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INFRARED ABSORPTION SPECTRA
OF METAL-AMMONTA SOLUTIONS

Marvin Gold

Lawrence Radiation Laboratory
University of California
Berkeley, California

February, 1962

ABSTRACT

The infrared absorption spectra of liquid ammonia solutions of
lithium, sodium, potassium, cesium, and calcium have been studied from
6000 to 25,000 A in the concentration range 0.005 to 0.2 M. Up to 0.05 M
Beer's Law is very nearly obeyed for the alkali metals at all wavelengths.
Above: 0.03 M positive deviations occur at the long-wavelength tail of the
band. |

The similar behavior of the various alkali metals and the relatively
constént extinction coefficients indicste that the electron-in-a-cavity,
which is responsible for the absorption in very dilute solutions, remains
intact as the concentration is increased. We propose that the associéted
species presént in moderately concentrated solutions are ion pairs in
which the electron cavity is not seriously distorted by the metal ion,
and quadrupoles consisting of an assembly of two ion pairs in which the
electron spins are paired,

It is shown that this model is consistent with many of the physical
properties of alkali metal-smmonis solutions and, in particular, resolves

the apparent contradiction between the magnetic and spectral data.



I. INTRODUCTION

The nature.of the species present in solutions” of alkali metals and
alkaline earth metals in vﬁrious nonagueous solvents has been thé sub-
ject of considerable investigation for the past half century. Although
most of the work has been devoted to liquid smmonia éolutions; studies
have been made also of solutions in various amines, ethers, and a few
other solvents. Much of this work has been summarigzed by Jolly in a
recent review,l and the readef is reférred there for a more thorough
discussion of the results of these investigations. Our particular
interest was with alksli metal-ammonia solutions, and we'discuss some
of the unusual properties of these systems that led us to undertake
the investigation reported here.

It is>genefally agreed that in very dilute solutions the métal is
completely ionized, forming ammoniated metal ions and émmoniated elec-
trons:

M = M;mi+ e;m . : | | (1)
There are three lines of evidence for this: (a) The equivalent con-
ductancé2 in dilute.solutions is higher than that of.anyfelectrolyte
in any solvento The transference number of the negative carrier is
about seven times that of the positive carrier. These results point
to the existence of a very mobile electron. (b) The molar suscepti-
b:Lli‘i:yS’LL of dilute solutions is very high, and app;oaches, at infinite
dilution, the value for a mole of free spins. (c¢) The infrared ab-
sorption spectra of dilute sQlutions of aikali metals in liquid

>=T

ammonia are identical,; indicating that the same species 1s respon-

sible for the absorption at low concentrations.
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An examination of the magnetic susceptibility data in the moré
concentrated solutions shows ﬁhat Reaction (1) cannot be the only equili-
brium of importance. The molar susceptibility decresses rapidly as one
goes from very diluté to'modérately concentrated solutions. For sodium

at.-530, the molar susceptibility at C.01 M is about half the value for
an.infinitely dilute solution. Therefore, there must bé an equilibrium
tﬁét accounts for the pairing of electron spins in moderatély concentrated
solutions.

| ;Tﬁe equivalent conductance alsoc decreases with increasing concen-

tration; but réaches a2 minimum at about Q.05 M and riseé rapidly again
at high concentrations; The equivalent conductance of a saturated
sodium solution is about seven times that of liquid mercury.

There is generél agreément that in'very dilvte soluticns (beloﬁ
about 0,001 E), electrons and metal ions exist as independent éolvated
ibns, while in very concentrated solutions (above about 0.5 g) interaction
of these species is considerable and properties are exhibited similaf to
those of a liquid metal. Our attention was focused on the intermediate-
concentration range, where there is an equilibrium between a paramagnetic
and a diamagnetic species. Although the existence of a diamggnétic
species is inferred from susceptibility data, no direct observation of
such a species had béén made at the start of this work. Absorption
spectroPhotome£r§ provides a sensitive method for studying the disappear-
ance of one absorbing species and the simultaneous appearance of a new
absorbing species. - In dilute solutiens, the broad absorption band at
abbut 15,000 A is responsible for the blue color of these solutions.
Since metal«ammonié solutions are blue at all concentrations, it is

reagonable to expect the diamagnetic species to absorb in the red or



near-infrared region, just ag is observed in dilﬁte paramagnetic solu-
tions. In fact, diamagnetic solutions of alkali metals in various amines
and ethers exhibit one or more absorption bands in the wave-length region'
from about TOOO to 13,000 A,5’9’lo
The spectral data for metal-ammonia solutions available when this
work was begun were rather limited. There are two reasons fof this.
First, the extinction coefficient of the 15,000-A peak is very large, re-
guiring the.use of optical cells with exceedingly short path léhgths.
For exampie, according to the Beer-Lambert equation A = ecl, we see that
L

for A % 2,e & 4.5%10, and £ = 0.0l cm, the upper concentration for ob-
servancg of the band maximum is about Lresxlo'?’go ‘Second, alkali metals
react‘slowly with liquid ammonia to form the correéponding alkali ﬁetal
amide and hydrogen. This has often been an obstacle to accurate quan-
titative studies of the spectral variations that occur as the concentra-
tion of thevsolution is changed.

Thus, with fhe exception of two papers whiéh appeared in the litera-
ture duriné the course of this work ( and which will be referred to later),
the spectral data were confined to the shapes of the absorption bands
in very dilute solutions and one quantitative study of the variation of
absorbance with concentration,ll The latter investigation was of the
short-wavelength tail of the 15,000-A absorption band in the concentra-
tion range from.aboﬁt'OoOOl to 0.1 M, and Beer's Law was found to be
obeyed for all ﬁavelengths invesﬁigated;

Several models have been proposed to account for the observed
variations of electrical conductance and magnetic suscéptibility with

concenti"ation° On the basis of electrolysis experim.ents,12 Kraus pro-

posed that the metal ionizes as shown in Eq. {l)o This picture was not
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quite complete; as no magnetic susceptibility data were available at

that time. Huster was the first to measure the Suscéptibility, and
proposed the following equilibrium to account for the pairing of electron
spins: |

oNa  +2 e = Na2 . | (2)

Later, Freed and Sugarman proposed that single unpaired electrons are in
equilibrium with two electrons with paired: spins, a situation analogous

to F and F' centers in crystals.

