectrum (measured at 77 K) of KZn-
(BH,)CL,' containing the triangular anion [Zn(BH,)Cl,] and
experimental RT spectrum of NaZn(BH,);'* containing the
triangular anion [Zn(BH,4);] . On the other hand, the stretching
modes in the spectrum resemble also the experimental RT spec-
trum of the sample containing K,Mn(BH,), as the main phase.”®
We may therefore explain the measured Raman spectrum in the
stretching mode as a superposition of two split stretching modes
arising from two complex anions: [Zn(BH,);]  and [Zn(BH,),-
Cl,_.]*". The weak band at ~400 cm™ ' is another signal of a
complex anion in the sample."* Three bands between ~960 and
1410 cm ™" were assigned to bidentate bridging B—H—Zn bend-
ing mode in NaZn(BH,)."* The sharp band at ~290 cm™ ' can be
assigned to the stretching Zn—Cl mode in I(ZZn(BH‘;)xCL;,,C.55

Decomposition Analysis by in Situ SR-PXD. In situ SR-PXD
data on the sample B2 indicate a decomposition of KZn(BH,)5
at ~385 K (see Figure 6). At the same temperature, the amount
of K,Zn(BH,),Cl,_, in the sample increases, and formation of
metallic Zn is observed. The BH, content in K,Zn(BH,),Cl,_,
extracted from a Rietveld refinement increases and along with the
release of B,Hg suggested by the TGA measurement (see below)
allows us to formulate the idealized decomposition reaction as

2KZ1’1(BH4)3 - KzZD(BH4)4 + Zn + B,Hg + H, (4)

Release of B,Hg and H, gas and a formation of metallic Zn
have previously been observed for a ball-milled 2NaBH,—ZnCl,
sample.56 At higher temperatures, from 395 to 465 K, the BH,
content in K,Zn(BH,),Cl, , is decreasing simultaneously
with a formation of Zn and KBH, possibly due to the following
idealized reaction

4I<2ZH(BH4)xCI4_x - (4 - x)Kzan14 + xKBH4 + xZn

(5)

As the reaction S proceeds and x decreases, the monoclinic dis-
tortion of K,Zn(BH,),Cl,_, decreases, and the structure trans-
forms at 445 K into the symmetry of the orthorhombic ht-phase
K,ZnCly, which is stabilized below 555 K by the residual BH,
substitution. This is confirmed by comparing the K,Zn(BH,),-
Cl,_, cell volume of 825 A? at 445 K with that of 820 A® reported
for K,ZnCl, at 453 K.*° The temperature evolutions of the
monoclinic lattice parameter 3 and of the cell volume V of K,Zn-
(BH,4).Cl,_, are shown in Figure 7.

Upon further heating KBH, reacts with K,ZnCl, to release
B,Hg and H, and yield Zn and KCl according to the reaction

K,ZnCl; + 2KBH, — Zn + B,Hs + H, + 4KCl  (6)

Similar reactions have been observed during decomposition of
MZn,(BH,)s (M = Li,Na) and NaZn(BH,)3.'*"* KCl formed in
reaction 6 is simultaneously substituted into the remaining KBH,
yielding K(BH,),Cl,_, much like in the MBH,—ScCl; (M =
Na or K) systems." ">

In situ SR-PXD data of sample A1 (ratio KBH,:ZnCl, of 1.5:1)
reveal that the monoclinic distortion in K,Zn(BH,4),Cl,_, is
strongly decreasing with increasing temperature already before
the decomposition of KZn(BH,); (see Supporting Information,
Figure S6). This is because of low BH, content of x = 0.92
in K,Zn(BH,),Cl,_, in the as-milled mixture compared to the
sample B2 with x = 1.26. When KZn(BH,); decomposes, the
monoclinic distortion and the cell volume in K,Zn(BH,),Cl,_,
increase again due to the dissolution of BH, and then decrease
with further heating (see Figure S6, Supporting Information) be-
cause of BH, release, similarly to the sample B2 (see Figure 6).

As observed from the in situ SR-PXD data of sample A2,
K3Zn(BH,),Cls_, decomposes nearly at the same temperature
as KZn(BH,)3, i.e., at ~400 K (Figure S7, Supporting Informa-
tion), simultaneously with an increase in the diffracted intensity
of K,Zn(BH,),Cl,_, and KBH, in agreement with the reversed
direction of reaction 3.

