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I. INTRODUCTION |

In a research.projeet at the ﬁniversity ef Kansas, L
'f'Robert N; Hammer (1) had succeeded in obtaining a yellowﬁ .,
praduet from tha rednctian of patassium hexacyanemanganuif
"ate(III) hy means of yatassium metal in liqui& ammmniaa‘;f
This product changed cwlor imme&iately upon exposure
to air, and exhibited ather strang raaucing propertias.s
"a seareh thraugh the literature revaalad that no man~' ‘ 
ganese eomplex of ﬁhis cclor and possessing quch redue~'_;  
ing propertmes had ever besn repnrted praviausly. It .
- was ccncluded therefore, thaﬁ this‘waa a new compound
which probably eontaineé manganesa in a Very lcw oxida~ ” |
tion state. In Eammer*s wcrh the reﬂuction proéuet was_ o
not positively 1dent:x.med, nor was the oxidation state
of the manganesa in it definit@ly established.~»~= ,
The invastigation reparted herein was undertaken

 to study the nature af the yellow reduetion product. »
| The speeific ahjectives were (a) te establish the iden~ '
tity cf the campcund and (b) to dstermine the oxidation‘ Tk,
fstate of the manganese therein. ;,;;f~ A T
~ The problem was appraaahed 1n four ways: |

| (a) The combining ratio of the reactanﬁs was
| studied. The stoichiometric ratio of the reactants
requireé for the reduction process suggested an equation

for the reaction and a formula for the reduction praduety~
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(b) The reduction product was énalyzed direct-
ly.. Since Haﬁmer had encauntered difficulty in the |

| analysis of this campeanﬁ, it was decided tc try first

et various meﬁhods of analysis on known mixtures 01 patas~

sium, mangan&se,‘aﬁﬁ cyanlde. From these studmes a
‘  scheme of analysis was developed which was suitable for
the,accurate determination of theae elements in a eom»~;v
plexi These methods were applied to the analygis of
,‘the reduction praduct. Data from such determinations
;established an . empirlcal formula for tne reduetion pro~
'duct‘ | |
(c) The reducing power of the yellow praduct

was measured, Whereas direct analysis is the best criter=
ion for establishing the ccmpogitian of a new complex |
compound, a measurement of its reducinb power (or oxidiz»
ing power) is eaually imnortant in determlning the oxida~
~tion state of the metal. These measuremenﬁs supple~
,mented and were consistenﬁ with the direct analytical
- data. :
| (d)‘The'mégnetic sﬁsceptibility of the product
was measured. Although, in general, magnetic measure-
ments in themselves do not give direct indication of
structures or formulas, they should be_in approximate
égreement with ofhervaﬁperimental data.~ ?he magnetiec

measurements obtained supported the analytical data.



In th@ exploratory work of Kammer, techniques had o

s ,kbeen devised and aa apparatus had been designed fnr

‘;carrying eut the reduetiun. ?herafare, ‘the neeessary .
k,valteratians af the apyaraﬁus were minor and Lhe difw, ;'
fieulties enccuntareé in the preparatimn af the reducw

i; t1on prednct ere cnmparatively fo,.



- I1. msxomca; REVIEW -

: A. Preparatien of the Lower Cyanomanvanates.

. In acid solution the most stabl@ oxidatﬁon state
of menganese is the dﬁvalent icn, and 1n basic solutien |
| .the most stable state is tetrapasitive manganese as the'
r‘dioxiae;_ Hgmevegl inﬁcomplex compounds, of which(the
cyanomangahatesﬁéfé the most typicalg if 1s the tri-
‘pesitive statewwhibh,is the &ost sﬁéble‘with reépect to
- oxidation or reduction. | B
In these eompounds, oxidation states above three
are both rare and unstable. fo treating an 80 per cent
solution of potassium cyanide with a saturated solution
of pota351um permanganate, Yakimach (2) obtained an
‘inkeresting eight~cocrdinated cyanomanganata of tetra-
positive manganese, K4Mn(GN)8., The crystals were hydro=
lyzed almost immediétaly in water. Also;'they'were de-
composed by concentrated acids; by aleohol, or by heating.
| Gyanomanganates containing the central atom‘in‘an‘
oxidation state less than three can be air oxidized to
yield the complax containing manganese in the tripositive
state. Therefore, they may be referred to as the lower
cyanomanganates. The stable cyanomanganate(III) ion,
Mn(CN)g, is often used as a starting material for pre-

parlng‘cyanomanganates containing manganese in lower

oxidatlion states.



1. Preparatian af cyaneman«anates containigg die

pesitive mangan&se.<“

a. §odium and potassium hexacyanomanganate(II).

| vPotassium hexecyanomanganate(II), K Mn(CE)é BE O, can
',be prepared by the reﬂuetion of a solution of pstassium‘

' hexacyanomanganate(III), K3ﬁn(CN)6, with potassium amal-y |

? gam (3)* It is more ccmmonly pr@parnd hawever, by the f'7 !

well knewn methed af Eaton and Fittig (4) and Descamps :

| (5), which was, later impfoved by Chrigtensen 6) and
‘Straus (7). In this method a solution of manganese(II)
acetate is added ﬁn a concenfrated potassium cyanzde solu~
' tion, An amber smlution of the hexacyano complex results,  ‘
' from‘which the dark blue K4Mn(CN)6 3H 0 ean be crystal- '

_lized.; If prepared 1n a nonoxidizing atmesphere its

V.“,solution is almost celorless, but darkens upnn exposure

to air. Frcm studies of dialysis coefficients, Brint-
‘zinger and Jahn (8) repart that the hexacyanomanganate(li) :

 ion holds six nolacules of water when in solution, where»

L ras the blue crystals hold but three molecules‘

he glistening dark blue color of frwshly preciritat-~
'ed K4dn(CN)6 BH 0 changes to a dull lavender hue when |

the prodnct is washad w1th alcohol and dried. This change
in color has been attributed ta partial dehydration of the‘-
compound. When dried in an almost pure nitrogen atmos~

' phere the solid becomes superfically brown, a change which



1s baiﬁ*véd'ta bé due to the farmation-éf a;higher DX
ide of manganese (1,9). , Aléha'ugh Kglin(Ci) ¢° 30,0 is
‘unstable in alr, it is stable in a solution of excess '
‘cyaaide icn. i , B o

‘The sodium salt is prepared in a similar manner.

‘b. Potassium trlcyanamanganate(wwl. Pota ssium-

L

tricyanomanganate(ii), KMh(GE)3, is prepared by a slight
~ variation of the above method. 1In a nitrogenvatmos~
"pheré; the addition of potassium‘cyanide to a solution
of mangahese(rl)‘écetate preciﬁitates green KMn(CN)B
(4;5;6,7). This precipitate dissolves very slowly in
warm adueous potassium cyznide solﬁtion to give the
amber solutibh.df the‘hexacyanamanganate(II)a Although
thevgrean complex élso‘is unstable in éir; Goldenberg
‘(9) found it could be preserved indefinitely in vacuo
over sulfufic acid.
2. Preparation af cyanomanganates containing
unipositive manganese.‘
S §odium\ana'potassium héxacyanoménganateglz.

Hahchot~and Gall havexdone/samé very important work in

the prepar«taon and 1dentification of unipos¢tive mane
‘ganese compaunds. In their first paper (10) they re-
ported some‘indications of the existence of unipositive
’manganese'in‘solution} Potassium hexacyanbmangahate(II),
~ prepared from_manganese(llj seetate énﬁ'potassium eyanide

in the absence of alr, was used as a starting materisl.



7
- This eompley, in sadium hydroxide salution, was
redueed in an atmosphere af &yﬁrocen by means af grann

ular aluminum or Devarda's alloy. In the almost colore

' f‘1ess solution gtreaks of ycllow cauld be seen after

"addition of each narticle of métal, and befcre long the ‘
’  entire salutian had become intensely ycllnw.)_Since,the‘

raagticnvwas\exothermig,_thg‘tampegature of the‘reduéé"f'
1 tion Wa$‘képt‘5etw$én 109 and 2é§¢'by ciréuléfién of

.a anlﬁ brine solution thxcurh a cooling coil. immersed

in the reaction vessel. Below 10° the reduction was

| inco slow, and above 22° decsmpoglﬁion vas appreciable.

 The yellcw solutzon passessed strong reducing

N q prcperties. When shaken w1th air, it was quickiy d@u

colorized.. The solution raadily evolved hydragen upon
f bci1inm, even at reom temperatuﬂa, hydrogen was slowly
‘  liberated. chine was reduced to iodide, and 1litmus
'; was immediately deeelorized* Addition of hydgogenvper#
‘oxide turned the antire solution blue‘ A mixture of
’,anthraquinone wzth sodium hydroxide solution and alcahol
bacame 1ntensely red upon the addition of a few drops
- of the re&uced solution. . The yellow solution also re= . 3
| éuced 1ead(II) and cadmium acatate solutiana to fine-
- Ly divided precipitates of the free mntals.. The starting
- material, K4Mn(CH)6, exhibits none of these reducing
properties. The bleaching of acidified.indigo and



| - 8
Vmethylene blue solutians, anﬁ the reduction of ammo-‘
fniacal silver nitrate, were. much mﬁre rapid and in»
{“tense than the effects produce& by K4Hh(CN)6. o
| . Twa types of quanﬁitative measurements were made
von the yellow snlutian. The quantiﬁy of hydrcgen |
~evolved per unit weight'of manganese in the Sample ]
'“Vwes determined. The results of the determinations -
.indieated that 44 and 46 3 per cenﬁ cf the total manw
ganese in the' solution was 1n tne unipositiva atate.
’vTha reducing pawer of the yellov sclutian vas deter- |
mlned by measuring the quantity of 1ad1ne used in axi~

dizing the manganese to the dipositive state. The samwl

Y,‘ple Was placeﬁ 1n a measured volume of 0.1 N iodine

, ~7salutioa cmntaining 8 per cent of soﬁium hydroxides

 j'After the solution had utﬂﬁd for one~half hour pota$~
Asium iadide Was added, the solution was acidified with .
‘jhydrochlorie acid, and ﬁhe unreacted iodine was deter~‘
‘mined. The solution was then decompo ed with sulfuric i
acld, Manganese was precipitated as the sulfiﬁe and |
dissolved With hydrochloric acid. It was then precipi»
tated as manganese ammonium phasphate and 1gnited to '
"the pyrophosphate. The results of three determinations 
showed 68,4, 72 O, and 80 2 per cent of the manganese o
in the yellow solution to be in the unipositive state.
Qualitatively, the existence of a«unipcsitive :
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manganese complex in agueous solution was convincingly_;_
&emanstrated by these eXperimcnts. However, the quan#‘
f  titat1ve aspects left samething to be desired, since

'anly 50 to 80 per cent raduction te the ﬁnipcsitive E
‘state could be d@monstratea. Also, since the solid X
. salt was nct isolated 1t was impossible definitely to -
| determine the formnla of" th@ eompaund. | B
A/ In their second paper {ll), Manchot and Gall rem ‘
"ported the 1solat10n and definite identifieatien of the
re&uction praduct;, They prepared sodium hexacyano«
1manganate(x) Nagﬁn(CE)é, in the follawing manner.‘f
' Na4Mn(CH)6 was dissolved in a 2 per eent sadium hydroxv"
_fide solution and reduced with granular aluminum in a |
- hydragen atmosphere. After the solution haa became |
yellow, it was filtered into a concentrated solutian -
containing sodium hydraxide and scdium eyaniée, sat~ L
~ urated with sodium acetate*' a very fine white precipi~»
tate was séparatedifrom this salution by centrifugationl
‘fand washed with aleohol. Treatment with alcohol or
acetone dehydrateﬁ the salt, aausing iﬁ tu turn blue,
; bat_the white color was:regenegatedwwhgn water was
added. - The'élcahbifﬁbist pfecipifatéFﬁas‘used for
:"analysis. Manganese was‘&etermine&?as the pyrophos-
phate and sodium gs‘the sulfateg~‘The ana1yses gave

 soditm to manganese ratios of 4;97_ahd 5.01 to 1.



. _VThis sélt_eﬁhibiﬁed,the same‘redaciég‘prapérﬁies
as»tha QelloW'selution»fram‘wh*ch it had‘ﬁeen precipm"
.1%5%@&. A quant*tative measurement of its 1adine con-.
ﬂumgt*an gave 96.1 per cent of the th@oretically S~
peateﬁ for nnipositive ma nganeset These data were
"taien ta eaﬁabTish ﬁhu camposition of the white pre-
cipiﬁate as. a hvarat@ af ﬁa;ﬁn(ﬁﬁ)ey. :

The eorrespondinb potassium sqlt K5Mﬁ(CN)6, can
‘b@ prcparod in an exactly analogaas‘mamner, but Manchot
and Gall faunﬁ it more expedient to start with the sodium
Salt, Ea@Mn(CN)é. AS before this compound vas reanced
’with granular luminum in a 2 per cent sodlum hyéroxide.
solution‘: It was filtered into a eoncentrated solution
“of patass;um~hydrqxi§e anﬁ,pctassipm eyanlde, saturated
with poﬁaévium'chlofi&e; Tﬁé white precipitate from .
‘this solutiam was washed with cold water, and the still
‘moilst substanee Was analyzed for potas ium and manganese.
‘The potassium was weighe& as the sulfate, The analyses

gave potassium to manganese ratios of 5, 5.27, and 5,02

. ~to l. This prodnct, Whlch also nossessﬁd strong reducing

prpperties’gqve'96,4‘per eent’of the theoretical fodine
ccngumption'for unipositivé‘mdngan@se‘ Thus, good evid-
ence for the exmstence of Fgmn(cm)é was presented,

b. Sodium snd potass ium tricyanomqngpnate(gl.