2e =e. . (3)

It was further proposed by Ogg that these electrons existed in solvent
cavities'crqatedbby electronic polarization of the ammonié d,ielectrico13
Thisvmodel ﬁas’been‘elaborated by Hill,:_]'h Lips¢omb,15 and Kaplan and
Kittel.0 | | o

| .Becker; Lindqgist, and Alder rejected tﬂe cavity model and gave
detailed descriptiéns of the atoms and molecules of Egs. (1) and (2)0l7
They'pr0posed a néﬁtrai.speéies, called é "montmer," consisting of an
alk;li metal ion sﬁrrounded by approximately six oriented amm&nia mole-
cules and with an electron circulating around the metal ion on the protons

of the ammonis molecules. Two of these monomers are in equilibrium with

a "dimer" in which the electron spins are paired,
2M = M, - (4)

In dilute solution the monomer dissociates into solvated metal ions and
eiéctronso
o Ac¢cording to either of the above models, one would expect to observe

a change in the spectrum over the concentration range where spin-pairing
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is appreciable. As stated previously, Beer's Law was obeyed for the
visible tail of the sodium spectrum. This significant result seemed
incompatiblg with the eiisting susceptibility data, but since only the
tail. of the band waéaobserved, it was.cleaf that a more thorough study
was needed. Thus the primary purpose of this research was to make an
accurate guantitative study'of the variation of absorbance as a function
of concentration over the entire spectral regioh at concentrations as

1

‘high as several hundredths molar.
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II. EXPERIMENTAL METHODS

It has been mentioned that the main difficulties in obtaining
. spectra of metal-ammonisa solutions are the very large extinction co-
efficients and the instability of the solutions with respect to formation

of amide ion and hydrogen. For sodium, the reaction is

Ly

. + -
Na + NH, = Na + NH2 + 5 Hy .

>

Rigoroﬁs cleaning of the apparatus and purity of materials are necessary,;
since the decomposition is catalyzed by certain foreign matter such as
rust and heavy metals. Since the rate of this reaction increases with
increasing temperature, we decided to work at low temperatures in ordi-
nary vacuum-line equipment rather than use high-pressure equipment at
room temperature. Iﬁ order to observe the absorption pesk of soluﬁions
which are 0.01 to 6002 M in metal, it is necessary to have a light path
of approximately 0.025 mm. The problem of mixing in a cell of this size
is considerable. Previous éxperience had shown usvthat'good mixing
could be achievedviﬁ a 0.5-mm cell by adding sédium to ammonia which is
refluxing under a dry ice - acetone céld bath918 However, when a similar
apparatus and a 0.02-mm cell were used, complete mixing could not be
qbtained between thé optical windows. Iﬁ was apparent that an apparatus
was necessary in which the solution could be prepared in one section and

then be transferred to the optical cell. These considerations led to the

design of the equipment used in this research.
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Description of Equipment

The vessel contaiﬁing the optical cell is shown in Fig. 1. The
optical cell is made of quertz and the rest of the vessel is pyrex. The
cell Was.constructed in the glass shop of this Laboratory by uéiné a
piece of 1l-mil copper foil to separate the two gquartz windows which were
fused to the cylindrical walls of the cell. The copper was then dis-
solved out with hot.nitric acid{'-Two rotating side arms were attached
with standard taper joints near the tqp of the vessel.w

An insulated cold box and cooling arrangement made up the.rest of .
the apparatus (Fig. 2). The cold box consisted of an inner and an outer
box, both made of %minch plywood and seggr%téd by Styrofoam insulation.
The outer box was designed tq fit the sample compartment of the Cary
Model 1k recording spectrophotometer. The lengths, widths, and heights
of the inner and outer boxes were 5-1/8 % 2-1/2 X.5m1/8 in. and
8-1/2 X 5 X 7m3/8 in., respectively. VPa,vr'.t. of the f:évont wall of the
saméle compartment ha& to be rémoved and a slot cut’ from the bottom of
the box in order for it to rest on the cylindrical'rads in the compart~
ment which normally support the cell holder. The windcws of the ﬁox
Weré 22-mm quartz tubes, evacuated and sealed off near one end. The

-
spaces between the outer box and the compartment walls were flushed with
nitrogen to keep the windows free of moiétureo> Two wood strips, 3/8 in.
wide, were glued to the box just above the windows in order to explude
lighf and minimize exposure of the windows to atmospheric moisture. An
ordinary fuse clip fastened to the wall éf the inner box hgldvthe cell
in a vertical position and two V-shaped steel knife edges at the bhase
provided a firm support for the cylindrical optical cell. Two 8-mm

glass tubes extended from outside the box to the inside chamber, one
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pointing at the10ptical cell and one at the makéaup cell of the wvessel.
One tube served as an entry for cold nitrogen, the other as an exit.
Several peices of Styrofoam, placed around a square piece of cork ce-
mented to the vésselj formed an insulating cover for the box.

Cooling was accomplished with dry high»pressufe nitrogen which was
precooled by passing through & copper coil immersed in a large Dewar
flask of dry ice and acetone. The nitrogen flow was adjusted with the
aid of a flgwmeter to maintain‘temyeraturés of -U5, -55; or -650 in the
cold box. Temperature was measured with a Rubicon portable potentiometer
and a copper-constaentan thermocouple taped ﬁo the side of the optical

cell. Fluctuations of temperature could be kept to + 00300

Use of Filters

The highest absorbance that can be read with the Cary Model 1k is
2.0- 'This'correspcnds to 1% transmitted light. Hoﬁever, if a filter
is placed in the reference béam one can measure absorbancies greater
than 2.0. This of course cuts down the amount ¢f light reaching the
photocell and decreases the sensifivity of the instrument. Bubt, since
the spectra of interest are quite broad, it was felt that tﬁis would
not be a serious handicap-

A partially exposed photographic plate proved to be a satisfactory
filter for our purpose. The absorbance of the filter used varied only
from about 1.85 at 9,000.A to 1.96 at 25,000 A. The filter was cali-
brated by measuring the absorbance of some suitable material in the
Sample beam, then placing the filter in the reference beam and noting
the decrease in absorbance. This decrease was taken as the apparent'

absorbance of the filter. It was necessary to have the filter in the
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same position each time it was used, since the apparent absorbance
changed somewhét when the position of filter was altered. In fact, the
choice of material in the sample beam (other exposed photographic plates,
“German" filters, etc.) seemed to affect the apparent absorbance of the
reference filter altho;gh the wvariations were not greater than about
0.05 unit on the absorbancy scale. In view of these uncertainties, the
filter values were determined during the run in which the filter was used.
When‘the absorbance of a particular metal-ammonia solution was close to
2.0, the instrument was stopped and the filter inserted in the reference
compartment. This decreased the recorded absorbance to about 0.1l and
the recording was continued. In this way the absorbance of the filter
was determined aﬁ two wavelengths of the spectrum, one on each side of
the peak. Values for the intefmediate wavelengths were interpolatedo
When a number of such runs provided'several filter values at various
wavelengths, it was estimated that these interpolations were correct to
+ 0,02 absorbancy unit. This is a maximum error of about 1.2% in the
absorbance of thé'éolu'te°

By this method, absorbancies as high as about 3.7 could be measured.
The loss of light could be compensated for by increasing the "slit con-

trol"” which amplifies the phototube signal over a 100-to-1l range.

