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“10‘6m) §f metaLS'in liquid'émﬁbnia cpntéin princip§1lyZémmdniaﬁéd metélf

" ions and ammoniated electrons which are independent of one another

‘question is: what happens vhen such dilute solutions are mede more con--

“cenfréted2;:Long,agb,jKrauSi pbi@iéqugffthat conductivity data could be . -

" explained in terms of an’equilibrium between the ionic speciés and neutral

 metal atoms:

o

2 M'" +e_ =M’ =

[T

This equilibrium adequately accounted for the vehevior of moderately dilute . .

1

metal-ammonia solutions until it was found thet the molar megnetic sus-. -

O .

ceptibility of these solutions decreases with increasing concentration.
T N IR, T :

N

" .

These latter results were explained by Huster 'and Sugarman and Freed3-1n;,

terms of an equilibrium between the ionic species and diemegnetic metal

af”étom}dimersff
M+ 2e” =M.
- More recently, Bééker,-Lindquist and,Alderh'showe§ that_the'condudtivity

" data and the-susceptibility data could be explzined by considering both of




_g_
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the above eguilibria. .They reported equilibrium constaents which indigated

e . that the relative concentrations oI the species e , M, and Ma,are char, jing

-
R

sasuring

[}

guite rapidly with concentrztion in the region of 0.0l M. Ve began m

T it

:

.i : . _

l : - ‘. .

| ’ _ - . the absorption spectra of metal solutions in this same concentration region
| . L ,: ' , v
| wvith the hopes of being able to distinguish the abscrption spectra fon
| o - o by
l

: ‘ - - each of the species and of being able to evaluate the ecuilibrium constants

v

14“ ‘  ' indepenaently.

The ammoniated e;ectron, e”, has been descrited by Ogg5 and. others as
an eleﬁtron in a lsrge cavity.' The system is stabilized by the orientation
of ammonia moleculgs on th¢ perifery:of the cavity, with the

_pointing inward so as to create & virtual Aositivé charge in the ceanter to

and Alder  described the monower, I,

¢t

hold the eleQ?ron. Becker Lindguis
AN
~as an ammoniated metael ion with the electron circulating in an expanded
orbital” on the protons of the coordinated ammonia molecules. These
seme authors described the dimer, Mé, as & pair of ammoniated metal ions

held together by two electrons in a molecular orbital situated largely

between the two ions. - In view of the above descriptions of the three

2 01

)

)

species e , M, and Mé, it seemed reasonable to us that they would have

distinctly different absorption specira.



ure‘-‘_

In uhls paper would llne uO out“wne oar snectropbonometrlc me

ments and to indicate the conclusions thatfweidr» fro tne rcgulus._ Com~ﬁ

N

"aﬁpl*catloqs caused oy ne formation of qo llcu d bn“ses arose 1n the cagc‘

- of calcium solutions; and I would like to conclude by presenting our 9me-~

They °untlng;au‘ brbl.m;n“ry results on. the ca101um-ammon1a ph se. dlavram

) T
© The Absorption Spectra

The»:i?St épéératus usedfi# oéﬁ.spégt#al ;tugies.(APpé;étuévI)sié ' 1; ":f"f{
;shown in Figurev;.. ‘The solhtlon in the absor? "or‘cell was mulntalncd
;ép .-'(O(‘j by péckingktﬁe upﬁer'dgwaf-liggfchgmbef with éﬁy—iqe SO ?ﬁat‘thgi!---
,'solution:conti;uéusxy:reflﬁxed. iné cell Da th- length was abouu O 5 .
'5 _8 lle. éthf% ng%hs were nétv30551b+e with this uyoe OT‘feFlui-coo}ing VedoT 4
oécause of.éqbrvgiréulation of #hévéé;utiqn‘ﬁetweén“the'éell‘winddws.v
When path lengths of abo“t o. 05 mm. we ré trie@ in this ?ype of apparatus,
the héat géner§§§d ﬁy'ﬁhé lighi.beam ééﬁsé@vbubbles ?é %org between'ﬁhe_
S windows. Slnce we were tnus reshrlcted to a rather long patn-~cn th, ‘we

"could szudy only ve“y leute sol utlons (cg lO 3 cand lower) in the r°3101

of the absorption peak. However we could study solutions as concentrated



—
>
-3 -
as 0.1 M in the visible region of the spectrum, and in Figure 2 we have
plotted the absorbancy at 4500 A against the concentration on a log-log
‘plot. To our great amazement, the extinction coefficients calculated
. mixi(
., o B PR
from the individual points deviate from the mean ty an average of A X.o%.
- L
At that time we thought that perhaps the various species in solution had
identical absorption spectra in the visible reason, but that in the Infrared,
‘near the absorption peak, we would find changes in the spectrum with changes
in concentration.
While we were in the process of building a2 new type of apparatus ior
" measuring spectra in the region of the absorption peak, Douthit and Dy37
publishéd a paper in which: they revorted that sodium obeys Beer's Law up
to 0.004 Mat ‘_che: absorption peak. They explained this result by postulat-
absorbing species (the electron) exists in practicélly the same form as
it does in very dilute solutions. Donthit and Dye reported that potassium

shows a very marked deviation from Beer's Law behavior at concentrations

between 0.003 and 0.0L M, and ascribed this deviation to dimer formation.



