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ABSTRACT

A combination of diffcrential thermal analysis and X-ray methods was used 1o
investigale the formation of double halides from alkali halides. AX, and mangancse
halides. MnX, (X = CI. Br. ). Incomplicated systems like NaCl/MnCl,. RbBr/MnBr,
and CsBr/MnBr,. phasc diagrams could only be clucidated by determining the crysial
structures of the main compounds. The Mnl, systems were investigated for the first
fime.

INTRODUCTION

In ordcr 19 find general rules for the formation of double halides A MX,, - 5, by
a combination of AX (alkali chloridc. bromide or iodide) and M X.. we have clucidat-
¢d several phase diagrams of such systems by DTA. and have also determined the
structure of the existing compounds by X-ray mcthods. It was onc result of our
previous work that the question regarding the number of termary compounds in a
special system cannot be scparated from the question regarding their structures.

X-Ray crystallography, howcever, can aiso be a very powerful investigative tool
for clucidating phasc diagrams, allowing, for instance. a check of the results of DTA
by taking X-ray powdcr patterns of the solidificd mclts or the composition of com-
pounds to be elucidated by structure determination. Both aspects arc 1o be demonstrat-
cd by using some systems AX/MnX,. Results on the systems of MaCl, and MnBr,
have been published clsewhere? and will be covered only insofar as is required by the
particular subject of this paper. Complete results on the systems of Mnl, are presented.

INSTRUMEXTATIOX

DTA equipment
The most important feature of the DTA cell? is the quartz sample holder. The
samplc, appresimately 0.5-1 2, is homogenized after sealine the ampoules in vacuo

* Presented af the First Europcan Syimposium on Tharmal Analvsis, Salford University, September
1976.
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by melting in a gas flame and shaking. After solidification by rapid cooling. it is
sufficienily homosgcncous for the determination of heating curves and for anncaling
cxperiments. (As a ruke, cooling cunves were determined. but in some cascs under-
cooling was too great to get rchiable resulis).

X-Ray equipment

Powder patterns at room temperature were taken using a goniometer equipped
with 2 counter and 2 vacuum attachment (Philip<. Eindhoven). High temperaturce
patierns at varving temperafures were taken with a Simon Guinier camer:. series 553
from Enral-Nonius. DxlIfi. Single crystal analysis was donc with the 2 drcle gonio-
meter Stadi I from Stoc, Darmstadt.

SUBSTAX(CES

The anhydrous Mn(f]) halides were prepared by dehydrating their hydrates.
obtained from MaCO,. in a strcam of HX. MnCO; and the alkali halides were
commercially available from Merck. Darmstadt.

THE SYSTENS ACEMnCl; axp ABr:AMnBr;

A rainvestization of these systems yickded corrections in throe cascs.

System CsBriMnBr,

In addition to our earlier investieations®. a compound Cs;NnBr; was found.
The eutectic and dystectic (or peritectic) poirnts coincide practically. One probable
form of the phase diagram is shown in the upper left part of Fig. 1. The existence of
this compound could be verified only by X-ray measurements. Its structure® is
isotypic 1o Cs,;CoCls.

Systerm RhBriMnBr. (Fig. 2}

Here we had found® the two congruently inclting compounds RbMnBr, and
Rb,MnBr;. the latter with a transition point at 230 "C. Additionally, two compounds
exist which are formed by sohd state reactions: Rb;MnBr,, is stable only below 280°C
and RbyMnBr; in the temperaturc range from 249 to 402°C. The respective thermal
effects could be measured only by taking heating curves of anncaled samples. Again.
we got the indication of the existence of these compounds by analysing powder
patterns. of solidificd mxlts and. in the casc of Rb;MnBrg, by high temperature
patterns. The compositions were confirmed by determining the crystal structures?.

System NaCl:MnCls (Fiz. 3}

The left fizure shows the interpretation according to our first measurements in
1963°. Al this time. we were not able to index any of the powder patterns. Later.
van Loon and ljdo? determined the structure of the two compounds NaMnCl, and
Na,Mn,Cl;. Our rcinvestization of the system with DTA? resulted in the correct
phase diagram_. The compound NaMnCl, is stable only above 360°C but can be
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oblained metastably by quenching. Another hich temperature compound is NaMn,Cl,,.
the crystal structure of which could not yet be determined.

THE SYSTEMS Al/Mnl,

The phase diagrams are shown in Figs. 4-8: the characteristic data arc compiled
in Table 1.