Calibration of the Optical Cell

The light péth of the cell was calibrated with alkaline potassium
chromate solutions of several concentrations. The solutions were_@re—
pared by adding potassium hydroxide pellets to agueous potassium dichromate
solutions until the color change from dichromate to chromste was evident.

'The amount of base added is not critical, as neither:ion absorbs at
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3700 A. The filter previously described was used at the high absorb-
ancies. When absorbancies:of the 3700-A peak were plotted as a function
of concentration, the curve showed a negative deviation from Beer's

Law (FigaFB); The effective light path decreased about 10% on going
from an absorbance of about 0.5 to 3.0, and another lO%vfrom 3.0 to 3.45,
This is most likely because a portion of the light beam is scattered by
| the sides of the cell and eventually reaches the phototube. At high
concentrations, this "stray" light is a considerable fraction of the
light reaching the phototubé, causing the absorbance to level off; i.e.
the amount of light reaching the phototube is apprecaching a constant
value.

Since chromate ion is known to obey Beer's Law, a correction was
calculated for each measured absofbance'and these corrections were
applied to the metal-ammonia solution spectra. The light path was taken
as 2.14X1072 cm, with an estimated uncertainty of + 5%

The infrared source had sufficient intensity at 3700 A to be used
for the calibration. - This was fortunate, since the optics are reversed
when the ultraviolet or visible sources are used and this is likely to

affect the scattering.

Experimental Procedure

Prion to use, the éptical cell and make-up cell were cleaned with
hot agua regia. Rinsing between the windows was facilitated by applying
a vacuum with the optical cell immersed in boiling water. Every effort
was made to keep insoluble matter from getting intoc the cell.

The solutions were prepared in the make-up cell with the vessel

connected to the vacuum line in a horizontal position. Some ammonium
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chloride was placed in side arm A to be used later in determining the
concentration. The volume of metal used varied from sbout 0.2 to 33 mm3,
depending on the particular metal and the concentration desired.

The various materials used were prepared as follows. a

Sodium and Potassium:

Approximate quantities of these metals were obtained by extrudiﬁg
the wire through a l-mm-diameter hole of a hand press. This opefation
was done in the atmoéphere and took about 1 minute. The metal was then
put intobthé“distilling tube, which was seaied off near the inlet end,
and the vessel wés:evacudtédlytThe vessel was then flamed below the cork
for a f$v minutesf Lihg metal was distilled to peint C and the tube
sealed éff\at.D; |
Cesium:

Obtaining rough quantities of cesium was more difficult because of
its éemiliquid staﬁé and extreme reéc‘ti‘vi‘by° The metal was heated
slightly in‘a 12-mm evacuated tube and poured into 2-mm capillaries -
which were sealed onto the larger tube. Whén the desired amount of
cesium was obtained, the capillary was sealed off. Under a stream of
argon, the capillary was broken and introduced into the distilling tube,
which was rapidly sealed off and the vessel was evacuated. The metal
was transferred to C as described above.

Lithium and Calcium:

These métals.cégﬁoﬁ Qé.di;tiiied iﬁ a:éi;ss and were used undis-
tilled. The lithium was cut in a polyethylene bag flushed with dry v
argon, aﬁd placed in rotating side arm B and capped in the bag. The
side arm was quickly attached to the vessel and evacuated. The surface of

the lithium remained shiny throughout the operation. Calcium is sufficiently
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unreactive in the atmosphere and could be cut under a stream of argon.
The metal is rather hard and had to be cut by pounding a sharp knife
with a hammer. The uncut surfaces were scraped free of oxide with a
razor blade. The'piece of metal was placed in the rotating side arm
which was then attached to the vessel and evacuated. The calcium also
remained shiny during this operation. As with the previous metals, the

vessel was well'flamed below the cork.

Sodium iodide:

1t wasvof inﬁerest to record the spéétra of severél solutions of
sodium with added sedium iddideo ‘The sa;t was dried in vacuoc for sev-
eral hoursvat about lSOO; The container‘was put in a polyethylene bag |
flushed with dry nitrogen; ahd a pellet of sodium iodide was made with
a sméll hand-operated pill press. The pellet was placed iﬁ the'rotating‘
side arm B, which, with its cap, had'been previously weighed. These
were weighed again and the weight of the salt deféi'mined° At fhis point
sodium was admitted to thé distilling tube, the tube sealed off, the
side arm with sodium iodide attached, and the whole Qessei évacuated.
Great care must be takén to dry the sodium iodide thoroughly and to

minimize its exposure to atmospherlc moisture after it has been dried.

Ammonia:

The gas was dried by éondensing it intq an evacuated tube conﬁain-
ing soaium metal. The dry ammonia was distilled into another evacuated
tube and,any ﬁydrogen in the system was puﬁpéd out° (It was important
‘that no hydrogen be in the vessel at the start of a run because the
accumulatlon of hydrogen in the vessel is a measure of the amount of
decompos1t10n that occurs during the run) The make-up cell was im-

mersed in a llquld nltrogen bath and about 3 ml of ammonia was dlstllled
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- Ain. . All mercury in:the vacuum line was closed off while ammonia was

. -being distilled.. To be sure that no mercury contaminated the solution,

- some; gold foil was placed in the tubing. connecting the vessel to the

«.; vacuum line. The liquid nitrogen was then replaced by & dry ice-acetone

.bath and the ammonia allowed to melt. . -

The»metalsxthat had_beenfdistilled‘were.dissolved‘bvwshaking
smmonia into the distilling tube,_'The other metals.or sodium iodide
were added from side arm B. The vessel was then put in the cold box
‘ with the make-up cell still p01nt1ng down and the Styrofoam cover pieces
‘were put 1nto place° The cold nitrogen was directed at the make~up cell
ﬂand the box was cooled to about -60 . At this p01nt the optical cell
was a few degrees warmer than the make-up cello If the solution was .
”.poured into the optical cell at this time, excessive b01lin; occurred.
::Therefore, the nitrogen flow vas directed at the Optical cell for a few
.f?seconds to lower its temperature a little° It was 1mportant that this

; cooling'not be excessive, since, 1f the 0pt1cal cell were colder than
“fmthe solutlon, ammonia would condense between the w1ndowso_ The box was
Hi:‘turned 90 ’ allowing the solution to run 1nto the Optical cell, and then
;l_placed in the sample compartment of the spectrophotometeroi The nitrogen

flow was again directed at the Optical cell and cooling continued to
about -70 to -72 , Which was the lower llmlt° The solution nasfallowed
vdto warm to —65 and the temperature maintained until the absorbance
}hremained constant at a glven wavelengthol The spectrum was then recorded
:;hand the procedure repeated to record the spectra at 55 and —hS It
Viwas found that best results were obtained 1f the solution was warmed
rather then cooled to the des1red temperature° When cooling, other glass

surfaces in the vessel may cool more rapidly than the solution, causing

ammonia to condense there and concentrate the solutlon in the Optlcal cell.
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Since the absorption of the solvent and cell could not be measured
at the time the solution spectra were'recorded, it had to be measured
separately. The spectrum of ammonia in the cell and ﬁhe'baéé line of
'ﬁhe instrument (air vé air) were recorded. Thén; each time a solution
spectrum was obtained, the base line was also récorded. In thié way
' the ammonia absorption needed to be cbtained only once, although it was

“checked again several months later.