Manchot and Gall (11) reported that when the unipositive



Vmanﬁanege complex was pracipitated from a solution

,which did not cmntain cyanide ien, a prcdact Was obw' |
?tained which centaimeﬂ 1@«3 airali metal than ccrrespondw
‘ked to the formula for the heXacyano compound. The potas~ )
‘sium to manganese ratim depended upon the method and T
exteni of anhing of the solzd., The ratio decreassd to
‘as 1ow ag 1,88 and 1 84 to l on prolcngeé wash*ng, but

~ intermediate ratios, e.g., 429 and 2, 85 to 1, were alsa
obtained. Manchot and Gall ccneluded that the existence~
| of salts havzng the empirical formulas NaEMn(CN)3 and
KéMn(CN)S is very probable.,f‘ * “ |

cy Potassium tetracyancmanganate(_l Grube and

Brause (12) reporteé the iaolation of a white finely
divided solid, potassium eyanomanganate{l), by the elec~

L trolytia reduetion of potassium hexacyanomanganate(lI)

2 at 000. A,pﬁtential of 9.225 volt was applied between

:{‘polished platinum foil electrodes, with a 15N potassium

cyanide anolyte in a. dlaphragm aell from which air was
'fexcluded. | T e IR |

‘; Analysis of thelr prepara%ﬁon showed that the com»k

| position approached that of a compound K3Mn(CN)4, although
the substance contained 1 to 1.5 per cent less manganese,
‘_,and up tc al percent more. petassium nnd cyaniae than
fcorresponded to the theoretical formula., Their resu]*s

~ were as followst
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-Pétassium ‘o Mangaﬂese e*.\Cxéniae

 Fewnd 43358 18.73% 38,008
| a3z 1887 38,22
43.10 18,25 38,41
‘&erage : a2 18.62 L 38;21 
ATheoreﬁicall. ) "f:42Q47  ﬂ t'fQ l9s887‘v'v,‘ 37«66

Grnbe éhd;Brause conductedzavtitrgtion of the ménu;.

‘ganese complex with sﬁéﬁdaré ?otassiﬁhyferriCyanide
solutlen, and reperted that 90 per ccnt of the mang nese -
' in the complex was in the un1pasxtive state. These in»'

tigatdrsvb¢lioVe& that the"diécrepancy‘in'th@ analyt~
ical resalts could be attributed to superficial oxidation.
On the other hand, Manchot and Gall (11) contended that
Avthe matorxal ontaimed by these invevtigators was either
a mixture of Kadn(cN)3 and Kgﬁn(CN)r or parﬁially oxid-
‘ized KSMn(CN)é. | | S
7 d. The double salb Kaﬁn(cn)anKAMn(CN}é. Tread-

Well, Gubali, and Huber (13) repeated the work of Grube
and Brause and prcpcsed an entirely different formula

for the product of electrolytic reduetion, On the basis
of praﬁious solubility‘studiés;,Treadwell and co-workers
'claimed that the compound, K Mn(CN)4, should be very

| soluble, whereas Grube and Brause had pointed out that

. the white compound_they obtained was so slightly soluble



that tbey were un able to mewsurﬂ 1ts solubi?itj quan~- }
titatlvely. Treaﬁve?l, Gubeli, and Huber s{udied the |
‘ulectro?ytic reductloﬁ praducf in ﬁObQSSjum cyan1de
solut¢on bv a potentiamatric titration with potaSSJum
.ferricvgn“dev They repart&& that h#s Whltm 1nsoluolo
;fproduct required only half as mueh titrant ta oxidia
'vthe wangannsc to th\ dincuitiv$ cnnuitiOﬂ as waa neces~‘
ary tc oxiéize the re ulting cyaniae complex of dlnos~"
ﬁ_itivg mungancse to Lhe trfnosifive sﬁate.. Analyses for
*paﬁassiuw;‘m nganmsa, and cyaniaa gave an aporoxlnata -
‘ratio of 6 2./. From these data it was. concluded that

; the roéuction product was a double salt Kzan(cm)3 |
" K@zn(cn)é, rather than ‘the complex K3n(ClN 40

Thus, confllctinv data and contradictinv statcnents

}h«ve arisen among ﬁhese group of investigators. Each
~has proposed,w mifferent forrulaficn for tho electrolytie
reduction proﬁuct but all have agreed ?hat 1t contains U
at 1east Qame mhngannsn in Lhe uninavttzve state.

 ’e. Potassium nitro ylpontchanomanﬁunate(T). N

manchat anﬁ Sehmid (14), and later Blanchard and Magnusson
(15), reported the nreparation of a potassium nitrosyl-
cyanomanganate of the formula ijn(CH)5NO.' The compoun&
was prapared from an alkalzne solutian Of manganese(II)
. chloriae (or acetate), patassium cyanlde, and natassium

acetate‘in a nitric oxid»,atmquhaie. Both the hydrated



.and the anhydrau solids wérc‘noderaﬁély'stablé, par=-
'ticularly in closed conﬁainerg 1n the abuepce of llght.-
The dark violet~reﬁ water golutian‘af thg qompound}
became ﬁurbidtaiter $§én§ing for a_day.“Bilutevmineral'
acids had nc:,:;xﬁmédiate Ae'f‘fgct‘, but after about two hours
the cbl@r chgngcd‘tava strong yéiiow‘ Thezcolor aiso o
 chanaed s?awly in both aﬂmaﬁium and soaium hydroxzﬁe |
' solutﬂons. The compound gqve characteristic preclpitates
‘vwith manganese(il), zine, farrous, fcrrlc, bismuth, |
and silver lons. ‘ -
,' Although quamtltative &ata were 1acking, on the
’basis of qualitativa cbserVatlans Mannhot and Schmid
assumed ﬁhat the NO ‘group vas a neutral addendum and
concluded that the oxidation state of mﬁnganese in this
,'compound WaS-FZ.V | | ; |
./ Later, Mellor anﬁ Cralg (16), in magnetie studiep
‘, of N0~eontain¢ng complexes, found that K3Mn(CN)5KO was
‘diﬂmagnetic and concluéed thﬂt the EO group behaved as
a pos;tively charged ﬁddendum:ﬁnﬁ that the camplex con-
tained unzpositive ma nganese. Thelr reasonzng was based
‘ upon a cons ideratlon of the following passibilitiesz
(a) If the NO group in tha complex wera positively
charged (xN_.O ), the manganese central atom would have

ulngle positive charge with no unpaired electrons. o
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(b)-if ﬁhe'NO group were neutfal (?N**Oé) ‘the

k', manganese atom would be dipositive ﬁith one unpaired =

'electrcn, arid the NG graup would also have an4unpaired
,‘eleetren. Such a molecule shauld have a magnetic mo~
‘mant corresponding to two unpaire& electroms;

(e) If the NO group were n®gative (sif=¢ ‘) the

"”f,;manganese atom would be tripoﬂitive and wonld have two S

Lunpaired electrcns. i | |

Thus, the magnetic measuremenbs exclude all,buﬁ
the first case, in which manganese 15 unipasitive.~~
This problen prevides a good example of the usefuluy.
‘ness of magnetic measuremants in inorganic chemistryt
’It also shows the ambiguity resultlng from the assumpu
tion of a charge for the NO group Without the ald of
some supporting>evidence.' This group is known %o exist'
positively and negatively charged, as well as neutral,
in ccmplex ‘compounds. '

B, Magnetic Studies on the Cyanomanganates“‘

~ In order to obtain the most accurate value for the
magnetie Qomenf of}a pafamagnetic substance, the mag=- .
ﬁetie susceptibility must be megsured at two or more

temperatures and the mament calculated according to the

”«VJCurie-Weiss equation,,u = 2.84v9<m (7-9), where uis tha

magnetic moment in Bohr magnetons,?(m is the molar sus-
eeptibility,'T;is'the_absolute temperature, and A is the

‘molecular field constant or Welss constant (17).
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For many compounds tha molecnlar field constant
is approximately zern.’ rer this reasou 1n most cases '
"magnetic measurements are made aﬁ only one temperature; A
and the moment is calculated accarding to the abbre~ |
" viated Curie equation,/u = 2. 84-}5{T. %hereas the simple
'Curie law is adequate for most campaunds, some compounds '
which contain elements close to iran in the pariadic |
‘system deviate appreciably from this law.' f' |

| manganese(lxl) phosphate offers a good example of
| such deviation (18). If the Curia equaticn‘is used,
*the measnred susceptibility gives a moment of only |

»49 Bohr magnetons, a value much 1ower than the theo~

B 'retical 4,90 for manganese(lll) ion, However, it has

been shown that manganese(III) phosphate follaws the
'Curie~Weiss law with a Weiss constant,of »33. & Te-
"'calculétion'of,u-dn this baéislgives aﬁ,éffective”r
momeﬁt of 4.89 Bohr‘Magnetous; in excellent agreément' -
with theory. | B - R |
Several investlgators have measured the suscepti*‘
hilities of various cyanomanganates. ‘In:a recent ar-i
| ticle Gol&enberg (9) reported a comprehensive study of
\the magnetic praperties of both simple ‘and complex |
manganese camponnds., In it‘he suminariz ad the results
of his own'cafeful measurements as well as those of -

'”others which are reported in the literature.
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| . Table I presents a summary of the magnetic data k
~ for tharcyphomanﬁanétes as taken from Goldenberg. The

literature reference is natea, t is the centigraﬁe

‘temperature, X 1s the measured susceptibility per gram, =

X is the measured susceptibility per mole, § 1is the

\ correcﬁiah for‘the diaﬁaghétic contributidn‘of‘the var-
\ﬁicus conStituents;AADbs~is the observed mégnetic moment
R in‘Bohr‘magnetohs;)4¢aic is the theoreticaivmagﬁétig‘

moment as calculated from the expres sion/d ﬁ‘YETHf;7§3fV
' and n is ﬁhe number of unpairea electrons in the come
Pwnd~ e |

In commenting on the data, Gclé@nberg emphasized

‘two factse First, the compounds were,investigated at
only one température~'therefore; the mégnatic moment |
was calculated according ta the approximate Curie equa-
‘tione ‘Second, but few of the observations have been
“accompanied‘by accurate analyses~proving the identity |
of the compound, and this deficiency of analytical data
may well account for many of the anomalies in suscep~~'
tibilities reported in the literature.

Most of “the observed data show ccnsiderable in—
cansistency, although they correspond roughly to the
theoretical values. However, Gcldenberg showed in
- some instances that if the measured susceptibilibies_

were corrected by amounts“eqﬁiﬁalentkto the impufitiés
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‘found by analysis, the mcments wculﬁ be in voa& agree~/
 ment with the theoretical values. Since 1t is aifri-
kcult to prepare dry samples af _manganese complenes Gk
which do not contain small amounts of 031&@3 as ime -
kpurities, the poor agreement shown in th@ data is not
surprising. \ ‘
| Begardﬂng the data for ngn(ﬁﬁ)é, Selwccd (18} |
‘stateS* ‘“The magnetic data suggest ﬁhat not more than,»
one eleetron is left unpaired in this cyaniae, but it ‘. .
‘is not clear: why the compound shculd not be diamagnetic.
| The slight paramagnetism may be due to partial oxidation,
"or perhaps to temperature indepengenx paramagnetisn.
Geldenberg prepared the unipcsitive manganese cya-
nide eomplex according to ‘the method of. ﬁanchat and
Gall (11).‘ The white product, when exposed to air, im- .
“mediately aequired a blue color on its surface. Because
of the slowness of the filtraticn involved, and the
' consequent danger of oxidation, the product was washed
cansiderably fewer times than had been advocated by -
manchoi'an&'aalln' Hence the analyses did not check
well‘W1th the calculated Values.k (Fouhd: Mn; 10;57%;
“cz«rj, 33.95%§‘éa1‘cu1ated for KgMn(CN)ge un, 13.55%; CN,
38‘43%)., The magnetic moment was ealculated on the |
~basis of the actual manganese content.f : |

It should be poznted out that ‘although the magnetic
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 ,mements for Ksﬁn(CN)é reparted by Goldenberg (9) and
bylﬁhatnagar, Prmkash,~and Hahe&hwari (23) are quite 2
‘1arge mnly a small amount of impurity nasd be present
o give such values¢  Simple calculatiens show that
1@33 than one per cant of nanﬁanese{II) hydroxide (which
has flve unpaired electrons), if present as an impurity,
‘/would b@ vufficient to give a moment of the magnitude
- reporéed by Goldepberg. | ' H

C. Reduction Reactions in Liquid ammonia;

Liquid ammonia and some of the lower primary amines
are unique in their ability to dissalve the alkall and |
alkaline earth metals. ‘Whilé.water is a convenient |
\,medium in which to carry out reactions with‘strong oxiw
dizing ageﬁts;‘it is not at all‘adapted tovthe carrying
out of reactions with é%rong reducing agents., The ef-

, fecﬁivenésé of strong reducing agents‘in watér is lim=-
ited by the faetﬂfhat‘redueing»agenfs'strcnger than
hydroggn 1ibefateAhydrbgen frbm_water. ‘Sinee the come

| biﬁatiéﬁ”of‘an‘glectron with an atom ebnstitutés.redue~:
tion; éolutians of the alkali metalS in'11quid amnonia
are the most powerful reducing agents aVailable for
carrying out reductioms in a homogeneous system (24).

