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. I believe that. inost· of us would agree that very dilute solutions. 

l0-6,t!) of metals in liquid ammonia contain principally ammoniated meta:l :;;· :•. 
... . ; ; :t·L~· . ,·.;,:-, .. 

-~r<~- ._· .. --·:. 

Th ___ e·(··:~_:._)~·:·r: • ions anQ. ammoniated electrons 'Hhich are independent of one another-.· 
•· . . ~ ... . ''-'-: 

. ~ -~ '~:' 
. ' . . 

question is.: wb.8.t happens v1hen such dilute solutions are made more· cori..;:~; 

centrated? Long ago, ;l(raus 1 pointe9- out that conductivity data 90uld be . ;-
,r •.• 

·: .. · 
J .· '.(·. ~ ... : -~ ; '·· : ..... ~ ; ·. 

explained in terms of' a.n· 'equilibrium betv7een the ionic species and neutral .. 

_ me tal a toms: 

Tnis equilibrium adequately accounted for the behaviol~ of moderately dilute · .. _ 

metal-ammonia solutions until it "ivas found that the molar magnetic sus- .· 

ceptibility of these solutions decreases with increasing concentration. 

'" \~ .... 
These latter results were explained by Huster2 and Sugarman and Fre~d3 in 

terms of an equilibrium be~.,reen ~he ionic species and diamagnetic metal 

---atom dimers: ·_· 

. 4 ~ 
More recently, Becker, Lindquist and Alder sho-v;ed that the ·conductivity 

' data and the susceptibility data could ·be e:~....Pla.ined by considering both of 
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the above equilibria. .They reported equilibriunl constants which indign.ted ., 

that the relative concentrations of the species e , 1-1, and M? .are char:';:Jing 
.:.. . ' 
_.,~ 

'f, ... 

quite rapidly i·lith concentration in the region o:f 0.01 lvL 'He began mala suring 
' ! 
t 

the absorption spectra of.metal solutions ~! this same concentration region 
:~ 

'· 
idth the' hopes~ of being able to distinguish the absorption spect:::-a :for\. 

' 

each of the species and of being able to evaluate the equilibTiu.m constants 

independently. 

The ammoniated electron, e-, has been described by Ogg5 and others as 

an electron in a large cavity. The system is stabilized by the orientation 

of ammonia molecules on the peri:fery o:f the cavity, with the hyc?-rogens 

:pointi..'l'lg imvard so as to create a virtual positive charge in the center to 

hold the electron. 
'\. 
' 

1.. 
Becker Lindquist and Alder · described the monome:t, l~, 

as an ammoniated metal ion with the electron circulating in an :~expanded 

orbital" on the protons of the coordinated am""nonia molecules. These 

same authors described the dimer, 11
2

, as a pair of ammoniated metal ions 

held together by tr,1o electrons in a :molecular orbital situated largely 

between the two ions. In vie'l-1 of the above descriptions of the three 

-species e , ~·1, and ~12 , it seemed .reasonable to us that they \-;ould have 

distinctly different absorption spectra. 
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. In this paper I vlOUld like. to outline our spectrophotometric measu:ce.-" . 
. ~ .. . ,·,. 

ments and to indicate' the conclusions that we dreH. from the results~·.>. Com-
.·. . 
·. t·,_.' 

·,·. 

._ .• plications. caused by the :formation of t1w liquid pr.ases arose in the case 
.. : ·. ' 

~\ 

o:f calcium soltttions; and I vlOUld _like to conclude by presenting our '?~7--

,_-

se:fl~vir.g:.~oa-r: preliminary results on the calcitim-a.mm.onia phase diagram. 

·. . . c 
.TJ . ,, t. s ' 0 

ne Rosorp ~on pec~ra 

The first apparatus used in our spectral studies (Apparatus I) is 

. shovm in Figure 1. Tne solution in the absorption cell v7as. maintained 

0 ' . 
at -70 by packing the upper dewar-like chamber with dry-ice so that· the 

solution continuously refluxed. The cell path-length ·1-1as about 0.5 nun. 