Concentration Determination

If ammonium chloride is added to a metal-ammonia solution, a

stoichiometric amount of hydrogen is liberated according to the reaction

M+ n NHA =n NH5 + MO 4 2 H2 . o (5)

Hydrogen is also liberated by'thé‘slow decomposition of the solution:

M+n NH5 =n NH2— +an+ + %'Ha . | ". (6)
The ratio of hydrogen produced from Reaction (5) to the total hydrogen
from Reactions (5) and (6) is a measure of the uncertainty in the con-
centration at the time the spectrum was recorded. This analytigal method
is of great value when working with these relatively unstable solutions.
Of course, this method is insensitive to any excessive decomposition of

the thin film between the cell windows. This decomposition can be

detected only by means of the spectra.

Procedure:
After the spectra were recorded, the vessel was removed from the
cold box and immediately immersed in a dry ice-acetone bath. The vessel

was then attached to the vacuum line, at the other end of which was a
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‘_?oeplgq_pump_connected t9 a gas buret for measuringxthe‘hydrogeno The
bgret had two calibrated volumes separated by a stppcgcko_ With the
stopcock closed, the smaller volume (about 2‘cm5)_was usgd\fgr'thé less
concentrated solutiohs and with the stopcock open, the total volume
: (about 25 cm5)/was used for the more concentrated solutions. Two liquid
nitrogen traps vere maintained between the solution aq@_Toepler pump to
prevent aﬁy ammonia from reaching the gas buret. Hydrogep was released
| from the vessel by exposing the solution to an evacuated section of the
line. With the stopcock of the vessel closed, the Toepler pump wés used
to pump the hydrogen into the gas buret° This.procedure was repeated
“until a thermocouple vacuum gauge attached to the line between the solu-
" tion and buret showed that all the hydrogen was in the buret. The
mercury level was then adjusted to the proper level and the hydrogen
pressure was recorded. The ammonium chloride was then added to the
solution and the total hydrogen was pumped off'and meaéured in the same
manner. |

The ammonia was absorbed in a flask containing 40 ml of 80% sul-
furic acid, thé flask being weighed before and after the sbsorption of
‘ammonia. A magnetic stirrer was used and the flask was kept cool with

‘an ice bath. -

Source of Materials

Sodium - Baker end Adamson (Reagent)
Potassium - Baker and Adamson (Technlcal)
4L1th1um Metal Hydrldes (Technical)
Ces1um - Fisher Sclentlflc Co.

»

Calc1um - Baker and Adamson, Turnlngs
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Ammonia - Matheson, anhydrous
Ammonium chloride - J. T. Baker (Reagent)

Sodium iodide - Mallinckrodt (Reagent)
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IIT EXPERIMENTAL RESULTS

The spectra of lithium, sodium, potassium, cesium, and caléium
were recorded from 6000 to 25600 A at concentrations from about OoOOS‘to
0.2 M. Up to 0.03 M the absorption peak was observed, but above this
concentration only the tails of the band were visible.

Aside from the decomposition of the solutidns, there was one other
experimental difficulty which sometimes made the concentration of a

"particular solution uncertain: During the process of dissolving metals
that had been distilled, some solution occasionally got trapped in the
tip of the sealed-off distilling tube (D in Fig. 1) and would not wash
dowﬁo However, this ammonia could not be excluded from the analysis
and thus its volume, usually about 0.05 ml, was subtracted from the
total measured volumeor Teble I shows the concentrations of the various
solutions studied. Where only one figure appears, there was no decom-
position and no volume correction. Where decomposition occurred, the

lower limit of the concentration is underlined to indicate that this is

the most likely concentration. This is to say that all the decompoéition

occurred during the cooling and transfer of the solution, before the
spectra were recorded. Where a volume correctioh has been made, the
higher conéentraﬁion is underlinédc

Owing to liquid-liguid phase separation, calcium solutions more
conéentrated than 0.02 M could not be observed. rSuéh solutions always
showed two phases between the windows of the optical cell. Even in
solutions less concentrated than 0.02 M, two phases appeared when the
calcium was added to the ammonia. The less dense, more concentrated

phase tended to cling to the walls of the make-up cell even after

v
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Table I. Concentrations (moles/iitér) of metal solutions at -65°.

- Sodium ‘
0.00800-0.00855
10.0105-0.0112

* 0.0118-0.0121 -

0.0133-0.0135

0.0229-0.0234

0.0295

' 0.0374-0.0379

0.04k2-0.0452.

0.184-0.190

Potassium
0.00846
10,0194 -
0.104-0.107
0.222-0.226

Lithium
0.0117

© 0.0325
©0.143 i

Cesium
0.00483-0.00506
0.0101-0.0110
0.0590-0.0599
0.131-0.134

Calcium
0.00298-0.00357
0.00739-0.00786
0.0194-0.0202
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persistent shaking. However, when the more dllute solutlons were
transferred to the eptlcal cell, a unlform fllm was obtalned between
i the w1ndows and good spectra were recorded. Vlsual observatlon of the
solution'in'the optical cell, while showing no signs of two phases, did
show numerdus_small dark particles which were‘barely detectable in the
dark blue solution. These phenomena were notffurther_lnvestigated, but
- their occurrences meke the accurscy of the calcium data subject to some
doubt. | o

The denslty of pure liquid ammonial9 at -65 was used to calculate
. the volumes of the solutions. The measured abgorbancies at -55 and
-hS were- then corrected for the density dlfferences between these

temperatures and -65

Concentration Dependence

| rrém;éooo A to about 18,000 A, sodium obeys Beer's Law within an
average experimental uncertainty of fS% at all céncentrations investi-
gated. ‘The other alkali metals follow closely the behavior of sodium,
although the deviation is about + lO% from the atérage sodium value at
a glven wavelength. Calcium shows a noticeablyudlfferent.behavior at
all wavelengths ' Values ot the absertaucies'aud extinetionrcoefficients
at selected wavelengths are shown in Tables II through IV. Plots of
absorbance vs concentration at -650 are shown in Figs. 4 through 10. In
Figs. 4, 5, 9, and 10 the potassium; lithium, and cesium points below
0.015 M have been omitted for the sake of clarity, since they practically
coincide with the sodium points here. At the high-wavelength tail of
the absorption band there is a positive deviation from Beer's law, as

shown in the plots at 21,000 and 24,000 A. Unfortunately, the absorption
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Table II. Absorbancies (A) and extinction coefficient (e) at -65°.