The reacticns of such alkall metal salutions with
simple salts have been rather thcrough]y studied‘ Most

salts of heavy metals, such as thcse af manganese, cad=
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| ; imium, 1cad, iron, silver, copper, 21nc, and nicﬁel, are

f"reaueea to the free metal in a finely divided state, |
v}‘which may or may»nat\catalyze.the reaction’of,the alkali‘

'metal With the solvent. uomé sélts react to‘fdfm intebé‘
" metallic compnnnds with the alkali metala. This is ”.
~villuﬂtrated by the reaction of bismuth(III) iodlde with

sodiun to give the compounds NaBl, Nagbiz, end Wagdis.
g ’Still other salts are not reduced “but are converted
’ "to compoundv of the ammlne type,'such as Zr(HK)2~NH3

g (25,26 27). | Lo
| A number of comple& compounds, including the cyan«'
 fide oomplexes of silver,,copp&r, zinc, and cadmium,.‘
} alSo'are reduced to the fiee metal.” This is what would
 be expected for a8 compley ion which is markedly disso- o
1ciated in solution. However, 1t has been shown that
‘ some coordination compounds which contmin cyanide groups
A‘are reducad to new cmmplexes in which the central atom
has an unusaally low axidation state (27).' This is not
surprising, since solutinns of the alkali metals in |
1iquid ammonla are very strong reducing agents, and

| eyanide groups tend to stabilize lover axidation states.
'Y The spectacular findings in thms relatively unexplored «
;'area have commanded much attention in the‘last decade,
The first report of’this type of reduction was
reported in 1942 by.Eastéé and Burgess (28};"Théy
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prepareﬁia &ense bright rediprecipitate of péfas81um
tricyanonickelate(x);.KQNi(GN)3; by treating an excess
yéf potassium tetracyananickeléte(II);\Kgﬁi(CN)4,~With’
potassium metalain 1iquid ammonia.<wwhen the alkali
metal was in excess;vthe dipositive complex was reduced
to%a,bulky yellow‘tc copper doieréd solid which pog=~
-sessed SErong'feducing,properties. The ccmpbund‘was
~analyzed for potassium, ni¢kel,,and»cyanide, The an-
alyses showed the rétid'K~ﬁi§CN to be'approximately
4:1:4. Also, two moles of potassium per mole of the
starting material were required for this raduction.

The analytieal data and tha-reactinw ratio evidence in-
dicated that a new compound 4 K4Ni(CN)4, had been prepar~
ed which contained niekel in an cxlda ion state of ZEero.
Potassium tricyanonickelate(l), ‘which may also be
prepared by the reducing action of amalgams in aqueons
solution, was slowly oxldized invair; and5feduced sil=
 ver nitrate and lodine., It dissolved in water to give
" a red solutlon which slowly liberated hydrogen and fin-
‘ally turned yellow, It was converted to ﬁotassium
tetracyanonickelate(e); K4N1(CN)4; by an excess of
potassium and potassium cyanide in liquid ammonia. The
- compound of zerovélent nickel was rapidly oxidized in |
air., It dissolved in,wéter; 1iberating hydrogen to give

‘@ red solution of the unipositive nickel material.
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. The sodium and calcium complexes nf beth unipesitive o

and zerGValant nick@l also were prepared. They ex~ -

| q ‘n1bited the same colors and chemical propertiea as

the corresponding patassium salﬁs.
, With the exceptian of the metal carbonyls, pmtas~<
sium tetracyanonickelate(O) was the first compaund to
’*be reperted which cantained a metal in the zerovalent
state.‘ Actually, the eyanida ion and the carbon monox-
ide molecule are isoelectronic, therefore potaasium o
tetraeyananickelaﬁe(O) anﬁ nickel tetracarbonyl, N1(00)4,
are analaguus. The fundamental difference lies in the
fact that the cyanide groups carry negative charges -
vwhich musﬁ be balanced by aarresponding charges on
positive ions. | | - o |
Burbage and Fernelius (29) r@ported that potassium
"tatracyanOpalladate(II) KQPG(CH)4, resemhled the cor- f_
responding nickel complex in that reduction by a solnn |

| tion of potassium in 11quid ammonia yielded a moderately'

soluble white precipitate with the compasition,K4Pd(CN)4.‘

Here again was a compaund of a metal in the zerovalent
‘,' state. Potassium tetracyanapalladate(&) reduced silver
‘and mercuric ions to the metals, and azobenzene to- hydr-
azobenzene. Although it was stable enough ta permit
isolation, it slowly decomposed in a vacuum or in con-

tact with 1iqu1d ammnniaya No intermediate compound
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‘ analogons to Kgﬁi(CN)B was found, However, by the action )

of potassium amalgam Qn KQPd(CN)4 in aqueous smlution L
»~manchot and SchmidVCBQ, 31) obtained a clear colorless 
~ solution which pcésessed'strbﬁg reducing properties. -
: The compound rasponsible for thesa characteristics Wés

, naﬁ isolated. | |

Potassium tetracyaneplatinafe(ll), K, Pt(CN)g, also

feacted wiﬁh a sqlution of potassium‘infliquid amnmonia
(29); but the complete characterization of the pfoduct'
~ Was pr@eluded by the relative insclubllity of KaPt(Cﬁ)4
and ‘the marked evolutian of hydrogen, ‘When th@ reaction
f w°s carried out 1n the presenee of potassium amide, very
little hydrogeu was evolveé, and the reacting ratio was
2¢06Ugram~atcms»of\potas*iumnper mole af platinum com~
plex; Analysis of the white reduction praduct gave. the
followmng results.: Found: K, 31 3%s Pt, 43&05%, cal~
culated for zc@t(’cm,@. K, 3439%, Pt, 42.84%. With no
better analytical agreament than this the cumpound could
not be positively identified as potassium tetracyano~
platinate(O),”bgt the agreement 1is goedyenomgh to suggest
‘that the comppﬁnd p:qbabiy'eontained ﬁlatinum in the
zerovalent éondition. | |

| A few attempts have been made by Fernelius and CO=
workers to raduce other ¢yanide camplexes in a s1milar

manner. However,,the results were not canclusive, and



“f‘therefore were never publishéd. Fernelius and ﬁead (32)

'.. ‘reﬁuc@a pctassium hexacyanomanganate(lll) by means of

potasaium,in 11quid ammonia«andAobtained avlight,orange

o pro&uct. Data frbm tﬁe énalysis af the reduction pro~

éuct suggested K;Mn(CN)G*NE3 as lts prcbable fermula,
M‘althongh'ﬁhegdataydid not cnrresponﬁ well with any simple
. fofmuia,  Fernelius,and Bigelow (33) similarly investi¢ 
gated the reduction of potassium ferricyanide, KyFe(CN)g,
N pata»szum hexacyanocebaltate(?lx) K300(CN)6, and potas~
‘sium hexacyanochremate(III) K36r(cﬂ)6. Apparently,
‘the ferricyanide was redugea to‘thg fgrrocyanide,and no
~ further, Brown precipitates were obﬁainedkfréﬁ.both.v
--KBCr(CN)é and K3Q0(C§)6,‘(The”1nvestigators‘c§nc1ude&
that the cobalt and chromium in the complexes were both
- reduced to lower exidation statés; but neither the re-
‘ acting ratios of complex to potassium nor the analytical

" compositions of Lhe hrewn precipitates were consistent.
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xi‘i.’ PREth}s 'z%:ozzx m THIS LABORATORY

The work of Robert N. Hammeﬂ en'the reduétibn‘of
| .angaﬂese compeunds bj means af potaSSﬁum in liquld aw-*
 ‘fmonia was bagun in 1947-; He spent considerable t*ma ink
| deszgning an apparatus and in perfecting manipulative 7
techniques for carrying out suah reductlon reactiuns~
A yellow solﬁd with strong rﬁducimg prapertlas was pre»
pared from potassium hGXacyanomanganate(IIT). When 1t
45became évident that the definlte characterization of
this praauct wnuld be very timenconsuminu, the prcblem ,
was terminated wmth the qualitative information at hand.
Some analyses and magnetlc measnrements were maﬁe, but
these were rogarded as having qualitative uignificance
~only. T |

Hammer tried three staruing materials before a su1t~'
able one was found. Firpt use& was anh.ﬁrous manganese(II)

N chlorlée, prepared by heating Mn012'4H20 almost to the

- fusion point in a stream of dry hydrogen chloride gas.

Tt seeried probeble that . the manganese cyanide camplex
'K4ﬁn(CN)6 could be prepared in liquia ammonla by treat~
57ment of Lhe anhydroug manganese(ll) chloride with.excess
potassium cyanide. .This method however, was not satis=
fucfery, since the manganese(II) chloride swelled ex-
~cessively in 1iquid ammonia, and also ‘because it was dif-

ficult to wash out the chloride ion.
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In all previnus s»udias conaucted in amueous media,
‘the dipo itive mungane e compound K4Mn(CN)6 3H20 had
'j'been used as the starting material, but the three mole-
cules of water associated with the ecmpound made 1t une
‘sultable for;liqgid‘ammonia work, Hammer a%tempted to
yéehydréte tha‘compéﬁnéycomgletelys‘kThe'blue crystals
were purified'béyréerystallizatiah‘frem aqueous potassium
',éyanide 301ution;‘ﬁaShéd with alccholg'sné quickly trans~
'ferred to a vacuum desiacator which contalned fresh phos-
phoric anhydride. He found, as head Goldenberg(9), that
the solid invariably,became superficlally»browp on stand-
ing over night, This;wés‘trug even when the residual |
air in the évaéuaﬁed aesiécator wés'immediately replaced "
by nitrogen Whidh had been‘pasSéd over hot copper turnings.
The brown color‘Was ascribéd to the presence 6f a higher
oxide of manganese? henae; this material was not regardedl
as & satisfactary starting material. 2
, Finally it was fonnd thmt the tripesitiva manganese
-'\eyanme cc:mplex, K3mn(cm6, could be crystallized from
aqueous solution without zny water of hydration. This
‘material was recrysﬁalliZed several times from water,
 ‘ground‘to a fine powder, and dried in a stream of dry air
at reduced pressﬁré;‘ The prndﬁét proved5to be g satis-

factory starting material for the reduction reaction..
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In,Figuré i‘is shown the design of an apparatus
similar to the one constructed by Hammer. The'éystem;_
;which was the result uf continual modification during
~the course of his work, provided for g 1arge variety of
' manipulaticns associated with reactions in liquid am~
- monia. Since only minor changes weﬁe,aeceséary for the :
present investigation;=tha“apparatas will be described
‘in another section. Likewise; the ganeral‘manipulafive
groeedure and special techniéues will be discussed later,
After the . apparatua had been constructed and suite
able techniques éeveloped Hammer conéucted several re=
~ duction reactionse -In most of these an excess of poe
:'téssium was introduced and then the manganese complex
‘was added. The yellow product alWays‘was obtainediand
samples were taken for study. | |
Hammer reported that when the potassium was added
in small inerements,to the potassium cyanomanganate(lxr),"
intermadiate colors of dull blue-gray, streaks of green,
and sometimes a white precipitate could be detected..
| These colors probably carregpond to K4Mn(CN)5, YMn(CN)3,
and KgMn(CN)é, respectively, | -
| The reductiun product was analyzed for potassium,
manganese,kanﬂ‘eyanide,f‘ amples,were»deeomposed with
sulfuric acld in a modified Kjeldahl apparatus (34),
and the hydrocyanic acid liberated was distilled into



éllute sodlam hydrexide solution. The ey nnide in thls 1 L
’solutian was then determined by tltratian with standar
‘sllver nﬁtrate sslution, aecorﬂing to ‘the L1eb¢g~neniges~'
| procedure (35). Tha angan&se and potassium in the res~5 B
1dua from the distillatien were eraratod by the pre~ |
: cipitation Gf mangmnese either as sulfide (36) er diuu
axide (37);«~ anganese was then datermined by the bis-
| muthate mathod (38 39), and the potagsiﬂm was weighed
’as sulfate after treatmeﬂt of tha solution with sulfuric
‘acid, eVaporation, and ignition to constant weight (40).
| These analytical methods were tried out on the
“‘starting material KBMn(GN)é.‘ The results, as listed

) in»Table XI, were all 1awer than the theoretiecal per=-

 ‘cenﬁages.x The relatively 1large deviations from the

B theoretical valueg susgest that the analytical methods

. used were not suitable for the analysis of this compound.
, Hammer‘s nrincipal analytieal difficulties 1ay in the
cyanide determinatian, whxch gavc results everal per

cent too 10w, and in the separatiom of manganese from

S

potassium. The formatian cf free sulfur made the ¢11—
tration of manganese (IT) sulfide so difficult that this
method was‘abandoned; The separation of manganese as -
the dioxide; however;‘WQo‘faf‘from ideal'because of

the difficulty of precipitating this campsund quanti~
tatively. |
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TABIE  II

ANALYSIS OF K,un(CN)g BY HAMMER

Cyenide

| Potggéiuﬁ'f; ﬁahﬁénesevf‘v s
| Feun@,;  33,3 14:9% 41;1%,:A‘7
o 32 160 420
343 159 413
R a2
| , | | 42,7
Average 339 15,6  4L9
Theoretical  35.7 - 16.7 L 5.‘47;5;.
o MneK -z 163,05
MniCN = 1:5.68

. TABIE III
' ANALYSIS OF THE REDUCTION PRODUCT BY HAMMER

| w; '"Potéssidm .MangéhGSG ' Cysnide
Found = 45.7% = 12,68 32,56
| 47,0 12,8 339
% 121 324
Average 46,4 _ 12,5 "32.9-,
| | MmK = 1:5.2 |
MnsCN = 1:5.6
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o In Table III are liste& Hammer*s results for the
‘analysis of the reﬁuction prcduct.‘ The ratio found
for K : Mn k] CN, 5; 1 : 5.6, does not agree well
with any vimnl@ farmula, but moat nearly corresponds
“to K5ﬁn(CN)6.ﬂ,’ & | |

ﬁagnetic susceptibilities dere measured on a Gouy -

~.'balance, by the method descrzbed by ?hompscn (41) .