.,.-v—"“

i S oy - : R N . ' : g
brium constant in the case of potassium. . We also wished to study other?’

_-metals, such as Li, Cs, and Ca.

o

Apparatus II is pictured in Figure 3. The path-length for the optical

cell Was O.Oth‘mm.'L'a diménSiQn‘sc small as to practically prévent‘cir-hifn

¢

‘culation of solution between the windows. Therefore the solutions were

‘made up and homogenized in & side vessel and then poured over into the

. ° V . . : ’ K o 4
optical’cell. The cell was kept cold by placing it in a box flushed witr « .
cold nitrogen. The auxiliary'apparatus'and methods of operation are
TN g
described in the. literature .

1

Typical absorption spectra for sodium soclutions at three different {

tenperatures are presented in Figure hg Although there is some uncertainty

as to whether or not the absorbancy on the short wavelength side of the

C el

. peak increases with increasing temperature , it is clear that the absorption

- _ -1 - ' _ ,
peak shifts about 12 or 13 cm ~ per degree toward shorter wave numbers as



€

symmetrical. * - - _ | %

-concentration..ﬂA plot of Qmai Vs, Amax is shown in Figure 5 in which we

',havé included thé daia'of Douthit and Dye for more dilute solutions.’ I§

0.25 M in the visible region). In fact, Beer's Law is cobeyed up ©o ce

3

wryy

B

the temperature is increased. Notice that the ‘absorption curve is quité{

14

The peak wavelength shifts toward longer wavelengths with increasing *

¢
3

i

" is seen that below about 0.005 M, the shift is nmuch more pronounced than

it is for higher concentrations, and that the two sets of data are in
reasongble agreement vhere they overlap. ' . '
We found that sodium-ammonia solutions follow Beer's Law within an’

. : : .0 s
experimental uncertainty of - 5% for all wavelengths between 4000 4 and .

+-

o

* the absorption peak (ca 15,250 A), -.-. to the highest concentrations for

TN
AN

° N Y ] > ]
vhich we were able to make measurements (0.03 M at the absorption peak and
/ .

o ,
0.05 M for wavelengths between the peak and 24,000 A, but in this wave-

length region a positive deviation from Beer's Law was observed at higher

. concentrations.  Within an experimental uncertainty of - lO%, the absorption

spectra of solutions of lithium, potassium, and cesium are identical with

D)

Those for sodium solutions-of similer concentraticn. 4 few of the data

!



" Figures 6, T, ébd 8. .

molar eéxtinction coefficient for calcium to be .exactly twice that fdr'fzif

L
"

assume that calcium yields two electrons per atom, then we expect

the-alkali:metalé;5 One obéerveé’from-Figure’Y'that the‘experiméntal'Vaiues; o

for.the extinction coéfficients_are cbnside:ably less than twice that for .

2+

- the alkali metals.. For a vhile we thought we had evidénce for Caé or
+i, ‘ " e PO
‘Ca. ions. However these runs were marred by experirmental difficulties,

,not'the”ieast of which was the fact that two liquid phases formed when

meking up the more concentrated solution. We have recently repeated the -

N . . . .
calcium runs, and in Figure 9 we present our results. The data show:. .-

that calcium oveys Beer's Law up to 0.025 M and that the molar extinction

coefficients are two times those of the alkali metal solutions at wave-

lengths in the vicinity of the absorption peek. Hence there appears to «

be nothing abnormal about the spectrum of calcium. In the last section

of this paper, we describe our study of the calcium-ammonia phase diagrem

which was occasioned by this work.



&

It will be noted that there are no indicaticns of shoulders on The NaI3i

.9

Because Clark, Horsfield and Symons9 reported the appearance of ';

o ) . : ¥
shoulders at 6700 and 8000 A in the absorption spectra of ammonia solutions
. . &

of sodium and sodium iddide, we repeated these measurements using higheg

concentrations lof sodium iodide. Our results are presented in Figure 10. -

8

:.,.-.al..-\ o

!