Thermal Analysis. Figure 8 shows the TGA and DSC data for
the ball-milled samples of B2 and B4 (KBH,:ZnCl, = 2:1 and
3:1, respectively). These data demonstrate that the decomposi-
tion has a multistep pathway. For both samples, a mass loss is
observed in the TGA data at 400 K accompanied by a sharp DSC
peak followed by a very broad endothermic peak in the DSC
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Figure 8. Thermal analysis (TGA and DSC) of samples B2 (black
curves) and B4 (gray curves), corresponding to KBH,—ZnCl, mixtures
in molar ratios 2:1 and 3:1, respectively.

signal. The mass losses observed are 3.68 and 3.20 wt % for
sample B2 and B4, respectively. Since the DSC peak and the
mass loss occur at the same temperature as the decomposition
observed by in situ SR-XPD, we conclude that these effects take
an origin in the decomposition of KZn(BH,);. The lower mass
loss for the sample B4 is due to the presence of the residual KBH,
in the sample.

Upon further heating, a second mass loss and a broad endo-
thermic peak is observed at 515 K. In agreement with the diffrac-
tion studies, this is due to reaction 6 between KBH, and K,ZnCl,
causing release of B,Hs and H,. The observed mass losses are
1.45 and 1.87 wt % for the samples B2 and B4, respectively,
which is in agreement with the higher amount of KBH, in the
B4 sample.

The total mass losses are 5.13 and 5.07 wt % for the samples B2
and B4, respectively. For both samples, this constitutes more
than the H, content calculated from the nominal sample com-
position (3.20 and 4.06 wt % H, for the samples B2 and B4,
respectively). This indicates that not only hydrogen but also
boranes, most likely B,Hg, are evolving in reactions 4 and 6. The
total weight content of B,Hs + H, in the samples is 12.16 and
14.94 wt % for the samples B2 and B4, respectively. Hence, the

samples are not fully decomposed on heating to 773 K, most
likely due to the high stability of the K(BH,);_,Cl, solid solu-
tion. A sharp endothermic peak observed in both samples at
685 K is due to K,ZnCl, decomposition.

B CONCLUSIONS

Three novel alkali metal—transition metal borohydrides/
chlorides are described in the KBH,—ZnCl, system; i.e,, KZn-
(BH,4)5 and K,Zn(BH,),Cl,_,, form in ball-milled KBH,4:ZnCl,
mixtures with molar ratios from 1.5:1 up to 3:1, while K3Zn-
(BH,),Cls_, forms only in the 2:1 mixture after longer milling
times. The new compounds have been studied by a combina-
tion of in situ synchrotron powder diffraction, thermal analysis,
Raman spectroscopy, and DFT calculations.

Rhombohedral KZn(BH,); contains an anionic complex
[Zn(BH,);]~ with D3 (32) symmetry, located inside a rhombo-
hedron Kg. It is similar to a monoclinic NaZn(BH,); where the
complex anion is located in a strongly deformed tetragonal prism.
KZn(BH,); contains 8.1 wt % of hydrogen and decomposes
at ~385 K with a release of hydrogen and diborane. The de-
composition temperature is much lower than for KBH,, and it is
similar to other Zn-based bimetallic borohydrides like MZn,-
(BH,4)s (M = Li, Na) and NaZn(BH,)5.

Monodlinic K,Zn(BH,),.Cl,_ contains a tetrahedral Zn(BH,),-
Cl,_, unit which may be rationalized as a complex anion [Zn-
(BH,),Cl, ,]*> based on the analysis of splitting of the B—H
stretching mode. The complex anion is located inside an
Edshammar polyhedron (pentacapped trigonal prism) K;;. The
compound is a monoclinically distorted variant of the para-
electric orthorhombic ht-phase of K,ZnCl, (structure type
K,SO,). Similar compounds are observed also in related systems
containing Mg, Mn, or Cd. During decomposition K,Zn(BH,),-
Cly_, releases BH, starting from 395 K, forming Zn and KBH,.
As the reaction proceeds and x decreases, the monoclinic distor-
tion of K,Zn(BH,),Cl,_, diminishes, and the structure trans-
forms at 445 K into the orthorhombic ht-phase of K,ZnCl,.

Tetragonal K3Zn(BH,),Cls_, is a substitutional and defor-
mation variant of the tetragonal (I4/mcm) Cs3CoCls structure
type. Its structure is not fully characterized, and the most prob-
able symmetry is that of s.g. P4,/ncm. A similar compound with
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the symmetry of another maximal subgroup of I4/mcm was
recently observed in a related system containing Mg. K;Zn-
(BH4).Cls_, decomposes nearly at the same temperature as
KZn(BH,)5, i.e.,, at ~400 K, with a formation of K,Zn(BH,),-
Cly_, and KBH,, indicating that the compound is an adduct of
the two latter compounds.

B ASSOCIATED CONTENT

© Ssupporting Information. Tables of atomic positions;
representative Rietveld refinement profiles; crystal data as CIF
files. This material is available free of charge via the Internet at
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