Measuremeﬁts were carried out at 2690. For the startimg
matarial KBﬁn(CH)é, a gram.ausceptibility va lue of
13¢61 X 10“6 was ohﬁamneﬁ. ThlS gave an effective o
 ‘moment of 3 31 Bohr magnatons, as cmmnared with a- theo-
»Vretical Value of 2 85 Bohr magnetons. } ,'

‘; Thrae samples Of tha reductian product yialded
 gram snaceptibillty values of 1.70 1.86, and 3 04 x 10”6
c.g.s. unit. To calculate an effectlve moment, it was
'necessary to ass ume a formula for the compound. The'
-effecﬁive momentyqbtained_(in th; magnetons) on the |
Easisf6f~the formulas which Hamméf assumed folidw; |

. Egmlomg aan(cﬂ>4 = KEMn<0N)6,
‘Sample 1 129 ;" L4 L35
‘Semple 2 L. 35 L1 L4
Sample 3 L2 ~_,4'( 152 1.80

' All but one sf the values are between those ex~

'pocted for a compound with one unpaired electron, as in
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‘Kéﬁn(CN}s, and fer one with no unwaiwed electrons,
as in Kgﬁn(CE}é. Hammer peinted out that the sampling
. tubes were filled in the order 3, ,li Slnea sample 3
,had undergone the least oxidatian, the magnetic data ,‘
,’LOP it were regarded as being the mosﬁ significant.
| Hammer mndestly stated that "The data obtained in
thia investigatian should have little more than aualiu‘;
bative significance (1)“ However, from the color and
‘the strong reducing properties of the yellaw product,
he concluded that 1t was unllke anything previously pre~'
pared in aqueous mediaw Fram the analytlcal and mag~
netlc data it was evident that maﬂganese was present in
either the unipasitive or the zerQValent state. To
reconcile the analytical data with the magnetic data,
Hammer suggested the presence of KéMﬂ(CN)é and KdMn(CH)ég
in approximately equimolar proportions, Each has one
unpairmd electron, and the eomposition of the mixture

corresponds to the empirical formula KﬁMn(CH)é.



IV. EXPERIENTAL | e

e The Reductxon

By fo3lowinv Hemmer's method fsr the reduction
of potassium hcxacyanaman§anate(111) with potassium
metal in liquid ammonia, 1t was possible to prepare j
consistently the yeSlow reduatian product with which
this invesmigation is concerned. e

1‘ The Starting material. Th@ startmng material,

potassium hexaeyanomanganate(zil) was prepared by the |
‘;reacﬁion af manganese(ilI) phosphate with pot3351um “ 

cyanide (3, 42). Manganese(III) phogphate was made by -
cnncentrating nearly to dryness an aqueous solution of'
: manganese(Ix) chlorlda, phosphoric acid, and nitric aci&. |
The gray«green precipitace of manganese (III) phosphate\
was washed with water and drieﬁ“ It was slawly added,
with oontinuoua stirring, to an excess of a ooncentrat~ |
~ed potassium cyanide solution at 80°C. (Over’heating., e
causes formation}qx_manganese(xli) oxide:) When a11 be
the brecipitafe had dissolved éhé sdlufion beca@e deeﬁf
red in colof@A‘This‘soluﬁién was allowed to cool éﬁd"
was then airaéﬁapo&ated. The red crystalline needles

of KBMh(CN)é were filtered off on a sintereduglass Sy
filter and sucke& ary. |

Several attempts were made to purify the salt by

recrystallization from water, as suggested by Lower
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‘”and'Ferneiias (3).‘ In the 1irst reerysﬁallization from
water a brown oxide cf manganese anpeared on the Tiqujd
 surfzce .and on the siées_of the erystallizing dish,
In the secénﬁ;}th;rd; an&'subsaquentirécryétéllizations
 én increasingly larger amount of the brovn oxide was
| quickly fbrmed. The_ oxide was removed by filtration
in,samecases; but maré»qppearéd before crystals could
be forméd; Reating provod ﬁo be di"astraus to the
yurifj of ﬁhe proﬁuct.w Bviﬁent¢ ¥4 the mangsnese(III)
‘eomplex is readily hydralyzed unleﬂs an excess of cya-
nide ion is p?asent. Hammer had experienced the‘same
~difficulty. He used the predﬁgt'frﬁm the firSt’rgc?ys-
tallization from a potassium cyanide.saluhién, which -
prohéﬁly contéinéd a 1ittle éxidé; and of eourée; some
: po%asgium cyanide, k | o ‘
| It was decided that, for this investigqtlon, it
would be necessary_to have as pure agmtarting material ,"
as poséible, in order that the anélytical &éta for the
reduction product mignt have the deszred signlficance.
After several attempts to purify the salt by recrys-
tallization from water had falled, it wed decided to
try precipitation from alcohol.'\fhé procedure which
proved to be the mosﬁysuccessfﬁl,is as followé:
 The impurevcrysﬁéls‘from the Qotassium cyanide

solution were placed in a large fritted-glass filter
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‘of me&iQm;pbrdsityw  This was attached'to a fiiter

 flask containing absolute ethlealcoholu fJustvsufficient L“ 

. water waS'aaéed‘to the crysﬁéis %o disSOIVQ‘them@  The
tfouhleéam& brewﬁ axide;iwhichibégan to form aé‘scen,
, aé'ﬁh@,%&her waskadded; ﬁas removed when the solution
\gwasfdrawn ﬁhrough the filtértby:means of an aspirator,
As‘fast'as,ﬁha solutiah céme‘throﬁgh the filter it,déppn
'ped‘iﬁtb the a1c0ho1;»where it was immediestely precipiﬂ
tated. Safficiﬁnﬁ alcchél’was used so that at bhe end
of the precipitation the supematanﬁ liguid was at least
}twogfhirds;aieohclg‘;Appéréntly,ho hydrélysis toékfplace
in thé’aicéhoi salution; becsuse no brown oxide was
observed, H
~Analy315‘for manganese was carried outkcn-startihg

materisl which had been preparcd and treated in the
follbwihgywaysz ~(a)nthekcmée impure erystals from
| potassiun ‘eyenide sciutian; (b) the same, but rinsed
wi%h a small amOunt of water to‘remove adherihg_potas-‘w
sinm éyanide;v(c) after one precipitation from aicohbl5'
and‘(d)'after‘several :epréeipitations from alcohol;

since ménganese(lxx) oxide is highvin‘mangahése‘
content; high’percgntagéévinﬁiCate probable contamine
ation with the oxide; and low percenﬁages indicate
possible contamination with potassium eyanide., Only

in the case of the impure material (a) 6065 the analysis
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differ greatly"from'the7théaret1caa value., The analyses‘

B ; 1ndicate that in (b) and (c) the amaunt of impurity is o

fprobably very sma11, althcugh in (b). thewa may be par~:
tially compensating imphrities.' Only in (d), however,,‘

A does thc mqnganese content agree closely With the

‘theoretlcal perccntage.

The results are shown belaw in Tgble IV. ' :’

. ANALYSIS OF THE STARTING MATERIAL FOR MANGANESE

12908 1659 1685 16713
13.3% 16,588 16,918 O 16.69%

Theoretical for K3Mn(0ﬂ)6 16 73%

In view of the results of uh@S? analyses, all Of
the starting material Was purixied by at least three
~ precipitations frqm aleohol.‘ It was then dried in the'

' fellowin&'manner.k Open weighing bottles containing

“the starting material were placed in ‘g large glass tube,

~ One end was connected to a vacuum pump and the other

ena t0 a drying tube WhiCh contained anhydrous magnesium”
'perchlorate. A st0p~cock was attached to the drying

 tube. When the pump was running, the stop-cock was

adjusted so that a'small,Straam of dry air at reduced
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: .pressure was slswly drawn through the tube, By this
m@thod the material was cbtained dry in a few days.

2. The Apggratus. In Firure I is shown the des1vn

of the apparatus whmch was usgd in this 1nvestigation
ta carry out the reduction reactiuns.‘fIn general, it
is the same as that used by Hammer, Some parts of the ‘n'
apparatus were ellminated, and a few other mwdificatiens ”
were made. A device for sampllﬁg ‘the proéuct, whzch |
~ had pféved to be unsatisfactory, was elimmnateﬁ. Also,
a chamber for drying the ammonia was not required, "
~ because the ammopia‘frum}tne cylinde: (Spencerfsure~ '
frigerationvgradé);Was~ﬂufficiéntiy‘pufe‘and'dry. J
| The apparatuslwa$ ecnatrua£§d entirely bf PYrex-
glass ﬁith_sﬁanﬁérd'taper'joints,'Iﬁdiéiﬂﬁai seétiéns )
| of thehappafatus were‘connected'with flexible‘Tygén |
‘tubing. The use of Tygon practically eliminated the
- fractures due to stress and strain on the apparatus ; :
| which had plagued Hammer,throughoutnhis wark.; ", B

| _Thereactipnlchamber was éhout:3.5‘centimeﬁérs‘in"
Qiaméter and appr6ki@ate1y 25 centimeters iong,‘ Dupli-
cate sampling ‘byu.lbs A and B served to hold the starting
ﬁatériéis; thasSium and‘patassium hexacyanamahganaﬁe(III}.
~ The bulﬁs ¢ontaining‘ths SOIids_werevihserted'in'the ﬂ
apparatus throﬁgh grqunﬁvglaég jointé. When the rege-

'ticn:was startéd,,the'reagents'were introdqcéd by rotat-
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ing the bulbs in their joints until; in the invértéd'
positiqh;,thééolias s1id into the rgaction chamber,
The ammonia delivery tube extended to the bottom of
the reaction chamber so that_ﬁhé'ammonialwhichAbubbled
through would ‘have a stirring effééﬁ.bnvihé'suspénsian.

: The fritt@émglass disk in the reaction chamber
~ served to hold the insoluble solid which was formed in
. the reactmon. A filter trap could be attached at D

so th«t the sclvent eauld be withdrawn by means of an

fo aspiratorg At C, a large gtandard—taner jcint permit«

o ted the removal of the lower part of the reaction cham-
bﬂr for sampling purposes.

,A'manometer was attached to indicatevthe_internal
: preséure.‘;a;twagﬁay stop&cc§k ih the system snpplied
| an ouﬁlet thrbugh %hich the  ystem-could be evacuated.
Tho Waste ammonia was absorbed in a carboy which Was
filled almost completely‘with water. The dalivenytube,
which extended almost to the bottom of the absovption
| vesgel, caused a pcsmtive pressure head in the system
‘approximately equal to. this head of water, \

Two safety devices were employed in the apparatus.

‘The first was a safety tube filled with mercury, It v
- permitted air to be drawn into the system if the pres—”
sure became too 10W5 and 1t actsd as a release valve for

ammonia if the pressure became too great*’ The other
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safety device was a large carboy through which the exit
ammania:paésed péfare being absorbed in g‘similar carboy.
Theslérgevvolume of the vessel served to damp-SQQGen‘ |
fiuctuations in‘yressure. Its prime puruose, hcwever;‘
was. to cantain any water from the abserption vessel
which might hack up if the ammania pressure{became top
lows, It is not difficult to imagihe what might have
happéned if'thé”ﬁéter had been permitted to béck through
the apparatué‘tq tha’comparﬁment containing poﬁassium.

A large dryfbox wasHacquired far'use in sampling
the reéuction product."The box'was of the two~c§mpart~
ment type, with a large window, three glove holes, and
a large working space. To keep the box dry anhydrous
caleium c¢hloride was placed on the floor of the box and
covered with a heavy wiye‘screen.~11n“oidér to have an
oxygen=free atmosphere in the;afy box 1t was flushed |
with ammenla gas. Nitrogen‘was not used beceuse of the
difficulty in removing the last traces of oxygen. |

3. Manipulative Techniques. The generélfféatures

of manipulatiVe ﬁrocedure for cérryihg out reactions

in liquid ammonia systems have been.well described in

the literature (26, 28, 43), However, because of vpecial
difficulties which arose;‘Hammer found that some special

techniques became necessary.



To prepare the apparatus for a reactlan, the several o

§ieaes of tha reaction chamber assembly were cleaned

i and dried in an oven at llOOC. ‘The apparatus was then :

completely aqsambled except for the side bulbs. The
apenings for the bulbs were stoppered with standarde
. tapér plugs. Amm@ﬁia‘wés ?aséed through the system for
{”at 1east'én hour to sﬁeép out the air and to dry the |
apparatus comﬁletely* T B | - | .
|  The side bulbs wera charged with starting materials
and. flushed with ammonia. Then,the bulbs were quilckly
' inserted in their prmper places in the apparatus.‘ A |
i positive internal pressure prevenbed air from entering
while this Was being dane. ' | |
Hammer had devised a novel method for introducinﬂ
oxide-xree potassium ta the reaction chamber' A specia1~
‘ly designed S1de tube was filled with pieces of potassium.
Before the ammonia had been condensed in the reaction
chamber, the amount of potassium required for the ree
ductianAaas introduced by melting the metal, and, by
means of C) vacuum pumn, drawing it through a capillary ;
into the reaction chamber. _ | R
However, that method was not sultable in this invest1~‘

gation. In order to study the ratics of the reactants |
A was necessary to devise means for weighing both of

them‘. It wes possible ta,suspenﬂ a bulb from the beam
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of an analytzcal ‘balance by means s of a wire. Thus; 1
by wmlghing the bulb b@fora‘ana aft@r fi1ling; it vas
not at all difficult to weigh out the desired quantity
of the starting m&téfiél; K3§h(33}6;"1ﬁ’¢39 som&whét',-
nmore difficult'to welgh the potasqimw‘ané to introduce
it to the systenm w1th0ut 1ts becomﬁng'oxidiZQd; }Thisv :
; could ccncelvably be done by Wﬁigh7mﬁ uh@ pot ssiun
" under an inert 1iguid, S |

Ether was ﬁh@ fir@t lﬁﬁuid'whiCh was tricd. The
bulh conﬁaininw sowa very dry ether, was weigned. 4 :
'}fpw pieces of potaSaium were cut unﬂer dry ether and
'qulchiy ﬁransferred ta thu bulb Which with its contenta,
was again ve ighed. Tne bulb vas flu hed out With am=
monia to displade‘ﬁheféirfanﬂ tnen inserted in the ap~
pératus. ‘The ether soon evaporated and the reacuants
were ready to be added. . | |