Na curve, and that the addition of sodium iodide causes the absorption

.peak to shift. to shorter wavelengths;

Interpretation of the Spectra

- How can we account for the fact that the spectra of the metal solutions

are only slightly affected by changes in concentration below 0.25 M? I

think it is clear that the nature of the absorbing species cannot change

N\ .
\;

much over this concentration range; and since, in very dilute solutions, we

must attribute the absorption process to a ls —> 2p transition of the.

electron-in-a-cavity, we are led to the conclusion that the electron-in-

~a-cavity retains its identity even though species such &s M and M, are being

2

formed. As we have mentioned earlier, this is readily explained for the M

species by describing it as an ion pair in which an ammoniated metel ion



" 'The M2 species may be pictureq: a.s a qu!ajdrupoiar: ibnic.assembiy of two

[

-
"

35

" amnoniated ions and twvo emmoniated e].ec‘c,rovn's"l‘c.> Presumably the elec':trofg&s' v

. and ioms are held in a square or rhombic configuration.  The probability
© - R | - 7
- . . i,

" density for the electron in the ammoniated electron extends with decreasing -
intensity through several solvent layers. Hence the wave functions for.

“the two électrons, in the dimer will overlep sufficiently so that the singlet . -

.state will be lower in'ene gy 'than the ur7plea. by more than kT.

--Apparently the ammoniated electron retains its structure in any other
.. species which may form in metal solutionms: I , 112 M)_L, etc. However, in

. .-.. \\ ‘ . N ) .
highly concentrated solutions, one would expect that the rature of the

amnoniated electrons would change beczuse of the unavailability of sufficient

-ammonia molecules to properly cooxdinate both the metal ions and the electrons.

Perhaps the deviations from Beer's Law which we observed at wavelengths around
21,000 A Tor concentrations greater .than 0.05 M indicate the formation of

- high polymers with incipient metallic bonding. If we assume that the metal

‘.




- ion and the electron eachﬁoordinate_six ammonia molecules, the solution

i Ly et et e s e a2
'
: ]
1

i ot
%, .

'will-be‘deplé%ed of "solvent" molecules at 2.8 M. It is interesting téat B

" at 3 M, the conductance of a sodium-armonia solution is increasing very
I | | . :
{ Ny . ' o A
: : -rapidly with increasing concentration. = . o : LE

Thebslighﬂ shift 5f ‘the spectrum toward shorter wavelengths upon %dding

sodium iodide to & sodium solution may be due to the formation of a species

'ﬂf.such‘as'Naa+i

L S -+ » ’
"Na - : =+ N
VNEQ + Na ~ — m>»ha2 - Na.

Since this reaction corresponds to an increase in the concentration of
" unpaired electrons; it would ve interesting to have quantitative data on

' the paramagnetic susceptivility of sodium-sodium iodide solutions.

11

(- ' :
*. The Calcium-Ammonia Phase Diagram

In our study of the spectra of calcium solutions, we wished to use

- solutions as éoncentrated as possible while avoiding liquid-liquid phase

1

~.:separation. ‘Therefore we initially determined the boundary between the

one-liquid and‘two—liquidrregions on the ammonia-rich side of the Ca-IH.

3.




'two4phase‘regiQn.aé well as'somé attempts to determine the consolute.

.: AA‘

.temperature and concentration. = . .

Low-temperature conductivity studies. - The @onduéﬁiﬁiiy cell pictuféd 'ﬂﬁ'
© in Figure 11 A"was_used'to determine the boundary between the one-liquid

H"%'ahdvﬁoniiéﬁia,régipas‘cn the.dilute1side’at 463.89'and‘f 45,00.':Th§ comexﬁ‘;i

'ﬂif pq§;ti§p wa§.vériéé;By.addin5 énd remQVing ammonia frbm:thébcell} _The datgh
: aie ﬁlofted ih Fiéure-lé.  The sloping pprﬁions gf_the:curveé-correspond
.i:tgltbé'éinglélg?;se:rggioﬁ§ gn@;thé horiZQn{él pértiqns QOTréSPOﬁd,toitﬁex;-
'twq;éhase régionsg” F;dﬁ theip§ints of ;hfersection one reads dff the
. bogndéry conceﬁtraﬁiqné,:whidﬁ‘are dfo3lvén§_of978 mOlg_%'caléi@m gt”-6378

R  ":.and.?h5.Q°, respéétively.if e {:vf:"-v e B SR .

High-temperature conductivity studies. - The conductivity cell pictured
in Figure 11B was used to determine the boundary for the compositions 0.32
end 0.4k mole % calcium. The resistance vas followed while lowering the

temperature.