Sodium -

Potassium

Lithium

Cesium

Calcium

concentration

A =T500A
(moles/liter) A e
© 0.00800 0.065 3800
' 0.0105 0.085 . = 3780
0.0118 0.090 - . 3560 -
0.0133 0.105 3690
0.0229 0,185 . 3770
0.0295 -  0.230 - 3640
0.0379 0.285 3510
0.0452 0.315" 3250
0.04s5h 0.335 3450
0.0476 0.355 - 3480
0.0805 0.59 3k20
0.142 1.05 3450
0.190 1.32 3240
~ 0.008k46 0.080 Lo
0.0194 0.165 3970
1 0.107 0.88 3840
0,226 1.60 3310
0.0117 0.070 2790
0.0325 0.210 3020
0.143 1.01 3300
0.00483 0,030 2900
0.0101 0.070 3230
0.0599 - 0.385 3000
0.134 0.92 3210
0.000298 0.0k 6300
0.00739 0.09 5700
0,0194 0.19 4600

A = 10,000 A
A €

0.160. -« - 9350
0.240 10700
0.250 9900
0.280 9830
0.55 11200
0.67 10600
0.85 10500
0.96 9930
1.04% 10700
1.09 10700
1.83 . 10600
3.52' - 11600
o.i95 10800
0.455 11000
272" 11900 -
0.230 9180
0.68 9780
3.51 11500
0.100 9670
0.20 9260
1.26 9830
2.95 . 10300
0.12 18800
0.27 17000
0.57 13700




Table II (Continued)

Sodium

Potassium.

Lithium
Cesium

Calcium

concentration

2l

A = 13,000 A

(moles/liter) A €
0.00800 0.50 29200
0.0105 0.76 33800
0.0118 0.78 30900
0.0133 0.91 32000
-0.0229 1.58 32200
0.0295 1.88 29800
0.0379 2.4 29700
0.0452. 2.70 -~ 27900
o.oh5u 3.07 31600
0.0476 3.41  33k00

' 0.008L6 0.58 32000
0.0194 1.35 32500
0.0117 0.73 29100
0.0325 2.05 29500
0.00483 0.33 31900
0.0101 0.66 30500
_ 0.00298 0.37 58000
0.00739 0.80 50500
0.0194 1.56 37600

A = 15,250 A
A <

0.67 39100
1.05 46700
1.09 43100
1.30 45700
2.29 46700
2.8k 45000
0.78 43100
1.86 44800
1.02 Lo700
3.07 44100
0.420 L0600
0.92 42600
0.475 74500
1.06 67100
2.00 hsloo



Table II (Continued)

Sodium -

Potassium-

Lithium

Cesium

Calcium .

N 0.0194

1.25

concentration X’:ﬁl8,0ddﬁAf
(moles/liter) A T e
" 0.00800 0.41 24000
10.0105 0.66 29400
0.0118 0.69 27300
0.0133 0.84 29500
" 0.0229 1.50 30600
0.0295 1.82 28800
0.0379 2.36 29100
0.0k452 2.57 26600
0.045% 2.86 29400
0.0476 3.24 "~ 31800
0.0805 o
0.1k42
0.00846 0.k49 "27000
0.019k 1.26 30400 -
1 0.107
0.0117 0.66 26300
0.0325 2,02 29000
0.143 o
0.00483  0.245 23700
0.0101 0.60 27700
00599 o
. .0.00298 0.26 40800
~0.00739 0.62 39200

30100

A = 21,000 A

_A €
1 0.110 6430
0.185 8240
0.190 7520
0.230 8070
0.455 9280
0.57 9010
0.69 8500
0.81 8370
0.91 9360
0.98 9610
1.66 9640
3.90 12800
0.1k0 7740
0.37 8910
2.79 12200
0.195 7790
0.63 9050
K1-k.2 13500
0.070 6770
0.170 7860
1.25 9750
0.075 11700
0.200 12600
11100

0.460 -




Table II (Continued)

Sodium

Potassium

Lithiun

Cesium

Caleium

concentration

(moles/liter)

O O O O O O ©

o O © O O

o O

'O 0O ®© O OO0 OO O O O O

.00800
.0105
.0118
.0133
.0229
-0295
.0379
.Ols52
.Ol5k
.0L76
.0805
.1h2
.190

.00846
.0194
.107
.226

.0117
.0325
.1h43
.00L83
.0101
-0599
.13h

.00298
.00739
.0194

_26-

A = 24,000 A
A €
0.020 1170
0.035 1560
0.0k0 ‘1580
0.0k45 1580
0.115 2350
0.145 2300
0.180 2200
0.200 2070
0.245 2520
0.260 - 2550
0.54 3130
1.25 . k1o
1.89 4650
0.030 1660-
0.095 2280
0.99 4320
2.76 5700
0.050 2000
0.160 2300
1.25 4080
10.020 1940
0.0ks 2080
0.330 2570
1.17 k080
0.0030 4700
0.075 h7ho
0.195 4700




Table ITI.
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Absorbancies (A) and extinction coefficients (<) at -55°.

' Sodium

Potassium
Lithium
Cesium

Calcium -

A = 18,000 A

Concentration = 15,500 A
(moles/liter) A e A €

- 0.00800 0.75 43800 0.54 31500
0.0105 1.12 49900 0.80 35600
0.0118 1.20 k7500 ©  0.91 36000
0.0133 1.39 18800 1.05 36900
0.0229 2.h45 50000 1.86 37900
0.0295 3.07 48600 2.30 36400
0.0379 ' 2.95 36300
0.0k452 ©3.37 34800
0.0L54
0.0476
0.008k46 0.85 47000  0.63 34800
0.0194 2.02 48600 1.57 37800
0.0117 1.09 43500 . 0.81 32300
0.0325 3.47 49900 2.55 36600
0.00483 0.4h5 43000 0.300 29000
0.0101 1.00 L6200 0.75 34700
0.00298 0.505 78900 0.33 51700
0.00739 1.1k 72100 0.79 - 50000
0.019k4 2.19 - 52700 1.55 37400



Table. III.