Sevaral mllliliters of ammonza were condensed by
means of a ccoling bath which surreumded the‘raaction
' chaﬁher. The coolinf'bath csnsisﬁéé”of a ﬁry Tce -
isopropyl alcohol mixture 1n an un&ilversd Dewar flask.
' By rotatlng the bulb, the patassium was added to the
liquefied ammonia in the‘chamber. Thenxthe starting
f:materia1 %as added in‘the same way. Apparently the final

product was the same whelher the resctants were added
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a little at a time or all ab once; and iﬁ;was élso |
,‘immaférial“which reégent’waé added first.
 The yeliow prﬂd&ct arapéréd in'this,mann@r,was sd
'unstable that representsa tive ssmplasicbuld natvbe.takeh
| for analysis, Ehe prodoct turned pereeptibly gray; O
‘aeven on standihg fér a very short timé in wgigﬁing
bottles which contained the ammonia atmosphere of the
- dry box, and it welght changed sevrapidly that;it was_
futile to try te weigh samples accurately.
 The principal reason that ether was not a satis~
’chtory liquid for use in weighing potassinm was that :
by the time ﬁhe weighinv was completed some of the ebher
‘;haa evaporatedtt‘ Thus the weight of potassium was not |
sufficiently accurate fnr reacting ratio studies.‘"Benu‘
~ gene and the ccmmonraliphatic_hydrucarbons were also
‘tdn voiatiie; Tolaéne was tried because itvseemeé to
‘po~sess suitable volatility and it also was aVailable ;
in a falrly dry condition., | o
The potassium was cutr and waighed under dry teluene~
and inserted in the apparatus as before,‘ Since the
toluene dié not evaporate of f 1n any eanvenient 1ength
of tima, it was peured into the r@action vessel along
| with the potassium.‘ Surprisinvly, the reﬂuction product,f
prepared with potassium weighed ander tcluene was con-

' giderably more stable than any which had beenvpreviously |



| | 43
prepared;f Its color and compesitimn dié not chﬂnge
‘rapiély in the weiwhinp bottles., Apparenuly a proe
tective ecosting was fcrmeé an’the pérticles of reducs
tion product by the toluene. Thus it was possible to
get fairly’accuraté weights of sampies; The success
of the investigation was probabiy due in no small degree
to this chance discovery. R ‘ o

The potassium W&S hanﬁled in thls manner through»
out the course af the study, except for s few runs in
;which it was cut unﬁer ather and WGi&h?d under toluen@.,
This was done to iﬁpvave the accuracy of the wel hlng
in some of the reacting ratio studies, because othﬁru"
wise a small amount of toluene adhered to the pleces of
potassium during transfer for weighing. |

The product vas removmd for sampling under a layer
of liquid ammonma in a manner Simllar to that descrlbed'
| by Hammer. Hammer had used a speeial cap Whlch fit
- over the lower part of the reaction vessel, but this
was found to be very avkward. A one=hole rubber Stopper'
worked admirably to keep the air out and to allow a L

stream of ammonia to escape.‘ Theyammonia was permitted

- to evaporéte in the dry bcx, Which‘had been flushed with

ammonia gas ovar night. The WGighingibottles or sam— A
pling tubes were inﬁlvidually flushed with smmonia, and

the dry or still damp yeTIOW product was transferred to
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"'}'thém byimEHﬁs ofyé Spatula;. The stoypered samples were

then ready to be tahen from the éry bcx for mhatever

°~ ‘measurement Was to be made.

S It was necQSSary ta prapara a frash sample each
ftimé a measurement was to be made because the product
;;ceuld nat be preserved fcr more than a few hours at the
;»mqst* Pour ta eight hours were. nsually required to
| pfepare sample ror stuﬁy.} In he course of this inw
| vestigation wome ninety re&uctiens were made. - |

4, The Reauction Product. The reduction prouuct,

 'ﬁhich‘hasvbaeh[&eSﬁribed as possessing strqng redugimg
p?égertieé; was changed to a buff colcr'imm@diatelyf;'
uﬁog'contactVWith‘airg\ Its color, after pralenged ex~
posure to air; finally became dark brown, When a little
"water'Was preseht (as when atmospheric water candensed‘ |
on the recipltate still cold from the 11quia ammonia
solvent), first a dirty white, then a blue, and finally ‘A
an orange colorad oyidation product was observed. These
colors correSpond to the previonsly reported un1~, bi» ‘
,and tripositive hexa¢yanomanganates, respectively.»v'

‘ Qualitative observations were made on the behavior
‘af the yellow product in aqueous medium. ‘Jhen it was‘f'
‘thrown into distilled water, a very finely divided 1ight
‘yellow precipitate,was‘fcrmed which vas distinctly dif-

ferent in;appear&née‘from‘the original material, Tha
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precipiﬁate, which was almost a pas te; wés very difF‘l_
Lficult tqﬁf;}tar,v Both the light yellow solid and its
yellow supernatant liquid raduceé\silvervnitratey »when
the yelloﬁ'SQlid.waspwashea,sevefgl times with water
it became white.. Upon exposure to air it turned bluish
and finally became brovn,. The color changes;.however;
were not clearly defined,. B

| Sevcral attempts were made to analyzc the white
solid, but the results were inconsistent. Since the
samples taken for analysis were mot pure substances,
this Was‘nstsurprising.;~Alsn;»becguse»of the paste
like nature of the precipiﬁate; thé?%g:fage was oxidiz-
ed vhile the interior was shielded from akidationﬁ The
best analytical results gave K ¢ Mn rat:es between 4.5
and 5.5, On the basis pf_thesa_results, and because
of its white color‘anﬁ,strangredu¢ingzpr0perties;‘®h@ .
whitehcompannd‘Wgs conjectufad’tgnconsist primarily of
_the'unipositivé manganese ccmplex;yKéMn(Cﬁ)e;;which was
first reported by Maﬁehat and*Gall'(Ll)», The;whiﬁe f-
precipitate was formed &1£ect1y~when the reduction pro-
duct was thrown'intu‘sodium hydroxide solution.

The yellow prdduct‘behaved somewhat d;fferently‘_;
when it was thrown into avbuffere& ammﬁniumvhydrokide
solu?ion.v‘a yélIOW'pfecipitate‘was first~formed;Awhich
turned to a*bluish color when air was bdbbled~through;f



5‘the”soiutioﬁ;3 Cahtinued oxi@ation‘by air éhanged it
'  to a colorless sol tian¢ Finally; a brcwn-yfecipitate '
was formeé«\v i |

e B«‘ B_gctina Batio Txgerimentsm .
In order to arrive at some. idea of what takes place

‘ 1n the reduction reacbion, iﬁ was decided to ccnduct a:
’series of reacting ratio cxperiments. In these 9xperi~
ments, a variety of ratios of the reacténts;'pmtassium
and potassium hexacyancmanganate{llx), were used. Ir
the combining ratio of ﬁh@ reactanﬁs were kncwn, it
should then be possible to write an equatlon far the Tew
actieu, and perhaps to determine the formula of the re=
| duction products | -
o since solutians of potaqsium in liquid ammonia have
‘van';ntense blue Qalpr, itAis;very‘easy to}datect,an €X~
.1cess~bf ﬁotéséium in the scluﬁibn. It was reascned that
‘if more than the theereﬁical amount of potassium required
to complete the rewetion were present, a blue color,
should persist’ if less than the theoretical were preSent;
the co]or should digappear, urovided the reactlon goes |
%o completion., By a series Qf runs Varyingvfrom an excess
of one reactant to an exe@és of the 6£her; one should be

‘able to determine the critieal ratio at zhich all of the

' potassium Just disappears.
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In Table V are listed tﬁe‘resuiﬁs Qf sﬁch & serieé
~ of runs, in arder'of'&ecreasing number,éf_malesfof
potassium per mole of Kyin(CN)g. It is seen that when
 the number of‘moles of'patassium'permglevuf'K3Mn(CN)6
jwas'greater than three, ﬁhé intenée‘biue colbr-due to" ‘
eXcess‘petassiQm peraisted for a long time. Sémetimes
this blue color disappeérea‘after saveral.hohrséibu%'
~this was probably'due to 5low‘amide‘formatian;'~The' N
reaction with K mn(cg)é is mich more rapida
- Then the mole ratio was betwaen 2.5 and 2 8 ap-
‘parently most Of the potassium was used up, but enough
’remained at the end of the reactlon to impart a blue
~ color to the solution., Although only a very small amount
'of'pbtas"ium is required to give é“dérk blue solution, the
‘solution may appear much lighter in color when it con~
ftains gmall yellow suspenued particles.‘ | |
In thn cases in which the mole ratio was sliﬁhtly O
less than 2, 5, the blue color comnletely disappeare&,
usually in le»s than an hour. The apparent anomalies
in the 1engths of time required for the disapp°arance :
 of the blue celor are duey as explained previously, to
the fact that a more. accurate method of weighlng the
potassinm was-used in some cases. The ratios preceded“
by an asterisk.represent runs in which the patasslum was

cut under ether and weigheé under toluene. The results
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TABIE ¥ N
: ms;erm?s OF REACTING RATIOS mmmm B
" Mole Ratio ﬁse& - - T S
- (K & Kalin(CH)g) Blue Celer of Excesa Potassium
14094 p@rsisted, no noziceable change -
379 i B T v
‘$3;61 T  ‘j'u:f S "o
:3 33 t  “ ‘ "“ }' Cow oo 7 f\i‘nff 
*3.19 ﬂ “_Q-‘", - ﬁ‘i:; e "
'3¢00 ';‘, ‘ R 'ni ‘:‘n.'_k e

2,79 .  Aafter 15 min.,salution b@came lipht blue.
- 2474 . same as. imﬁeaiately above.,

2§69' .. after 15 min, solution became'very'light :
: blue, ‘but color disappeared after 2 hrs.

2'55 " same as immediately above.
24 48 v disappeared after 15 min,
| *2&47' fdlsappearad fter about 1} hours
| :ﬂ 2.47g':ﬂ ;&isa§§eérea after 15 min, | }
5,J1#2@45 | ,»practically disappeared after 30 min.,
‘2700_§:h . disappeared after 15 min, i
'1;54 f‘ disappeared afterﬂ10515 min.,*
*~Potassiuﬁ'Was'éﬁt under ethar ahdmwéighéd,ander

toluene, 1In other runs, potassium was cut and
Weighed un&er taluene. SRR SR
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ooof Lhese runs are more r@liable than those of the runs~
in Whlch the pot3331um was cut and welgh@d under taluene«'
For ratios below 2,0, ‘the blue color disapgeared
within ten_9r¢£ifpeen minutes., Undoubtedly the mangunese
compleﬁvﬁas’in eiééééxin the;e”casesf' mhzs preb bly
represenﬁs a 1owar 1imit for the time required for the
reaction. - e -

" One would expect the stoichiometric ratio of potas~
sium to K3Mn(CN)6 to be one of small whole numbers., |
‘From the 1nformqtion in Table Vs however, it is apparent
‘that the ratio lies between 2.7 ana 2.3. |

At the 2.7 ratio tha 1ighﬁ blue ealor persisted for
about two hours befor; it disappeare&. Its final dis— |
' appearahCe may be'aﬁtributed‘tq éiow amide formation. 4t
the 2.3 ratio it disappeared in about half an hour. This
slowness was ascribed to two factors: |

The reaction probably required at 1east fifteeﬁ
minutes under the mnsﬁ favorable circumstanaes. When
nearly stoichiometric ratios ﬁére used, theéonéentraf
tions of both réactaﬁts Werevgreatly iéduced near thelv
end of ﬁhe feactian. Coﬁsequantly; éklong time.was re-
quiredAto complete the reaéfion., The seéond factor re-
sulted from the ﬁesign of the apparatus. The fritted-
glass disk in the reaction cha mber served mueh £t0o ef-

fectively to separate the salutions above a2nd below it,



i ‘Even when the pctﬂssium hkd disappeareﬁ in the bulk
- of the snlutlan, the portion below the disk was same~
 times still distinctly blua. The entire solution could
be mixed by the tedjmus process of successive expan=
sian and contractian of the 1ower sqlution‘by warming
with the hands and then cooling. This was sa:timé con-
| _suming, however, that it Was often difficult to esti~
'mate when the solution shauld have aleared up, |
~ When an excess of potassium was used, the reactlon o
‘time apparently was less than an hour. - In the standard-
‘ized procedure which was aﬁOpted ‘the mixture was ale
,1oweﬁ to react for at 1@ast an hour to insure complete ‘
‘canversion‘ S o ‘> 4 |
| It is recognized ﬁhat a line of demarcation be«;:'
tween an exeess of potassium and an excess of tho man~
ganese complex could ‘not be clearly defined‘: chever,
from these semi-quantitative abservations it appears
1ikely that 2,5 moles of potassium per mole of K3Mn(CN)6  :
: react to form the reductien product. A stoichiometric
‘ratio of 2.5 suggasts that the reauction product contains
’potassium, manganese, and cyanide in the ratio 5.5_. 1_;f-f°“
6. A compound of this formula would ccntain manganese
| with a mean oxidation state of onemhalf., T
_ ~Ce gnalzsis of the Product. .
1. Procedure. A good set cfvanalyticalrdaté.is,cqneJ

sidered to be the most convincing evidence which can be
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.cbtained in the iﬂ@ntiflcation Gf a neW'cnmpound‘ ‘Coﬁ*'
’vsequently wbem thls problem was started it was decid~
v‘ed that it would be necesgary to perfect an. analytlcal
"scheme which would be applieable te the analysis of the o

‘reauction praduct. This decision stemmeé from two
"considerations, First Hammer had experleaced aonsiderw

able diffieulty in his analytical worke Second, the

o formulas of s@veral possible reauctimn praducts were so

close tcgether that good analytical dnta mould bo need-
ed to distinguish between them.
The objective of perfacﬁing a suitable analytical

‘ scheme was. appraached in the follcwiﬁg manner- First, '
‘a thorough search of the literature waﬁ made for all
types of analytical methods for potassium, manganese,
and cyanlde.' 1sc'ﬁhe‘descriptive 6hémis£ry of these-
ions, ‘both uimple and complex, was studied. Then sever= -
al af~the more promising methods were trieﬁ on known
mixtures conﬁaining pctassium, manganese, and cyanide.