Rt

'1;‘ ' The data ave plotted in Figure 13. From ﬁhevcuspflike péints, one read%‘.b

N

off the temperatures -4 and +7° for 0.32 end O.LL mole % calcium, Te-

e SA e

- spectively.

Vapor pressure studies. - As one removes ammonia from an eguilibriated

‘. §
i : Tt

mixture of calcium and ammonia in the two-liguid region, the vapor pressure

J

K

remains constant as long‘as both phases are present. When all the diluiz

phase disappears,.continued removal of ammonia causes the concentrated
phase to become more concentrated with a conseguent decrease in vapor pressure.
; ‘ S |

- When calcium hexammoniate precipitates out, continued removal of ammonia
brings about no further decrease in vapor pressure until the saturated

solution disappears.. Further removal of ammonia should cause an abrupt drop

in the pressure .of ammonia to the equilibrium pressure over the Ca - Ca@%%)s
R s . - - - L " N

csww o System. Pressure measurements of the type described above were

carried out in order to obtain points on the phase diagram in the more con-

centrated region. In the low temperature runs, the pressures were measured

with en ordinary mercury manometer. In a run at Oo, the pressures were

measured both_With a Bourdon gage and with a differential mercury manometer
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" measured).  The low-temperature data ere plotted in Figure 14, These-

>>“data‘and'the data;obtained ét o° yield_the.phase_boundary'compositionsff

lpreseﬁted in Teble 1. »7-  o - P IR S '“1[{-,'

b
i
e
!
i
i
L
H

. (the pressure difference between the sample and pure liouid emmonia was | %

-

 Teble 1.
Phase Diagren Points Obtained from Vapor Pressures

°c. . Mole % Ca at

Temperature,
B . Phase Boundaries

—63.5 - 5.8  10.0

—u50 10 1005 .
= 36.0 o 3.8 10.7
W 00 3.25 0 11.0

N

Visual determinations. - In a sealed glass tube containing calcium and

‘armonia in amounts corresponding to 1.19 mole % Ca, the two liquid phases

- i
i s - ) o n e o] 5 ;

disappeared when the temperature was reised above 42° and reappeared when
lower) below this temperature. In a similar experiment with a mixture .

h [

. . ' e Ciaa s S - 0
corresponding to 2.44 mole ¢ Ca, the two liquid phases persisted up to 50 .

All our data, as well as two points calculated from pressure measurements



of.Okabelz, are presented in Figﬁre 15. It will be noted thatvthe two-
liguid region éor calcium diffe?é in tﬁo respects from the corresponding
reéions for theialkalivmetals. The consolute temperature is vgry much
higher for caléiam (>50°);vénd the consolute composition (which'apparently;
iies between‘i.lévand 3.25 mole % Ca) is much Lover (on a molg % basis)

than the average consolute composition found for the alkali metals.
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-~
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Figure Captions

solutions. .
o i : S S .0 - o
- Figure 2. - Log-log plot of absorbancy at 4500 A-vs. concentratio o
'.; ' . . . . . ; . i
' e o 0 1
for sodium solutions at -70 . :
Figure 3. - Apparatus II for measuring spectra of relatively con-
centrated metal solutions.:
" Figure 4. - Absorption curves For alkali metals at -85, -55, and
-Ls°.
Figure 5. - VWave nurber at maximum vs. absorbancy at maximum for
. g
. o . 0
‘alkali metels at -65 . .
' L : : o - o >
. Figure 6. - Absorbancy at.10,000 A vs. concentration for alkali
o o . - -
\\»
- - S ,
metals at -65 . |
. o]
Figure 7. - Absorbancy at 15,250 A vs. concentration for alkali
. i
C . . 0 . <
zmetals and calcium at -65 . N
Figure 8. - Absorbency at 21,000 A vs. concentration for alkali “
o . ) 4 . - .
metals at -65°. . . S A o . »

Figure 9. —'Absorbance'zg. concentration for calcium at -hSO Tor

three different wavelengths.
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Figure 10. - Absorption curves for 0.0203 M sodium solution with

and without added sodium iodide. .
: _ i

¥

i

5

Figure i%, - Conductivity cells for determining the calcium-ammonié;
Phase diagram:

Figure 12; - Res;stance-zé.—composition curves for calcium—ammonia‘:
mixtures at -45.0° and -63.8°.

Figure 13. - Resistance-vs.-temperature curves for two different
calcium-ammonia mixtures.

_Figﬁre b, - Pfessure-zﬁ;-composition curves for calcium-ammonia
mixtures at three different temperatures.

Figu:e 15. - A portion of the calcium-ammonia phase diagran.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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