Sodium

Potassium

Lithium

Cesium

Calcium

~28-

(Continued) °

Concentration
(moles/liter)

O O O O O O o

0

00
0.
00

Q.
0.
0.

O O O O

o

.00800
.0105
.0118
.0133
.0229
.0295 |
.0379
0452
0.
Os
0.
0.
0.

ohsh
o476
0805
1h2
190
00846
019k
107
0117
0325
143

.00483
.0101
.0599
.134

.00298

0.00739

.0194

A = 21,000 A A = 24,000 A
A € A €

0.190 11100  0.050 2920
0.285 . 12700  0.080 3560
0.310 12300 0.085 3360
0.365 12800  0.100 3510
0.73 14900 ‘0,205 4180
0.89 14100 0.270 k270
1.16 14300 0.365 4500
1.3k 13800 0.420 L3ko
1.h0 1khoo  0.470 4830
1.53 15000  0.525 5150
2.1 14000 0.8k k870

1.98 6520

3.12 7670
0.225 12400 0.060 3310
0.64 15400 0.205 koko
o o 1.h47 6410
0.290 11600 0.090 3590
1.01 14500 .0.300 4310

2.03 6630
0.110 10700  0.035 3380
0.270 12500 0.085 3930
1.93 15000 0.6k 4990

1.88 6550
0.120 18800 0.040 6270
0.285 18000 0.115 7280
0.66 15900 0.230 5540
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Table IV. Absorbancies (A) and extinction coefficients (e) at -45°

Concentration A = 15,750 A A = 18000 A

(moles/liter) A e . A T €
Sodium 0.00800 0.82 L7900 . 0.66 38500
0.0105 1.21 53900 = 0.98 43600
0.0118 1.31 51900 1.11 L4000
0.0133 1.50 52600 1.26 44300
0.0229 2.67 54500  2.17  L4h300
0.0295 3.41 54000 2.82 44600
0.0379 3.79 46700
Potassium 0.00846 0.9k 51900 0.77 42500
0.0194 2.25 54200 1.92 46300
Lithium 0.0117 1;18 47100 0.97 38700
0.0325 | 3.18 45600
Cesium 0.00483 0.480 46400  0.36 34800
0.0101 1.11 51300 0.92 L2600
Calcium 0.00298 0.565 88600 0.43 67500
0.00739 1.26 79700 0.99 62600

0,019k 2.60 62600  2.02 48600



‘Table IV. (Continued)

Sodium’

Poﬁassium

Lithium

Cesium

Calcium

-30-

concentration
(moles/liter)

0.
0.
0.
.0133
.0229
.0295
-0379
.0h52
.Ol5h
.0l76
.0805
.1h2

.00846

O O O O O O O o ©O

o

00800
0105
0118

0.0194
0.107

0.0117
0.0325

o O O O ©

o

143

.00k483
.0101

-0599
.134

.00298

0.00739
0.019k4

= 21,000 A

A
. A X e
0.275 16100
0.430 19100
- 0.490 19400
0.495 17400
1.03 21000
1.29 20400
1.59 19600
2.10 '21600
2.12 20800
h716 24200
‘0,325 17900
0.92 22100
0.k425 17000
1.46 21000
0.160 15500
0.420 19400
2.83 22100
0.180 28200
0.445 28100
0.97 23400

= 24,000 A

A
A €
0.090 5260
0.155 6900
0.170 6740
0.180 6320
0.350 7140
0.h455 7200
0.60 7400
0.7k 7640
0.78 8030
- 0.82 8oko
1.34 7780
3.13 10300
© 0.110 6080
0.315 7590
2.38 10k00
0.155 6190
0.540 7760
3.35 10900
0.055 5320
0.160 7400
1.08 8440
2.72 9490
0.065 10200
0.180 11400
0.400 9630
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peak could not be observed at concentrétions greater than about 0.035 M,
and one cannot know if this deviation is due to a shift of the whole
absorption band or not. The spectra show no signs of a new band or a
shoulder which might be responsible for the iﬁcrease in the extinction
coefficients in this region.

The shift of the peak position is very small over the concentration
range from 0.005 to 0.03 M. These values are shown in Table V. A plot
of Vimax ZE-Amax is sﬁown in Fig. 11 along with the work of Douthit and
Dye on more dilute solutions. It is seen that below about 0.005 M the
shift is much more pronounced and the two sets of data are in reaéonable
agreement where they overlap. Because the shift is so small for the
solutions studies here, Fig. 7 is changed insignificantly if absorbance
at the maximum is plotted instead of absorbance at 15,250 A.

. Sincejphg‘absorppipn peaks are:soﬂbrqu,&;tuggghpece§sary¢torioca§e.the
wavelengths of the maxima by-a standardized procedure. Several horizontal
lines cutting both sides of the peak were drawn at various absorbancies.
Thé'midpoints of these lines formed a straight line which intercepted
the absorption curve at the maximum. This operation could be done on
the original spectrum, since the background was always horizontal within

several thousand angstroms of the peak.

Temperature Dependence

An increase in temperature broadens the band and shifts the peak to
longer wavelengths with an increase in the maximum absorbance. The temp-
erature dependence of the spectrum is illustrated in Fig. 12, and absorb-

ancies and positions of the maxima are listed in Table V. The average

1

shift of the. peak, for the alkali metals, is -1kl cm ™~ deg > from -65

1

to -55° and -11.3 cm™* deg™ from -55 to -u5°.



Table V. Absorbance at the maximum (Amax) and positioﬁ of the maximum (A __: angstroms, v

concentration -65° -550 -45°
(moles/liter) A Mok Vpax A N Vo A %max
Sodium
unknown 0.16 15,500 6665 - - - - -
0.00800 0.67 15,250 6555 0.75 15,590 6415 0.82 15,820
0.0105 1.05 15,280 65h5 - - - 1.21 15,900
0.0118 1.09 15,320 6525 1.20 15,620 6400 1.32 15,920
0.0133 1.30 15,370 6505 1.39 15.670 6380 1.51 16,000
0.0229 2.29 15,380 6500 2.47 15,780 6335 - -
0.0295 2.85 15,430 6480 3.09 15,730 6355 3. 44 16,100
0.00591 0.66 15,000 6665 0.71 15,300 6535 - -
0.0203 ~ 2.23 14,750 6780 2.46 15,120 6615 - -
Potassium
0.00846 0.78 15,230 6565 0.85 15,550 6430 0.94 15,800
0.0194 1.86 15,370 6505 2.03 15,800 6330 2.22 16,090
Lithium
. 0.0117 1.02 15,300 6535 1.09 15,630 6400 1.18 15,910
0.0325 . 3.08 15,440 6475 3.50 15,870 6300 - -
Cesium :
0.00483 0.h2 15,080 6630 0.4k 15,3k0 6515 0.48 15,560
0.0101 0.92 15,350 6515 1.00 15,690 6375 1.11 15,970
Calcium :
0.00298 0.48 14,930 6700 10.50 15,250 6555 0.56 15,630
0.00739 1.06 14,980 6675 1.1k 15,330 6525 1.26 15,725
0.019k 2.01 14,990 6670 2.19 15,410 6490 2.60 15,750

-6€~

* .
Sodium iodide added. See Table VI for concentrations
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Addition of Sodium Iodide

With the exception of soclution No. 3 (Table VI), sodium solutions
containing sodium iodide 4id not show any excessive decomposition during
the several hours required for a run. In solutions Nos. 1 and 4, some
hydrogen was evolved shortly after the solutions were prepared, presum-
ably because of residual water in the sodium iodide. However, this
hydrogen waslpumped off before the spectrum was taken and should be of
no consequence.