- In develeping the analytical procedure it would
have been desireble to work with a pure complex of
' potassium, manganese, and cyanide if such a standard
campound had been available. Since no quch standard
was avallable, it&ﬁas,décided to use a mixture of simple
salts ﬁhose purity and compnsition'couldheasily be

checked by analysise
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Potassium eyaniae and manwwn@se(zzl) sulfate vere !
: used fcr this purpcse because they were the most nearly

pure salts available. The manufacturer claimed 07 per

cent purity for the petﬂssium cyanide" The mang nese(II)

: sulfate, in the form of the manohydrate, was Cs P ET&dBm
The pereentage purity of tbese compounds vas determined
. by analysis. ;
B Potassium cyaniﬁe was used in the commercial form
;»because 1% could not be purified beyona 97 per cent by
; recrystallizat1on from water.' Its purit& waS‘established
| by the modified Liobig methnd, €eByey titration with A
"‘\standard silver nitrate, with en iodide indicator, This
‘methoa, which ia recommended by Thompson (44) of the
- Bureau of Standaras, 1s emnazaered to be standard for
the anélysigofsiﬁple cyanideé.i ) -
| "The«potassium cyaniaé wos dried"at l25°Gkin the
~ presence cf‘sodium hyaroxide pellets (to absorb the 0y
j'present). The silver nitrate titration yield@d results
of ?7.?3, 98, OO, 97.44, and 97.61 per cent potassium
f cyanmde in the samplo. The average, 97.7 per cent, was
taxen to represent th@ true purity of the reagent. This
figure carreqpends to a cyanlde content of 38 9 per ccnt.
11 subsaquent analyses ware compare& Wiﬁh this value. |
The potasslum cyanide ‘was andlyzed also for potws~

 sium, Thevsamgle was treated with sulfuric acid, the
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solution evaparated, and the rasidun ignited to the
sulfate, The rusnlt of the analyses showed 59.53,
| 59‘54; r‘9.‘81, anﬁ;SQ.as per cent,patagsium present in
 the potassium cyanide. The average of these reSults;‘

- 59.7 per een’c, is only slightly less than theoretical
60,2 per’ renu for pure pota sium ayanide. '

Since tne potassiun cyani&e was impure, ‘the ana-
1ytica1 methad utilizeé for potassimm was checkeé by
avplying it to the analysis of analyﬁical ~rade notas~.
~siom chlori@e, whxch was regarded as being 100 per cent
~pure., Thesge amalyses gava the reaults 99.45, 99,50,
99, 74; and 99.76 per cent of theoretical.' The avérage;
99.6 per cent, represents the probable aecuracy of this
methud, which was considerad to be aatisfactory‘

o The manganese(II) sulfate monohydrate was heated

at 400°C for 24 hours on a sand bath to remove the water
of hydraﬁion.’=ﬁbthfthé hyd?éta and the anhydrous salt
were analyzed fbr manganese.‘ o

MO t methads for manganese analysis are aesigned
for the determlnation of low percentages and traces as -
found in steel. Several of these methods were trieé, but
the fevult were not consistent. |

It was found ﬁhat the bismuthate methad was satis~
factciy,‘even for:large percentages,of mgnganese, when

certain optimium conditions are followed, Cunninghan i
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'\(45), of the Bureau of Standards, recommends these o
carditions* T B L
| V (l) The concnntration of manganas& ahOHld not be
over 0.1 gram per 100 milliliters of sslution, prefer~ .
'ably less than 0.05 gram. o
‘W” (2) The temperature should be kept below 15°C by
uée af an ice bath¢ Thls retards the deccmposition of |
.-the permanganate ien.‘ | | |
- (3) The covcentratioa of nitrie aci& should be 11

to 22 per cent by weight._ o | | o
L The man?anese (II) sulfate sample was put into 501U~
tion ?t the proper concentration and then cooled. The
,manganese was oxidizea to permanganate by means of sodium
bismuthata, which was added in the amount of about 26
‘grams per gram of manganeue. ~This mixtgre was<shaxen.
for at least a’minute, dilutgd ﬁitﬁ an equal vo;uﬁe of

cold Water, énd filtered‘throuwh‘a fritted~g1ass filter.

~ The unused bismuthate remained on the filter plate, and -

Lhe solutlon of p@rmanganate passed through the filter.'ﬁ
- To the filtrate was added an excess of mohr's salt,
‘FGSQ4H(NH4)2304f6520' The exgess ferrous ion was(de~( 
k‘te:mined by titration with standard potassiﬁm perman~

‘ ganaﬁe éulution,‘ A check of the equivalent weight of
Mohr's salt was ma&e by titrating it against standard'

permanganate, An average of 389.3‘for its equivalent
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‘Weight was used in the calculatiors, zhareau for the pure
eubéta ee, tha formala welg eht 1s 39201» 4

. ‘whﬂn manganese(I1) sulfate was analyzed according

| to the above procedure, the follcwing results vere ab*
tain&d. Faund fnr_tha hydrate, 32;44% manganese; théom
fetical; 32 SOﬂ. ,Fgun&; for the‘anhydraus salt; 36,38%;
theoretieal, 36.38%, Thus it was concluded that the

! manggnesezsulfatafrgggent”was virﬁuailyploo per cent
pﬁre.r~The anhydfcus salt was the one used in subseqﬁ@nt
study' o | | |

| &ince this method had workod 50 Wﬂll on the simple
salt it was tried on a mixture of 51x ﬂOle of potasalum
cyanide per me;e offmanganese(lx) sqlfate,A‘Thgﬂm;xtupe
was treated juét as if 1t were‘a‘cqmplex compound, In
fact; as soon as water was added-éome compiexing~took
place, as was evxﬂenced by the green and blue colors o
Which appcared. - ,

The complex was decompcqed by heating With di3ute
sulfuric acid. This 1iberatedche_cyaﬁi@e as hydrogen
‘cyanﬁdewga@ an& left a solution cohtaining mahgéhese(II§
and patasuium ions. This solution'wés théh analyred‘fcr
manganese in the préaencc of potassium by the sneclal
bismuthate method. |

The results of several of the manganese analyses are

AT SR
Audr "t

liéted‘in Table VI. Théy aré,vgyortediasﬁper;cent of nmane
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| TABIE VI

ANALYSIS OF THE gmmm. 1n30,~6KCN

Manganese* jfiygzaazég -~ Potassiumeex
o363t 38, 5% 59.84%
3621 ‘*f"'f\38,60,~,_,ww; 60,18
3623 . 38.68 60,15
36.23 3873 60,26
36,24 - 3878 60,31
36032 60440
sk
36,40
: Average _ '> 36;3 | ”: :L“38‘7 j‘“"') _6Qp2"
In simple .
, Salt n ‘ 736&4" "‘ ‘ w“3849‘,‘¢x:”x'.5997
‘Difference 0.1 o2 o5
Theoretical 36,4
* ggﬁgfteﬁ as per éent Mn in MnS04v(in présenee'of 6

ek ‘Reported as per eent CN in KCN (in presence of 1/6
‘ v Mn504) ; .

*%% Reported as per cent K in KCN (in presence of 1/6
1MnS0,4) | |
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'.‘ganeSe in‘the'man anese(IT) sulfate in order that tney
may be compared with the results previou 1y reparted
for the pure ;alt. ‘The results which were quee%ionable,“_
due to experimentai errars,‘are not included. It is
seen that none of‘thesé Valués éiffers'gfeat;y‘from the
| theoretical. Aléo; theif‘avepag@ of 3643 pérhcent is
in géoa agreement with the 36.4 per cent foun& fér the
simple salt and vith 36 4, the theoretical per cent for
pure nanganous, sulfate. It was concluded that thjs
method was sultable for the analyuis of manganese in |

| cyanide complaxes.

éfter a sbudy of the variou° methods for unalyqis

‘f,fvof p0tassium,_the previous1y.trie&vmethad of determina=

tion as"sulfgte seemed to be the most promising, pro-
videdpthefmanganésé‘couid first be quanfitativeiy re=
moved. As has alroadj been explained, Hammer had ex--
, periencad difficulty in separating the manganese. Howa'
ever, no difficulty was experienced when it wes done in
the following manner, o L

The complex mixture was treated With dilute sulfuric
‘acid to expel-thevcyanide.‘ The solution wafwthen made,

alkaline with émmonium hydroxide, buffered with an am-

B monium salt, and saturated with hydrogen;Sulfide. This

mixture Was'allowed”ﬁo stand for at least a daykto‘per~

mit coagnlation of the manganese(II) sulfide precipitate.
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It was then filtered through a fritted-glass filter

of medium pnrosityf_ The filtratecantained the potés»
sium; while the manéahese remained bn the filter plate.
The filtrate was treated with‘suifuric acid; evapo-
rated to dryness; and»ignited to the sulfate at'1000° Ce

The large amount of ammonium salts present, which

e caused the residue to creep on some of the dishes,

constituted a nuisance 1n several cases.
 The resﬁits of the éﬁalyéés.of the mixture for

pdtassium‘also aré listed 1n Tabie VI. Thé results
which were known to contain experimental errors were
not tabulated.‘ Three values, 61,37, 61. 70, and 62.17

per cent, which were much higher than the others, are
| not included in the list' they were discarded because
. they show no consisten¢y, either with one another or
with the other results. These three high results were
probably due_to:incompleta}separation of manganese.
 The results ot»the p9tassium'analyses which appéar in
| Table VI are not bnlyxsélfnconsistent; but also in
fairly gqo&lagreement‘withthe analyses of the simple
 salt. _Mdst_or'the dlscrepancy is undoubtedly due to
the small amount of manganese which eould‘not be sep-
~aratede' It was concluded that this method was.satis~
factory'for the analysis of potassium in a complex

compound of potassium, manganese, and cyanide‘
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The cyanida determinaticn, 1@ thé“analysié of'a’
“complex compound is usually thé one which involves i
the greatest error. The aecurate Liebig titratlon

and similar methods are not applicable to the direct
'analysis for cyanide in a»complex. The eomplex mast
first be decompased;‘usually‘w1th an acid.: In doing
this it is easy to lose some of the hydregen cyanide,

' gas whieh is 1iberated. -

The modified Kjeldahl methud, as described by
Bigelow (34), is the method generally used for deter«
‘mining cyanide in a complex. In this procedure, a |
~suitable sample 1s distilled with dilute sulfuric o
gcid. A quantity Qf the ﬁistillate is ¢aughﬁ ina
diluteiéodium'hydroxide solution. This sblutioh; af~"'
| ter acldification, is titrated with standard silver
nitrate, with an iodide indieator. | '

- This methcd was tried on the standard mixture.
Grouna glass equigment was used throughout, and all
qunts were greased to_eliminaterleaks. VDilute sule’-
fﬁric acld was added tb_the'dry material'byVmeans of
a graduated drqpping funnel,  The distillate was bubwv
bled through tﬁo}sodiumkhydrpxidé’sélﬁtioﬁs‘in series.
In spite of these précautions,thé'reéults of the cyanide
analyses were all low by 5 to 20 per éént;‘flt'was, |

noticed that the.écdium hydroxide solution became hot



- fromvthe éondensing steam whiéh'céme over with the
distillate, Since hydrcgen cyaniﬁe is a very weak
acid and boils at 260 Cy iﬁ was suspeeted that some )
might be 1ost by VEporization even though the solution
was alkaline., ) | o , | ,

' After repeated failures with the abcve methcd,

it was deeided ta try immersing the scdium hydroxide

solution in an ice hath~ The encouraging results of

~; several analyses in,which this modification was used

fare listed in Table VI», The average of these results
, 15 within one per cent of the a?érage obt&ihad Ey the
‘~reliable Liebig method for ‘the simple salt. ‘It was
vconcluded that this madification of the Kaeldahl
method was suitable for the analysis cf cyanide in
.,a manganese ccmplax, even though the results were al»
ways somewhat lOWa o | | |

In a later stage mf this research, another method
“was found to be equally satisfactery for tne analysis
of cyanide 1n the yellow reduction product, provided
that the appromimate amount af cyanide present was
~ known., The sample in solution was made ammoniacal,v
and about 95 per cent of the required amnunt of stand-
' arﬁ silver nitrate was added. The ammonia prevented '
‘the pracigitaticn of silvef.\ The combination of silver

with the cyanide caused the manganese complex to dis—
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~ sociate, and the hydfﬁxids brcught about the precipi~‘_
. tation of an axiae of manganese, which darkened the

: entire solution. The manganese precipitate was re-
”mcved by_filtratian, aﬁd thélclear fiit?ate‘cbnﬁaig*
ing the cyanide was ﬁiﬁratedktO'an endfpoint with
pdtassium'iédide serving’aS'indicator."Thﬁs cyanide
,‘wasvdetefmihéd\in a‘campléx without conversion to o
 ‘hydrcgén‘c&anide‘ The results were about the same
’,as, or even a little higher than, ‘those obtained by

‘the other method.