Smaller patb.:"'~engths 't·lere not possible with this type _of reflux-cooling 
\, 

\ 

because Of poor Circulation o:f the solution betvleen the cell 't;rindOHS. 

lfnen path-lengths of' about 0. 05 Illi'11. were tried in this type of apparatus, 

the heat generated -oy the light beam caused bubbles to form betHeen the 

v7indows. Since we were thus restricted to a ra:t..'fler long path-length,· \·le 

could study only very dilute solutions ( ca 10-3 and lower) in the region 

of the absorption peak. However i·le could study solutions as concentrated 

. ~" . ~ 

,\ 

'•. 

.• 

li 

.,• 
•,·· 

-;-. 
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as 0.1 M in the visible region of the spectru.~, and in Figu.re 2 we have 

' 0 
:plotted the ab.iorbancy at 4500 A against the concentration on a log-log 

·:plo~. To our great amazement, the extinction coefficients calculated 

from the individual :points deviate from the me~n by ~~ average 

At that time we thought that perr2ps the various species in solution had 

identical absorption spectra in the visible reason, but that in the fnfrare~, 

near the absorption :peak, vle vlOuld find changes in the spectrum i·lith changes 

in concentration. 

~<l'!lile vle 't·7ere in the process of building a ne"Y7 type of apparatus for 

measuring spectra in .the region ·of the absorpJcion peak, Dot.tthit arid Dye 7 

:pu"olished a paper in which they reported that sodium obeys :Beer 1 s Lau up 

to 0.001, H at .the absorption peak. They. explaineci. this result by postulat-

ing that the monomeric species, l'<l, is a silnple ion pair, in -vrhich the 

absorbing species (the electron) exists in practically the same for.m as 

it does in very dilute solutions. Donthit and Dye reported t:~t potassillin 

sho"YlS a very marked deviation from Beer 1 s Law behavior at concentrations 

bet1·1een 0.003 and 0.01 £!, and ascribed this deviation to dim.er formation. 
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f:· 
In spite of' the publication of these results, vle continued building our ~\ 

:il 
~--

apparatus becahse we 'tlished to extend the measurements to higher concentra-~: .· 

tions and with !;~uf'ficient. accuracy to permit the calculation of an equi~i-: 
. ~-~ . 

,.•' 

~~---{; 
brium constant ~ the case o:f potassium .. , \{e also wished to study other.( 

metals, such as Li, Cs, and Ca. ·' 
·~ 

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

cell was 0.0214 mm. - a dimension s6 small as to practically prevent cir-

culation of solution between the windov7s. Therefore the solutions '"'ere .. I 

made up and homog<=nized in a side vessel a."'ld then poured over into the 

. ) 
optical·.cell. The cell was kept cold by placing it i;n a box flushed vlit1: • 

cold nitrogen. The auxiliary apparatus and methods of operation are 

. ",, . 6 
described in· th~·-literature . 

Typical absorption spectra for sodium solutions at three different 

temperatures are presented in Figure 4. Although there is some uncertainty 

as to whether or not the absorbancy on the short '~>lavelength side of the 

peak increases with increasing temperature8:, it is clearthat the absorption 

-1 peak shifts about 12 or 13 em per degree tov1ard shorter wave numbers as 

i 

·.· ; 

'"' . 
_.f •• ,·· .. 

. ·V 
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the temperat~e is increased. Notice ·that the ·absorption curve is quitEi: 
.} 
"1-.:_·, 

symmetrical. · J 

The peak wavelength shifts tml8:rd longer \·lave lengths with increas5.tig 
t~ 

concentration. ' A plot of )) vs. Ama.x is sho1m in Figure 5 in which lvfe max-

have ~~eluded the data of Douthit and Dye for more dilute solutions. 

is seen t:r.at belo1.: about 0.005 ~' the shift is much more pronounced than 

it is for higher concentrations, and that the two sets of data are in 

reasonable agreement where they overlap. 