The addition of sodium iodide causes the entire absorption band to
shift to sh@rter wavelengths with a corresponding increase in the maxi-
mum absorbance. This is illustrated in Fig. 13 for one of the two runs
in which thé-peak éould be observed. The spectrum of the 0.0203 M sodium
soluﬁion was constructed by plotting the absorbéncies taken from the

curves in Figures 4 - 10.

The volumes of the sodium-deium iodide solutions were cslculated

by using the density of sodium iodide solutions.Eo



Table VI.

Absorbancies (A) and extinction coefficiénts (e) of sodium - sodium iodide solutions.
~Solution No.
28, ‘ col 38. )_l_a
T =-65° h " -
7500 A 0.07 5500 0.20 4660 0.46 3950 0.57+.05  3570-4250
10000 0.17 13400 0.57 13100 1.46 12500 1.73 11900
13000 0.49 38700 1.73 ~39800 - - - -
15250 0.65 51400 2.19 50400 - - - -
18000 0.34 26900 1.16 26700 3.22 27600° 3.47 23800
21000 0.08 6300 0.27 6210 0.84 7210 1.05: 7210
24000 0.03 2400 0.07 1610 0.26 2230 0.h0 2740
15500 A 0.70 55L00 2.4% 56100 : - - - -
18000 0.h45 35600 1.52 35000 - - - -
21000 0.1k 11100 0.46 10600 1.27  :.10900 - -
24000 0.05 3900 10.13 3000 0.42 - 3600 - -
T =_l|,50 ..
15750 A 0.75 59300 - - - - - -
18000 0.54 L2700 - - - - - -
21000 0.19 15000 - - 1.61 13800 - -
24000 0.06 k700 - - 0.52 h470 - -
& Solution No. Sodium concentration Sodium'iodide concentration
: (moles/liter) (moles/liter)

1 0.00591-0.00625 (after vol. corr. % 0.05 ml) 0.uh6"

2 0.0203 -0.0212 L i 0.886

3 0.05LL -0.0790 (after vol. corr. & 0.05 ml) 1.49

L 0.0671 -0.0681 - 0.923

SP-
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IV. DISCUSSION

‘Both the electron-cavity model and the moﬁomer—dimer.model have
been used tO’explain*some,of fhe.physical-properties of metal-ammonia
..solutions. Either model accounts quite. satisfactorily for the magnetic
.st,;sceptibility'datao Withiregard to some of,the-other-physical propef-
- ties such as conductivity and chemical shift (as determined by nuclear
magnetic resonance), the latter model is in better accofd with the data.

l; Evers and Frank have calculated the conductances of sodium

, solutiOns,Ql using‘theaequilibria given by the monomer-dimer model,

. namely :
M=M + enyg L : L . (1)
QM = M2 e . L C . - (L‘-)

’They find excellent agreeméht'withthe éxperimental'values obtained by
B Kraﬁs.a To our knowledge, no attempt has been made to explain the large
decrease in equivalent conductance on the basis of the electron—cavity
model. It is notvapparént why two electrons trapped in a single cavity
should be less conducting than gjngle electrons in cavities. The asso-
,c;atiqn qf metal ions gnd elgq@rons appears‘more plausible to account
fqr the pbserveq gonductivity, o
2;_ The rgsult§’of nuclgarrm@gnetic resonance studie522’25 aiso

lepd support to‘fhggonpmgr.quelﬂ The data are limited to congentra-
fﬁ}qgs grgatg; thqp onh M and it is fbund‘that the density of unpaired,
,elggtrons on the sgdium”nucleizig somewhat less than 1% of that expected
| for isolated sodium atqms,‘ This result, coupled with the large shift
‘fqr nitrogen;‘is‘copsistent Wiph tpe picture of electrons in expanded
~orbitals on;the oriented gmmgniavmolecules, The cavity model.cannot

account for the observed sodium shifts.
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Some recent spectroscopic studies on alkali metal-ammonia solutions
have been influential in drawing further éupport for the monomer model.

1. Symons et al.reported that tﬁe spectrum of a sodium solution
'(5xlo_h M) containing sodium iodide (0.1 M) showed the appearance of
shoulders at 8000 A and 6700 A, the former being more pronoun’ced.21¥ If
equilibria (l)‘and (4) are correct, the effect of the common ion would
- be "to- form more M-and.Mé, and these shoulders were accordingly attributed
to these species.

2, Douthit and Dye made a quantitative study of the absorption
spectra of sodium and potassium in the lO"5 M range.25 They found that
sodium followed Beer's Law up to 0.00L M but potassium showed a negative
deviation. The latter effect was attributed to the removal of solvated
electrons with corresponding monomer or dimer formation. Although no
new bands were observed for these species, it was argued that the de-

‘pendence of the spectra on the particular metal is consistent with the

monomer model and inconsistent with the cavity model.

We have shown in the preceding section that, with the exception of
the de&iaﬁions thaﬁ occur at-long wavelengths, Beer's Law is obeyed for
all the alkali metals at concentrations considerably higher than those
studies by Douthit and Dye. In addition, we observed no new bands in
éodiuﬁ-sédium iodide solutions as reported by Symons et al. The insensi-
tivity;of ihe spectra to the concentrations of the solutions and to the
.ﬁarticuiar metal used is strong evidence that neither the monomer-dimer
" model nor'the electron-cavity model ié correct.’ Siﬁce the abéorption in
very dilute solutions is presumsbly due to a hydrogenlike ls — 2p transi-
‘ tion>6fhé single électron in a cavity, one would expect & significant

change in the spectrum if two electrons were trapped in one cavity or if
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the elecfrdﬁ were removedﬁffom the éévity to an expaﬁded‘bi%iiéi of the
metal ion. |
"Tﬁs'iOgiéél"conclusisnlto'Ee'draﬁn‘is that'the'eleétroﬁ:EQVity.is
rétained in sli'alkaii'meﬁai;ammonia solutiohs° ,As the concentration
ié increased, mEtai.ions and>eléctréns associate to form isﬂxpéirs and,
uas‘the édﬁceﬁtration'is further'incrsaSéd;:a‘Qusdrubolsr ionic assembly
Lconsisting of two electron cavities and two solvated metal iénsjis
"fofmsd;26 These associated species account for‘the:cohduétivit& de-
crease and, since their formation may‘bé represented b&‘Equilibria (1)
and (4), the quantitative calculatlons by Evers and Frank are just as
| appllcable to these ion pairs and quadruplets as they are to the mono-
nJmers and dimers of Alder et al. Our model also predicts the small
chemical shift for sodium and the large shift observed for nitrogen.
There is another line of evidence which supports the contention
'vthat;élscfron cavities remain intact over a wide concéﬂtréfioﬁwfange.
The apparent molar volume of sodium in‘ammdnia27”at'oo bhahgessfrom
56.3 to 58.6 ml/mole from 0.0093 to 0.3k M, For lithium;‘fhé apparent
molar volume is practiéaily constant at about SQ ml/hole’ffom'o.oe to
O.§9 M. These data are qﬁite’sbnsisteht with our model but somewhat
" fortuitous on the basis of the other two models. |
llﬁhshﬁeéessity of éccounsing for the pairing of elécfrbn sﬁins, in
4:terms of equilibrla such as (2), (3), or (4) had been somewhat of an
dbstacle 50 far as correlatlng the magnetic suscept1b111ties and spectral
data is concerned. The fact that Jolly found Beer's Law to be strictly
obeyed at the short-wavelength tail for sodium solutions from 0.00l_to
0.1 Mll indicated that she nature of the absorbing species is indepen-