- In recapitu!ation of results reporked in Table
VI, the gocd agreement between the average parcentages '
found for the simple salts and for the mixturas should ﬁ
Ibe pointed out‘ On an absolute percenﬁage basis the
differences are only 0.1, 6.2, and O. 5 per cent far
the analysis of manganese, potassium, and cyanide, |
' respectively. On a relative basis the differences’
are 0.3, 0 5,’and 0. 8 per cent, . Alﬁhough errors of
this magnitude might be eonsidereﬁ 1arge in some deter«
~mlnations, it is believed that, in view of the diffi-
culty of the analyses, they are acceptable here. :

“The methods which had been shown to be satisi‘ac~ '
tory for the analysis of a manganese cyanide ccmplex :
- were applied to the analysis of the,reduction product.
| The problem of sampling thé product has already beeh
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discussed. The samples in the weighing bottles were
;i;weighed as soon as the latter ha& been filled. Onéé*
:«‘the sample bottles ware weighed there was no urgency‘
about the resﬁ Qf the analysis. The sampla was emp-
9 %1@& into a cantainer, and ‘the empty weighing bottle
x?'was welghed far the tara. From this point ony the‘.
‘ ana1yses vere carried out aecording to the tested pro-_
‘cedure. | | L | |
At the time that the preliminary analytical work
‘~was bazng dane, it was not knewn that the reduction
r;ﬂproduct contained bound ammonia. Hmwever, after this"
" had been discovered, it was no prnblem‘to determine
.the amount of ammania present by the simple Kaeldahl
method. The product was placed in a closed flask and
tréatéd with sodium hydroxide solution‘ The ammonia
was distilled into a measured quantity of standard ,
acid, which was then back»titrated w1th standard base. 
The results of the analyses of the yellow reduc-
tion product by the previously ﬂescribed meﬁhods are
‘ 1isted in Table ViI. The results of analyses which

were known to contain an experimental error are not

; reported. In general, the results are consistent

among themselves. The average percentages for the
constituents, potassium, manganese, and cyanlde, total

1100,2 per cent.n'
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47,92

'48h13‘

j48¢33
48,64

48,71

Average: 48.3

Empirical formulaz KlO‘ Mng(CN)ll'g‘Q INH

TABIE VII

fimn
12,33
12.38

12,46

12549‘ ‘

'12.52*'
12.69

12,72
12.5

REDUCTIDH PRODUCT :

%Qﬂf*, |
34.64

34,86
. 35.09

35.12

'35¢46 
35,48
35,1

/ Total: '100.2% '
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kk'Thestresuité mayvbe useQ;th¢alculate an empir-
ical formula for the‘product of the‘reductioﬁ; The
: ‘empirica1 formula which was obtained in this manner
151K10.9mn2(03)11.9;“ 2. 1NH3., Obviously these figures
should be rounded off to give the empirical formula
‘;KlanE(CN)12~2ﬁH3. Singe manganese cnmplexas are
usually six~cooréinated, it is preferable to formulata E
the compound as the double salt F5mn(am)6-K6Mn(CK)6*2NH3;ﬂ
A compound of this formula contains manganese in both
'the unipositive an& zerovalent states dn equimalar
proportions. It might also be sald that manganese

exists in this compound with a mean oxmdation state

 of one-half. This formula, found by analysiu, is in

 ’agreement with the findings of the reacting ratio ex-
periments. T . ,

~ The numher of ammonia moleeules which are attached
15 not eonstant. It is believed that ane molecule is
tightly held beéause an analysis showed that a sample‘

~which had been standing for a week contained one molew"v

. cule of ammonia‘ Samples which were analyzed immedi~

ately lack consistency, but, on the average, a fresh
sampleacontaineditwo;molacules\of ammonia. ;

" In Table VIIT are listed the starting complex
"materiél and what were‘thbught to be the most likely
' possibilitiés for the reducﬁion prcduct;‘ The percent-
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TABIE VIIT

THEORETICAL C&TEFOSI”IC)KS OF SOME
POSSIBIE REDUCTION ?HODUCQS_ ,

. | P T
Kqlin(CN)g - 35.72 16,73 47.55
K4Mn(CH) ¢ 42,56 14,95 42.49
Kggzés(cﬁz)g - 13.51 38,40
ixgém(cmé | B 52.64 iz 32| [B5.03
KJn(CNgKgIm(CN)g 50,47 1289  36.64
Kin(CMgmty 46,15 12,97 36,86 [2:02]
;K6Mn(cm6-bm3 50,70  11.87 - 33.74 3.68

Kgﬁm(CN)é’KéﬁﬁI(CN)é‘WHs 49.48  [12.64] 35.92 ,3_.96_1'

EXpe?imental B | | 48,3 12.5 f 35~_l 4‘3



égeléomposiﬁigns'bf thexconstituents‘are given for
each eémpcﬁﬁdy The table was wade to show what pos=~
sible formulas the data of Tahle VI might zit, and to
ascartaln whether or not other possibiliﬁias were elim»}
'inated.v Th@ table also shows why careful anaiytical
 data was essential far the successful eancluszon of
;this preblem. | | ‘ _ Sl
‘ The yereentages which cwul& correspond to the

*experimental values are enclosed in rectangles. 0n1y5'~
one . farmula ccrra3ponds wzth experimental values for |
more than two of the four consti%uenus. It is seen
~= that K;Mn(CN)6~K6ﬁn(CN)6‘QﬁHB corresponds with all

four experimental Values. If the,data were not reliﬁ ;k

© able 1t would be difficult to prove, from analytical

&ata;aloﬁe, that the reductiOn,producf_was not the

simple complex KSﬁn(éﬂié-mﬁ3Aor xémﬁ(ém)6~NH3; .In

- fact, with inconclusive data, Hood (32) had surmised

. that the reducticn product ‘probably was &5mn(0¥)6 NﬁB.
D Reducing Power Exgeriments.

In order to establish the oxidation state of a

;metalVatom‘in a csmplex, it~is desirable to ccnduct |
~ experiments for the measurement of its oxidizing or

: reducing poWer"'In the case of a ccordinated métal

,"- in a low mxidation state, a reagent 1s selected which

wiil oxidize it to some known oxidation state. The~ )



,’oﬁher constituents of the compleﬂ muat not be DAidizpd
  }or reduced,”dnd the reagent must lenﬁ itself to quanw,,ﬁ

 titative measurements.Q”, B ‘
- The first oﬁiﬁizing agents Which were tried on
' thg’pgdugﬁion product were aqueous smlveg nitrate and'
aqueoué iodiﬁé solutions, ?he:weighed'sémples in ‘,
tightly,stoppered‘waighing bot%ieS’were”éﬁﬁméfged in
the oxidizing,soluﬁions and theﬁ broken. The 1odine
soiution proved to be unsatisfaetary‘because axtremely
large amounts of iodine wefééreqﬁired; Tt was demon-
strated that the lodine had reacted not only with the
manganesé; but aiso with the‘cyanideg‘ The silver
nitrate soluticn also was uneatisfactery. Immediately
upon breaking the bottle a black precipitate of free
silver apneared, which showed that reduction had taken:_,
| place. The free silver was separated and weighed as
silver chloride‘ The results of these experlments
were incansistent however, and the calculated reduc- .
ing power was much less bhan was to be expected on the
'ﬁbasis of the analytical data. Bvidently,some of the

reducing power was lost when the ﬁroduct was placed
‘in water. | | |

It was reasoned that 31nce silver nitrate was

soluble in liquid ammonia, the reducing power of the

yellcw product mightvbe accurately megsured in its
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"“haturai 5ébitat." 4 known ameunt of wtarulng materialv(
 _vas used, and it was assumed that 1t reacted quanﬁi- (i“
‘taﬁively with the potassium ta give the yellow praﬁuct.- |
It was proved that practically none of the manganese\“
ébmpiex'was lqst~in fhe Wasﬁings;.since'an,anaiysis of;v
the wéshings showed théb‘oﬁly‘one per cent of thé‘man-“‘
,‘ganese passed through ‘the filter plate. '
hen an excess of silver niﬁrate was added to the

yellew producﬁ in the ammonia suspension, the vessel |
immedlately became filled with a black precipitate of
free silver. The silver was $epé#ated and weighed as
the chloridé‘ The results 6f the'firsﬁ few runs were‘
o meanlngless, but after the tachnique had been perfected
 they became more consistent. | |

‘f The standardized procedure fcr the reducing power’
measuraments was as follows. The reduction prnducﬁ
was prepared in the usual manner. The startinb mate~-.
- rial was weighed accurately and added to the\potéssium'
in the‘réactioﬁ ghémbér‘ The rémaining complex was
washed out of the bulb ﬁyféondénging some ammonia in j;”
the bulb. In‘order to~keép7solidsfout af the‘tapered'
Joint, the‘liquid 1ével wés‘keﬁfylow in the reaction

vessel, The yellow product was washed at least twice

o  '_with 1iquid ammonia to remove the excess po»assium.,

Silvgrvnitrate, in.exgess»af‘faur and one~ha1f moles‘
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; per'mﬂ1e»éf‘sfaftingucbmplex}(this wéé £6 31ioQ one

kan& one-half moles for the re&uction, and at 1eas%
‘three males far combinatzan with the six cyanide groups).
was placed in a cl&an dry side bulb, It was flusheﬁ
with ammonia gas and allowed to cool. The resction of
silver ﬁitréte withuammonié is highly ékeéhermicfr The
bulb was inserted into the system, and the silver niv_f'
.’trate was washed into the reaction chambar by condens= |
ing ammonia in the bulb. | |

| Aftar the mixture had had suffieient time to

| react, the solvent was wiﬁhdrawn¢ he residue was

washed saveralltimes with liquid ammonia to r@move, .

o “the excess silver ﬁiﬁrate anﬁ*any silvay c?enide? simg |

;  p1e or camplex, which might have been present. It o
was then washed at 1east twiee with distilled water,h;'
 which apparently hy&rolyzed a manganese compound whichv :
‘.was present in the residue. Next the residue was
treated with dilute hydroehlorie acid, which washed ”°
out all manganese, as well as uncombined chloride and
“cyanide‘ The free silver which remalned was dissolved
‘with hot dilute nitrlc 601d. This solution, with 1ts
_washings, was treated with dilute hydroahloric acid |
to preeipitete the silver as the chloride. It was _‘ |
then filtered,‘and the precapiﬁaﬁe was weighed’

Experience éhaweﬁ that in order to get a quanti~
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- tatiﬁé,re&uction‘itfwagimeéessary occasionally to B
h detach'the 16@ersﬁért of the feaction chémber and'tb‘
stir the 1iauid ammonia susnensien well, especially in
the cracks arounﬂ the fritted plate. upatulas of iron
_'or aluminum were not suitable for this purpose, ‘because -
thay raduced silver nitrate. A shmrp pointed g]ass
‘stirrlng rod was useﬁ ins teaﬁ. The error of incomplete
mixing was the 1ast to be corrected in a. series of re~

finements that finally led to accurate reduoznv pawer

o measarements.

Only the rasults obtained by use of the abava Pro-
cedure are considered pertinenﬁ. These va]ues for the
freduczng power of . the redaeticn nroduct &re 1.52, 1¢SQ,~.'
1. 53, and l 55 gramuatams of silver per gram~atom oP‘
manganese‘, These results demonstrated that the manganese‘
underwent a mean valence ehange of one and one-half in its
oxidaﬁion by silver nitrate. Since it was oxidized to
the dzpositive ccndition, it must have eﬁisﬁed’originala‘
ly in a mean oxidatlon state of oneehalf. This result
is in complete agreement With the rec ults ofvﬁhe reacting
ratic experlmenta and with the analytical data.' ﬁhereni
‘as the analytical data are the strongeat evidence in
i support of the proposeﬁ~formula, the reducmrr power

7'measurenents give the best clue of the oxidation state of

the manganese atom.‘



71

'E. Nagnetic Susceptibility Measurements,

ﬁﬂaf:»ne:w,re}? a new ransitlonal metal compound is to
be identifieé it is ceslrable to make mpqnotic studies.
i the,r@ ults from ma anetic m@agurements aarmo Wlth |
other conclusions refarﬁing the compound fhen they are
- sald to lend support to these conclusions. 0n ﬁhe other
hand if they do not quite agree, some reaqonable eXe
| planatiom mugt be sought., | | L o
A Gouyfty?é,magnéﬁicibalance was used for these
. meaSursments. Dlrectlmns for the use o; the balqnce
7"and methods for calculating magnetic mompnts were found
in atandard~referenne‘workg by Selwood (18) and by
eissberger (l?), as uell as in Thompson's thesis (41).
. Compounds whose susceptibllitias are Pnown were
measured in order thu the writer might become familiar
"v,with the‘techniqﬁé 6f using the’magnetid'balance. The
weighing,tube was filled ﬁith air; With'water; and then
with the test material whose Susceptibflﬁty was to be
measuredo' In each case it was woighed with the magnet-
1zinc current on and off, |
R The calculatian of the volume susueptibility was
made by means of the following relationshipu

| (W3~ﬁ1)(§ﬁ~ﬁﬁ = Kx~Ka,~where’
| T Wy
. Wy = weight with current on minus weight with current
off when the tube 1s filled with alr.
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. this S?me diffarenca far water. .

=
N
#

 %3‘3 this scme divference for the test material.
<Ké ﬁ known volume susceptibility of air.
 ’Kw - Fnawn volume susceptihility af water.