In the systems with Csl and Rbl, only congruently mcliing compounds exist.
Rb.Mnl; has a transition point a1 230°C. With TIl. two compounds cxist. onc
melting incongruently. The one K compound, K,Mnl,. exists above 172°C only.
After anncaling a sample for some days at 150°C. a powder pattern showed the
reflcctions of both binary iodides. When heated in the Guinier camera at ~i80°C,
new reflections appeared which could be indexed in analogy to those of the low
temperature Rb.Mnl;.

The system Nal/Mnl., is purcly cutectic. The system LilfMnl, is also cutectic
but with an arca of miscibility on the Lil-rich side which extends to ~30 mole 7]
Mnl, a1 429°C.

Table 2 gives a survey of all compounds. There is now a simple rule about a
relationship between the Kind of alkali or halide ions and the numbcer of existing
compounds in the single systcms. The reason for that is rclated to the special crystal
strucfunss.
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TABLE }
CHARACTERISTIC DATA Foi sYsTEMS AliMnla

(All temperatures in “C: compositions in molkc 7. Mnlz: mp. = mcliing point: t.p. = tr2nsition
point.)

Syxterm CsliAMnl- System KI-Anl-»

Csl (imp.) = 6207 Kl (m.p.) = 684"

§. Eutcctic point -« 330°; 23.07, Peritect. KxMnl = 250°; 33.57,
CsaMnls (mp.) = 433° Dexomposition = J72°

2 Eulcctic point =+ 33870 2507, Eulccric point =: 2707 38.07,
Ce=Mnl:(mp) = I72°

3. Eutectic point == 303 ; 607, Syxtem LiliAnl-

CsMnlz(mep) = 3137 Lil omup) = T2

4. Eutcctin: point = 307 5 33.0°,, Eutcctic point == 429 ' 31,07,

Miscibility gap = ~ 307,
Swstem RAIANn)-

Rbl (m.p.) = 632" System Tl Mnl-
1. Eutectic point = 318°: 29.0™, T (m.p) — 332°; 1p. = 166*
Rb-Mnl: (mp) = 367°;1p. — 230° 1. Eutectic point = 360°; 1S.57,
2 Epfccik: point = 303°'; 3307, TLMalc(mp) -~ 362°
2 Eutcctic point =~ 3407 31.0°,
Sxxtees Nal AMnk- Peritect TiMnlz = 368 °; 3507,
Nal (m-p-) - 662"
Eutcctic pomt == 4127 3907, AMnl: (mup.) = 638"
TABLE 2

TERNARY HALIOES OF MANGANESE(H)

[0 = incengruently mcliing: (d) = dimorphous; {} ~ cxisis only at high temperaturc.)

AX-rich A=MnXs AN n-Xz AMnXz MnX=rich
CsaMnCls, CsMnClud) CsMnCl2 (GsMnCh)
CsaMnBrs, Cs=MnBr; CsMnBra
CsaMnls CszMnl; CsAnls
{RbB=-MnCl;) (RbB=MN-CI3) RbMRCla
(Rb;MnBrc) Rb:-MnBri(d) RbMnBra
{RbzxMnBrs) Rb:MnlA(dJ)
(K:MnCLk) (KaMn-Cl:) KMnCix(d)
(K :MnBri) KMnBr2
(K=Mnlo)}
(NacMnCh) {Na=MnCL) HNIMnCL)} =Mn=Cl,)
{{(NadMn;Cl»)
ThMnl TIMnCh
(TIMnBrs)

{TIMnll)
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TABLE 3
STRUCTURE DATLS 1ok coMpoirsps AxMnla -2,

[V - formula yniis por <l Dy - cxperimental density (g om <) D - caleulated density: L=
low temperaturc: H - high iemperaturc)

B - —— - . - ,——s e e -

Compersd Space group a b c AY D De

'l
£ (4] B)] (B}

K2Mnkg P2rm 9719 8.229 7922 105.3 2 338
L-Rb:\nl; P2im 10.30< 264 7533 1094 2 385 3.56
H-Rb:Ninls Prmag 10.330 3.502 14.725 4 3.a9
Cs=NInl;, I3 _nmicms 10215 16.623 4 4.19 317
Cs=\Nnl; Prng 10359 5333 14.737 3 3.08 4.08
CsMnla PO mme 5.196 6935 2 464 4.66
Ti:Mnlc P3 musc 9114 9767 2 6.61 6.6%