~ve found that sodit.U:l-a.nrmonia solutions follow Beer's La,., vlithin an· 

'+ 0 
experimental uncertainty of 57~ for all .vlavelengths betw·een 4000 A and 

0 

the absorption peak (~ 15,250 A). 

. ' 

to the highest concentrations for 

" " 't·lhich we ·Here able to make measurements (0.03 H at the absorption peak and 
/ 

0.25 ~in the visible region). In fact, Beer's Lm-1 is obeyed up to ce. 

0 

0.05 ~ for wavelengths betv1een the peak and 24,000 A, but in this wave-

length region a positive deviation ·from Beer's Law was observed at hi~her 

concentrations .. Within an experimental ~~certainty Qf ! 10%, the absorption 

spectra of solutions of lithium., potassium, and cesium are identical vlith 

those for sodium solutions·of similar concentration. A few of the data 
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are presented in the.:form o:f absorbancy-versus-concentration plots in 

Figures 6, 7, a.nd 8. 
-·i ( .,.;-r. 

In Figure 7 we have plotted a fei-1 data for. calcium solutions . 
' .. -

·; 

assume that calcium yields t'.VO electrons per atom, then we e}..")?ect the 

molar extiil.ction coefficient :for .calcium to be exactly ti·rice that for · 

;r. 

the alkali metals• One observes from Figure 7 that the experimental values 

:for.· the extinction coefficients ·are considerably less than twice that for.· 

the alkali. metals. For a while vre thought vie had evidence for Ca · 2+ or 
.2 

+: 
Ca. ions. However these runs were marred by experimental difficulties, 

not the least o:f which was the fact tba t two liquid phases formed 'Hhen 

making up the more concentrated solution. He have recently repeated the 

'" '\ calcium runs, and. in Figure 9 we present ,our results. The data shm-1:. 

that calcium obeys Beer's Laiv 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 peak. 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 diagram 

which was occasioned by this'work. 

.'··: ·i '.··. 
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Because Clark, Horsfield and Symons9 reported the appearance of 

0 
shoulders at 6700 and 8000 A in the absorption spectra of am:nonia solutions 

~--

r· of sodium and sodium iodide, >ve repeated these measurements using higher 

.-
concentrations \of sodium iodide. Our results are presented in Figure ~-

"it 
It will be noted that there are no indications of shoulders on the Na.I I 

·.? 

.·> 
!; Na curve, and that the addition of sodium iodide causes the absorption 

peak to shift to shorter ·Have lengths. 

Interoretation of the Spectra 

Ho~or can ~ore account for the fact that the spectra of the metal solutions 

are only slightly a:ffected by cr...a.nges in concentration below 0.25 M? I 

think it is clear that the r...a.ture of the absorbing species cannot change 
- ' 
" ' 

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 tr...a.t the electron-in-

· a-cavity ·retains its identity even though species such as M a."ld ~.12 are being 

formed. As vre _have mentioned earlier, this is readily eJ..'})lained for the H 

species by describing it as an ion pair in lvhich an ammoniated metal ion 
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· and an ammoniated· electron are held together b'y coulombic forces with 

little distortion of either the ammoniated ion or the ammoniated 

. The M species may be pictured as a guadrupolar · ionic assembly of' tHo , 2 

' ·l",. 
•. '· .,...# .•. 

\._,·. 
' ~~: 

;.•'. .-· .. 

· ·:1o 
A ' ammoniated ions and ttvo ammoniated electrons ,. Presumably the electro~s 

-;~--~~. . 
'1,1" 

and ions are held in a square or rhombic configuration. The probabilicy 
¥ 
'· 

· density for the. electron in the ammoniated electron extends with decreasing 

intensity through several solvent layers. Hence the wave fUnctions for 

the two electrons in the dirner ivill overlap sufficiently so that the singlet· 

state llill be lower in energy than the triplet by niore than kT. 