'Kxfg valume susceptibility af test material¢-
“jﬁivision cf the volume suscaptlbility by the ap-
parent dcnsity gave the gram snsceptibility. The gram

‘susceptibility was then multipli@d by the molecular

Wel”h“ o viva the" molar susceptibllity. The dlamag~

 netic ccntribution caleulated by means. of Pascal's
"constanﬁs (46) for eqch canstituent of the comple& come
‘pound excent the metal atom was subtracted from the

| molar susceptibility. Thcn, on the assumption that the

| ~abbreviated Gurie law holds, the effactive moment in

Bohr magnetonsiWas calculated,aecording to the Curie

/*&eff = 2,84 47( T 1 where

~/&teffis the magnetic moment in Bohr magnetons, 7( is

;eguatian,

"the molar suscepﬁihility, and T is the absolute temper~
ature, ‘All measurements were made at 25°%c, |

‘The susceptibility of Mohr's salt, FeSO4*(NH4)2804~-
6H20, was determlned at three differoﬂt field strengths.,
Effectlve momenﬁs of 5»34, 5.34, and 5.32 Bohr magnetansv
were obtained. These values are in excellenﬁ‘agreement

 with values of 5.25 and 5.46 reported in the literature
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{4?); and With‘Thompsoﬁ?s vaiue of 5;40‘(415, ?he |
.thecietlcal value far the four unpaired alectrons in £
‘b‘this compound is 4.90 Bohr magnetons. The usceptlbila
ity of“thé starting matﬁrial, K3mn(0§)6;'Was measured
_also. An effective mewent of 2 94 Bchr magnatans was
 0btained. Thxs campares favorsbly with the iiterature
 vvalucs of 3 25 (9), 3.61 (19), 2. 95 (20), and 3.40 (21),
as well ‘as mith the theoratleal Value of 2. 83 Bohr mag« :

o netons. -

From these results it was concluded that the teeh»
niqnes emplcyad 1n u,ing the magnetic balance were sultn
_able for the aceurate measurement af}the-susceptibility‘
of the yellow reducuion product. The weighing tube Was
cleaned, dried, and flushed with ammonia in the ary box.
By means of a spatula and a glass rad, the yellow*prc-
’f duct was quicvly transferred ‘and tiwhtly packed into the
',weighing ﬁube. Then the sample was weighed in the same
| manner as were tha prallmanary trial samples‘

In order that the cbserved moment mignt be compared

e with the theorctlcal Value, the ealculation was ma&e on.

the basis of uhe double molecule. The formula hllmna(cﬁ)lg -

QNH3 was used in calculating the molecular weight, bem
cause all of the evidgnce paints to this formulation.i
éhe‘unipbsitiva mangahese‘atam iﬁ this compouﬁd sﬁould

have no unpairgq'eiec#ronsg,anﬂ the zero?élent atom should
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. TABIE IX |
SAYPTE DATA ATD CALCULATIONS FOR
MAGNETIC STUDIES |

Wy ':.-{ =~0,00211 g o w 2, ~0.72 x 10-6 |
Wy s -0,00427 g . Kg= #0.029 10*5 |
W3 v.:—j‘..»o.ogw s | | o

| ' Gurrent R 57 amperes

-/  Field Strength 2400 gauss<
vTemperature = 2590

(W3*‘W1){K =Ky) = Ky = K,

“’fz = Wyp) | |
(=0.12X/0 ‘“"- o.'o-;.? ",’,""‘) :

(wa 00142 + a 00211)
: o “-',(»0‘00427 4+ 0.00211)

- 6.029 X (0
Kx = 0&268 K 10“6
- 5 volume of sample - 1.242 cm3 |
o weight of sample = 0,8937 grams

0,268 %107 x 1,242 - 0,372 x 1076 = X (gvam suseep-
| o 8937 e tibility)

SRR , molecular Weight 887
'0.372 x 1076 x 887 ». 333 x 1076 = X (molar susceptibility)
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TABIE IX (Cont.) s
' :_Correetisms for ﬁiamagnetic ccntrﬁ.bution.“ -

‘\..;.;1853;10“6 |
CN “ »10.77 x 106
NHj = -14.4 x 1076 -

11K < + 120 + 2m3 ..362 x 07

 333x 1078 ~(~362 " 10*6) = 695 x 10“6
Xn (correctod)

Mets = 2'84‘V 695 x 10"6 % 298
PR




| have ‘one unp ﬁrﬂa el@ctrcn. Thu sy tbﬁ en*ire welocule |
»waulﬁ be expecde to havm a moment a£ 1. 73 Bohr mﬂvﬂetnns.'
The exnnrimental values obtained are 1.29, 1.32, 1. 20,
1-37; cnd 1,17 Bohr magnﬂtonQ. R -
. These valuesyare somewhat\lawer‘than the theoretical
”?51u§7f§y:thé prcpésea farm§;a;1Jﬂoﬁévsf;kit can bé~ |
’"shéwn“thaélthediégéepaﬁcy.ﬁight reédily be accounted'
for in téﬁms of a pértiéi oxidétibn.mf ‘the prbduct. 3 ~*
' mixture of forty per cent of the zerovalent and sixty
';per cent cf the unipositive manganese complex would have
a theoretical valuo of the same mdgnitude 58 fhe ezpcri-
"mental values. 5 ;”l | o
o In view of these detS, the valuee for the effectlve
'momcnt of th@ reduction pro&uct may ba regarded as being
in:agreemenﬁ with,the other.findings of thiujinveutzgation
| and as lending support to ‘them, R
B -An attempt vias mwde to follow thm cxidaﬁion of the
yellcw product by meanq}of auscewtlblllty meaQurenents,
but these were iQCOHQIHuiV?o This is probably due to
, the_fact t@at_fhé zérdvaient pard of,tha compound becane
‘1ess‘paramagnetic‘ané thé unipositive paré more‘pﬂramag~ ,
? netic~ﬁpon bxidatioﬁ. BOvh of these nrocesses prcbably
occurred at the samo time.gylh.j,” S

: F»; 1scellaneous Qualitative Experlments. o

A fow qualitative experiments aere performad to ex~

,vplore the possibilitities of redueinw some of the complex



'CJQRLGGS ef other flrst rowW transition elements¢ These
: trie& were cyanc complexes of chrom¢um, iren, and cabalt.

- In one exploratery run on the reductzon of KgCr(CN)é,
a ratio of 3. 5 moles of potassium per mole of comnlex ,
~ was used;l After abeut an hour the blue soluticn beqame '
‘lighter in color but thr last of ‘the blue color did not
disadpea” Tbla was an indication tnat most of ‘the potas~
siun—-posqibly three moles~-had been used in the reaction.
The ra&uction pro&uct,':hich was definitely brown in
calor, wWas very senagtive to air oxidation. Upon ex-
posure to air #heihrowﬁ solid immedlately tnrned deep
ygllcw;nthen,greeﬁiSh; and finally the sgma 1ightiyel1ow>;
eolor’as the starting»materiai."rThé-firsﬁ éoior change
was practical y inatantaneou81 the seconﬁ oceurred after =
about one minute, snd the third after about tventy minutes."
o The product showed strang rcducing praperties, con-
verting silver nitrats to free siIVer. ,Thiskindicateﬁ |
thet the chromium in the product was,in a léw‘oéidation
staﬁe.“Some of the product éﬁigh'had beeg'air-oxidizéé
to a green color was thrown into watér; and was found to
give a red solution, The comoound K4Cr(CN)g is green |
in the solid state and red in solutmon.
. oince the light yo];ow color corresponds Lc the tri-
positive and the green to the dipositive chromium come

plex, it is posaible that the deep yellow compound might



‘ ‘con%a1m MnAPO&lLlVe and uhe brcwn pruauct zarovalenﬁ |
;‘Qhroaiam.: In the conpcund ﬁécr(Ch)é, chromlum wmul&
have an Gf;QCth% atomic number of 36, which is the

"“aonflguratxon af krypton.‘ 51nae the rave gas cnnfiguraw‘j
‘:tiORu are known tn be especma13y stable, it seems quite'
-'pasglble th t a chromlum complem cauld be reduced to -
~the zerovalfnt sﬁaue‘; Thls prablem appear« to be a
Lprnmislnn ene for future work‘ '

i In the flrst few axperimentv W1th the cebalt com=

  p1ex, K3C0(CN)6, mo reduction by petassium in liquid
,ammon&a was observad¢v hen tha camplex was ~added to the N
 pctasa1um, amounts as small as anenhalf mole of potas~
 51um per mola of complex were used, and the blue color b

did not disappear, Even when a large exﬁess of potassium

'*~£f,was us&d, tho staxting materlal showed no eviﬁenee of

"'change after several hours» The preeipitate which re~ o
 ‘mained after treatment with patasslum dld not reduce
silver nmtrate. , ;

: ' It was found, hawever, that when th@ potassium was
addéd to a suSpension of hBCo(CV)é, a reactlon did take

| place.\ Since tha starting cemplex is dlfficultly scluble,:

'(the sample was agltateé in llquid ammonia for a half

hour. Potasolum withaut: coatlng of toluene was'then .

' added to the solution. Vhen it was added in small in-



crements, the selutlmn was observed to turn definitely

yellow as soan as the first plece 0f potassium was added.

L As more patassium was addeﬁ, the seluticn became decper

yellaw and then brnwnish. anally, when an excess of
”potassium had been added the sulution tnrned blue.
’ Approximate1y three gramwatems Qf gotassium per mol& of

K3CG(CN)6 were requmre& before petassinm appeareﬁ ﬁc be |

- in excess, It is nat known whether all of this potassium

was usad for the reductian of the camplex, or Whether
some of 1t was converted to the amiéa.  | -

~ The definitaly brawn reduction praduct was very
,unstable thh respect te air and water. The product |
turned redv;mmediate;y,uppnvcqntact with air,‘an& the,.
final air oxidation pfaductAwas‘yellow; The brnwﬁ prdé
dnct~él§o showéd strong radﬁéing'pqwer’in that 1t‘re§y
“duced sil#er nitrate in 1iquid‘ammonié.__From'the pro=
perties of the product'anﬁ from the ratio of thé'readt~
ants it 1s evidert that a compaund has been prepareé =
vhich contalns cobalt in a low oxidation state, possibly |
+ 1 or zero. N - ;

) @hen potassiun ferrocyanide wau treated With potase :
sium in liquid ammonia no reduction was observed. Small
amounﬁs of pat3551um did not disappear after several

| hours. The precipmtate which remained was of the same
. color as the startzng material, and it did not reduce

‘silver nitrate.if
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Tha findings with the chromium, cobalt, and ircn
\complpyes are in qualitative agreement with those af
" Fernelius and Bigelow (33) which were previoualy men~
1uion0d¢;if“? ~ TR "_ _' , B
It mignt be expected that KBCaccxv)é and K4Fe(CN)6 |
x7;wou1d be difficult to reduce b@cause in each case the
‘metal atom has a stabla kryptan configuration¢ Thms
j'reasoning seems tc be valid in the ease of the ferrous
”'complex, but it is not clear why the cabalt complex

’shculd be reduced* SO



R
Y. SUMMARY

Potassium was found to react with potassium hexa-

. éyanemanganate(iII) in 1iqaid ammonia to Pr?duce:a-v;;j;\
yellow eompouna whiCh'9055955§5 strong raduciﬁg pro-

_ perties§f The prcblem of characterizing this yellow _kf’

_ reduction nroduct was apprcachad 1n four ways..

e le & sbudy was made of the ratio in which the ree'.
actants combined. The study inﬂicaﬁed that 2.5 mplesﬂ
.‘0f3pota§sium per mole of pétasSiumVhﬁxacyanémanganate ‘f"
(III), K3Mn(CN)6, reacted to give the reduction pro-
duet. This evidance suggested the following equatien
for the reaction* ’
| - Kglin(ClNg + 2.5K = Kg, glin(CN) g
2. A ccmplate analysis nf the reduction praduct was
'made.‘ First a seheme of analysis applicable to man~
'ganese complexes vas devised, and was verified on known
mixtures of potassium, manganese, and cyanide. The re-
, duction producﬁ was then analyzed by means of this scheme.'
The analytical data gave. the following empmrical
fdrmula for the compounﬁx Klo.gwng(CN)ll‘gnQ.lNH3, or
Klan(CN)la 21&13 The formula is preferab‘ly written as
an ammoniated double salt K5Mn(CN)6‘K6¥n(CN)6'2NH3., This
formula is in agreement with the one which was suggested

by the evidence from the reacting ratio experiments. L



o 3. The reducing power of the yellow product was
‘flmeasured with ailver nitrate in liquid ammonia. About
1.5 moles of silver nitrate were reduced to free silver
_‘per gramnatom mf manganesa. since the manganese was
oxidized to the dipositiva conaition, the yellaw re- .

,duction product must have centained manganese with a

- mean axidation atate of one~half. The product prnbably"”'

<(consistea of equimolar proportions of unipositive and
: zarovalent manganese complexes.( This conclusion,is in
‘ ;complete agreement with the evidence from the reacting

: ratio experiments and ‘with the analytical data.

‘The magnetic susceptibility*ef the compound was

o also measared.j An average magnetic moment of 1.25 Bohr :
: magnatons was obtained for the dauble molecule. This B
"is somewhat lower than the thearetical value of 1.73
:IBohr magnetons which Would be expected for a ccmpound

of the proposed formula.. However, this dlscrepancy is

not very significant.r A mixture of forty per cent of

‘ﬁhe zerovalent and sixty per cent of the unipositive

| manganese camplexes would have a thearetical moment of j

~ about 1. .25 Bohr magnetons. Thus the magnetic evidence

supports the other findingé of this investigation.ﬁ;

| “' 11 of the eV1dence from these four indepandeﬁt N

: meésurgments leads ta,thekconclusion that the reduction

r product contains manganese in both the unipoéitive ‘
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and zercvalent states in equimolar propori,ions* Un=-
&oubtedly, the i‘mrmla of the compaund shaul& be. m’itw
ten Ksﬁn(cm6'Kémn(cm6~2m3. _, |
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VI. SUGGESTIONS FOR FUTURE WORK

NOW thatkthe‘yellow reéuction product of‘§otas~r
sium and pmtassium hexacyanomanganate(III) in liguid
o ammonia has been characterized, suggestions for furtha»
‘ work may be classified under two headings'

A. Progerties of KgﬁngCNQE*KéanCNzé‘QNHS

 Only qualitative information exists as to the chem-

deal propertiesiéf the yeliowtproduct'i Its behavior in
| acidic, basic and neutral aéuecus media; its reactions
 with inorganic salts, and most of its physical prop-
erties are unknowno An investigation of these proper-
ties should be made ir the importance of the product
warrants it.

B.' Similar Reductions of Other Complexes.

From the qualitative experiments it appears that a
study of the reduction of-peta331um hexacyanochromate(III)
and potassium hexacyahoéobaltate(iil)»wculd be very prom=-
ising;‘ nnaéubtedly the metals in both of these complexes
are reducible to lower dxidation states. The problem
of identifying the brown reduction products should be
undertéken. It seems probable that this could be done
'by methéds similar to those uéed invthié ihvestigation.
Alsp; éttempts should be méde to reduceicnmplexes of |

the other members of the chromium and cobalt families.
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7 It appears unlikely ﬁhdt the hexacya“a ccmplexes o
cf iran can be reduced lawer than to the dmval@nt
. Hstate as long as they are sixucoordinﬁﬁcﬂ.’ However;‘
ir their pentacyano complexes could be prepar@d iﬁ

would be worth Whlle ta 1nvastigate thair reducibility.
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