4 6.00 599

TiNInlz Py 10.116 1317 16238

- - - EEs £ e comp e =

THE CRYSTAL STRUCTURES

in Table 3. the lattice paramcicers of the iodinc compounds arc compiled. With
onc cxception. CsMnl, (ref. §). they were unknown. For CsMnl; a complelce structure
determination was done by single crystal methods. A small erystal was sealed into a
thin-walled glass capillary under argon. Dc Jong-Bouman (layer 0k/) and precession
photographs (layers 1 & 0 and I & 1) led te the space groups P63 mmc, P62c or P6ymc
(il only with | = 2n). The centrosymmetric P6;/mme gave the best agreement with
the mcasured intensitics. They were collected with the two-circle goniometer (@ =
scan, 200 steps to 0.02° in 0.5 scer 2° < 0 < 257). 820 reflexes of the lavers /ikl
(h = 0-5) were measurcd. 135 of them were symmetrically independent. After
climination of the strongest 17 reflexes. the refinement considering anisolropic
temperature factors gave a R value of 0.074
Results: Space group No. 194, P6,/mmc - D

2Cs in (d) ;3 23 34
2Mn in () O O O
6l in (h) x 2x 174 withx = 0.1647
Distances (A3: Ma-1 2912
1-1 4.030 Cs-1 4.098 (in onc layer [ )
I-1 1.191 Cs-1 4.223 (in different layers)

A suncy of all crystal structures 1s compiled on Table 4. The compounds
A:MnX, contain isolated MnX,, octahedra. The coordination number (C.N.) of the
alkali ions is 6 and 8. Such compounds arc not formed with the large Cs atom.

The compounds ANMnX;. betier writtcn A;[MnX_ X, arc built up from
MnX ;-tetrahedra. The same is true for many of the 2: 1 compounds: in the K,SO,
type. the C.N. of the alkali jons is 9 and 10, in the Sr.GeS; type (6 - 2).

In L-Cs.MnCl; and in Rb.MnCl,, the Mn3* jon is octahedrally coordinated
by the chloride jons; the octahedra arc connccled by sharing the four coplanar
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TABLE 3
CRYSTAL STRUCTURES

AsM X ThMnk-Rb: A nBre. K MnBrc-K AnClke
AMYz = ALY Godnls, ASMNBrfA = Cs. RB)CseMaCle
A=Y - K2S0; txpe: Cs=:Mnl. H-Rb:Mnl;
Cs=MnBr:. Rb-MnBr:
H-CsAInCl;
Se:GeSs 1xpe: L-RbzMnl:, K:Mnl:
K= MgFs mpe = KoMgFu2Fa L-Cs=MnCle. Rb:MnCl:
Similar: Rb:Mn-Cl:. Ka\Mn:CH:
AMXz: NHCICK 1ype: TiMnl=-TINMnBrs. KN InBes
CCsNICR ype;. | GoMniz-CsMnBrs, RBMnBrs
Transition Ixpos: GMneCl. RbMnCL

Perovskites: KAMnCl=, TINMnCL:
Simikay- CsdMniCh

Na compowrfs: Na and Mn in octahcdral hobcs

=

vertioes forming a layer structure. In the compounds A ;Mn.Cl.. two layers are
condensed. (This structural type is nof formed if the 2: I-compound is built up from
tctrahedra).

The 1: lI-compounds with the morc polarisable anions belong to the CsNiCly
type or, if the alkali ions arc to small, to the NH CdCl, type. In the latier. double-
strings of connected octahedra are held togcether by alkali ions. the C.N. of which is 9.

The CsNiCl, type and the structures of the trichloromanganates (Fig. 9) are
perovskite variants. The A° and X~ form approximatcely close packed AX; layers.
The Mn*® jons occupy octahedral holes. In the CsNiCl, type. the MnX,» octahedra
share Faces and built up columns which arc held together by the A° ions. This type
allows an optimal zain of polarisation energy by the asymmetrical influcnce of the
doubly charzed Mn*® on the polarisable anions. In the real perovskite type. the
octzhedra share comers; the gain of polanisation encrgy is zero. The structures of
CsMnCl; and RbMCl, are links between both principles. In the sodium compound,
both cations possess the C.N. 6.
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Fig. 9. Connection of octabadra in AMnX3 compounds.
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