Apparently the ammoniated electron retains its structure in any other 

species which may form in metal solutions: l·C, l>f~/, M4, etc. Hm·1ever, in 

. \ 

' highly concentr'ated solutions, one would e::..-pec:t that the :ria.ture of the 

ammoniated electrons llOUld change because of the U..'l'la.vailabili ty of sufficient 

ammonia. molecules to properly coordinate both the meta~ions and the electrons. 

Perhaps the deviations from Beer!.s Law which ive· observed at wavelengths. around 

0 

21,000 A for concentrations greater.than 0.05 .£!indicate the formation of 

high poly;ners with inc:l.pient metallic bonding. If v1e assume that the metal 

. . . ~ .. 
'·• :. 

,•·.· 

... 

' -~ . 

i.· 
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ion and the electron six au~onia molecules~ the solutio~ 
1C 
··r 
~~l' 

1-1ill be deple\ed of "solvent" molecules at 2.8 H. It is interesting tnat 
·}~: 
·I 

at 3 ~~ the conductance of a sodi~~-ammonia solution is increasing ve~ 

.\ 
rapidly with increasing concentration. 

\. 

The slight shift of the spectrum t0i·7ard shorter 1-lavelengths upon ~dding 
P. 
; 

' 

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

+ such as Na2 : 

+ + Na2 + Na · ~> Na2 + Na. 

Since this reaction corresponds to an increase in the concentration of 

unpaired electrons~ it would be interesting to have quantitative data ·on 

the paramagnetic susceptibility of sodium-sodium iodide solutions. 

· The Calcium-Ammonia Phase Diagram ll 

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

· solutions as concentrated as possrole while avoiding liquid-liquid phase 

.. separation. Therefore v7e initially determined the boundary between the 

one-liquid and t\.;ro-liquid regions on the ammonia-rich side of' the Ca-Im
3 
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· .. 
.. , . phase diagr~m. The results shovled t~~ this boundarY lies in the 'r~gi~f ; 

:r~ 

of rather. dilute solutions and .that it. is very steep, suggesting an 

, . extremely high consolute temperature. Our interest in this system.uas~ 
2 

- ·,._, < 

··. 
. . : . 

,_,. 

j,' 

thereby aroU:se,d, and ive ro.a.de measurem~nts on the calcium..:rich side o~ }h~ 
. ' .. ' & ~ . :. • . 

. ;.,.-
"1'1-· 

two-phase region.as vJell as some at:tempts to determine the consolute 

. ,_ ... 

i .temperature and concentration. 
_:_; . .. ·. 

,_: 

Low-temperature conductivity studies. The conductivity cell pictured 

in Figure 11 A \vas used to determine the boundary between the one-liquid 

J .• and two-liquid regions on the dilute side ··at 
. 0 ' ' 0 

-63.8 and -:- 45.0 . The com.-

position was varied by adding and removing ammonia from the celL The data· 

,'·' 
are plotted in Figure 12. T~e sloping portions of the curves correspond 

to the single::.phase regions and the horizontal portions correspond to the 

t>7o-phase regions. From the points of intersection one reads off the 

boundary concentrations, which are 0.031 and.0.078 mole% calcium at -63.8 

. .• .. 0 . ' 
. and -~·5.0 , respectively. 

High-temperature conductivity studies. - The conductivity cell pictured 

in Figure 11B was used to determine the boundary for the compositions 0.32 

and 0.44 mole.% calcium. The resistance was followed i<lhile lowering the 

temperature. 

. ·r· 

,· .. · 

~-· 
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' The data are plotted in Figure 13. From the cusp-l~~e points, one read~ 
~ 

~ ' ~ 

~ \· 
off the temperatures -4 and +7° for 0.32 and 0.44 mole,~ calcium, re-

spe cti ve ly. 

Vapor pressure studies. - As one removes ammonia from an equilibrated 
~~ ~ ·r '· 

mixture of calcium and ammonia in the two-liquid region, the vapor pres~ure 

remains constant as long as both phases are present .. lfuen all' the dilu·~~ 

phase disappears, continued removal of ~~onia causes the concentrated 

phase to become more concentrated with a consequent decrease in vapor pressure. 

Hhen .calcium hexammoniate precipitates out, continued removal of am:nonia 

. 
brings about no further decrease in vapor pressure until the saturated 

solution disappears. Further removal of ~~1onia should cause an abrupt drop 

'", 

' i..'l the pressure'.of. a.."lmlonia to the equilibrium pressure over the Ca - Ca(t\jH
3

)G 

system. Pressure measurements of the type desc~ibed above were 

carried out in order to obtain points on the phase dia~ram in the more con-

centrated region. In the lo-v1 temperature runs, the pressures were measu:.·ed 

with an ordinary mercury manometer. o· In a run at 0 , the pressures were 

measured both with a Eourdon gage and with a differential mercury manometer 

. .• ,. . ~ 
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(the pressure difference bet1·1een the sample and pure liquid a.nmonia was ·l \ 

measured).- The 101-1-temperature data are plotted in Figure 14. These 

'} 
'~- . "( ., .. 

data and the data obtained at 0° yield the phase boundary compositions- " 

presented in Table l. 

Table l. 

Phase Diagram Points Obtained from Vapor Pressures 

- 45.0 

36.0 

'"' 0.0 
\. 

Mole % Ca at 
Phase.Boundaries 

L~.8 10.0 

4~0 10.5 

·3.25 ll.O 

Visual deterilli~~tions. - In a sealed glass tube conta~~ing calcim~ and 

ammonia in amounts corresponding to 1.19 mole % Ca, the \.,w liquid phases 

disappeared when the temperature was raised above 42° and reappeared vJhen 

- -~J.-
lowerJ belou this temperature. In a similar e;;..."}?erirn:=•nt with a mixture 

) 

/ 

corresponding to 2.44 mole% Ca, the. ~•o liquid pr~ses persisted up to 50°. 

All our data, as well as ~{0 points calculated from pressure measurements 

.. ~ 

.. -~-

' .. 



. .. of Okabe12, are presented in Figtll"'e 15. It will be noted that the two-

liquid region for calcium differs in two respects :from the corresponding 

regions for the ;aL~ali metals. The consolute temperature is very much 

higher for calciUm (>50°); and the consolute composition (which apparently 

lies between 1.19 and 3. 25 mole % Ca) is much loHer (on a mole % basis) 

than the average consolute composition fo~~d for the alkali metals. 
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· Figure Cautions 

Figure l. Apparatus I ror measuring spectra of extremely 

solutions. '' 

Figure ~. - Log-log plot of absorbancy at 4500 ~· vs. concentra tioJ~ .·· .. · 

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 -65, -55, and 

Figure 5. - Have number at maximum vs. absorbency at ma.ximun1 for 

. 6 0 alkali metals at - 5 • 

0 

Figure 6.·- Absorbancy at 10,000 A vs. concentration for alkali 
·-, 

' . '· 
metals at -65°. 

0 

Figure 7. - Absorbancy at 15,250 A vs. concentration for aD~li 

metals and calcium at -65°. 

0 

Figure 8. - Absorbency at 21,000 A vs. concentration for al.~ali 

metals at -65°. 

Figure 9. - Absorbance vs. concentration for calcium at -1~5° for 

three different 1.;ravelengths. 

. ~~-~ ' 

~- -

; 
.,, 

''ltj ,, 
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Figure lQ. Absorption curves for 0.0203 H sod.ium solution >lith 

and. without added sodium iodide. 

Figure 11. - Conductivity cells for determining the calcium-ammonia 
j 

"; phase diagram. 

Figure 12. - Resistance-~.-composition curves for calcium-~®Onia 

Figure 13. - Resistance-~.-temperature curves f'or ~vo different 

calcium-ammonia mixtures. 

Figure 14. - Pressure-~.-composition c~~es for calcium-ammonia 

mixtures at three different temperatures. 

Figure 15. - A portion of' the calcium-a~onia phase diagrarn. 

~. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, 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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