dent of concentration. These results seemed completely incompatible with
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the existing susceptibility measurements, for we (and appgrently others)
had assumed that the latter work precluded the retention of cavities
containing single electrons. Furthermore, it seemed unlikely that the
energy levels of paired and unpaired electrons could be so similar as

to havé practically no effect on the absqrption spectra. HOWeQer,vthe
results of this work required us to re-examine these»concepts ;- which
were never theoretically Justified, and which, perhaps, haVe too strongLy
influenced the formulation of a satisfactory model for thesé solutions.

It is not unreasonable that the wave functions éf the electrons in
the quadruplet, ME’ overlap significantly and that the energy of the
pairéd singlet state ;s lower than that of the unpaired triplet state
by more than kT. Fer»Fig. 11 we see that the position of the méximum
shifts about 600 em™ (% 4xr) from the dilute paramagnetic solutions to
.the more concentrated diamagnetic solutions; When ohe considers the
extreme b:oadness of the absorption band, it is_not surprising that two
maxima separated by only 600 cm"l are not resolved. Also, there may be
an intermediate band characteristic of ion pairs.

It may be argued that the absorption of the monomer and dimer of
Alder et al. would not be expected to be very different from each other;
however, we point out that either of these species should show a dif-
fergnt absorption than a solvated electron. That the éolvafed electron
andrdiamagnetic specieé show practically the same absorption band and

extinction coefficient is our strongest argument in favor of the reten-

‘tion of electron cavities.
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Temperature Dependence

Previous workers report a somewhat smaller temperature dependence
of the peak position than was found by us. Blades and Hodgins report a

o5

value of -9.1 cmml degml for potassium in ammonis from -42° o -78°.

1

Douthit and Dye report -9.7 and =-11.5 cm"l deg ~ for sodium and potassium

respectively from -370 o -=65002'h These measurements were of much more
dilute: solutionsg than ours.

Jortner has calculated the energies of the 1ls and 2p levels of an
electron in a spherical cavity and has given & plausible explanation of

the shift based upon the temperature dependence of the dielectric constant

and cavity radiusoz8 In addition, he finds EEP - E X 0.8 ev ( ~ 1.5u),

in good agreement with experiment; The similarity of the temperature
dependence in paramagnetic and diamagnetic solutions is further indication
that the nature of the absorbing species is not very sensitive to concen-
tration changes. |

Douthit and Dye found that the low-wavelength side of the band is
also displaced toward higher wavelengths with increasing temperatures.
However, they determined the displacements on the sides of the band from
A/Amax rather than from the measured absorbance; i.e. because of an un-
known amount of decomposition, they made the assumption that the maximum
absorbance is the same for two different temperatures. It can be seen
from Fig. 12 that such an assumption would produce a similar effect with

our data.
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Effect of Sodium Jodide

On the basis of the proposed model the addition of excess sodium
ions would favor the formation  of ion pairs and quadrupoles at thé
. expense of free electrons. Thus, one might expect the absorption band
‘to shift slightly to longer wavelengths, as when the concentration of a
pure metal solution is increased. The shift ﬁo shorter wavelengths indi;
cates that the energymlével separétion between the electronic ls and 2p
states is increased by the addition of sodium iodide. Such a situation
could be brought about by an increase in the poténtial field around the
cavity‘due to the increased number of positive charges which would- then
be oriented‘around the electron cavities. This increased polarization
would result in a déepening of the potential well of the electron, whose
transition to the next higher level would now reQuire a somewhatt higher
‘energy.

It is possible that the concentration of ion pairs and gquadrupoles
does in fact increase with sodium ion addition but that the small shift
expected is overshadowed by the effeét discussed above. On the other
hand, species such as Na2+ﬁmay be forming. Siﬁce the latter species is
paramagnetic and Na2 is diamagnetic, it would be of interest to examine

the electron spin resonance of sodium sclutions with and without the

added salt.

Deviations from Beer's Law

The increase of the extinction coefficients at the long-wavelength
tail of the absorption band suggests that one or more new species are

being formed. It is likely that these species may be higher polymers such
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as MB’ Mh,.lﬁw, M , whose formation would be expected at higher concen-
trations. The sharp rise of the equivalent conductance above about 0.05 M
indicates that the concentration of such "clusters"” is becoming high
enough to impart_metallic properties to the solutions.

If we assume that the absorption is due to the contribution of two
unresolved bands, a graphicel method can be used to test this assumption.

From the equation

one obtains

where ¢ is the measured extinction coefficient, ¢ is the total mdtal
concentration, €, and €, are the extinction coefficients for the low- and
high-concentration species, respectively, and g and ¢y, are the concen-

trations of these species. If one knew the true reaction and its equili-

c c
. : : a .
brium constant; one would expect a plot of s V8 o for a given wave-

length, to yield a straight line of negative slope, the intercepts
determining the values of ea and €y ,

To test a particular reaction; an equilibrium constant was assumed
and values for o and c,, were calculated by a series of approximations
for each sodium concentration. Several equilibrium constants were tried
until the best straight line was obtained.

The results of several plots are showﬁ in Figs. 14 - 17. As can be
seen, reasonable plots can be obtained for several equilibris, and the

correct one cannot be chosen sclely on the basis of this graphical method.

It is interesting to point out, however, that although one obtains a
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Fig, 14, Trial plot for the reaction 2Na = Na.2 (24000 A)
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straight-line plot for the reaction 2Na = Na2 (which in this method is

indistinguishable from 2e~ = ee—), the values used for cNaand cNa2 are
inconsistent with magnetic dafa; i.e., at 0.01 M all the metal is in the
Na (paramagnetic) form, whereas susceptibility data show that the spins
are about half paired at this concentration.

We suggest that polymers are forming at high concentrations, and
the plot obtained for the reaction;SNa2 =,Nalo is at least consistent with
this interpretation. . The value of K has no real meaning, as there are
probably man& equilibria operating and many different polymers being
formed. There must be some Na present at the lower concentration (for
reasqns,juét given), and the species on the left side of the above reac-

tion is only an approximation of the true situation, as also is the

: species on the right side.

The values for e and € obtained from the intercepts are as
Na2 Nalo
follows: :
24,000 A € = 5,0 x 105 s
: Na2
€ = 8.3 x .th H
Na :
10 L
21,000 A N = 1.8 x 10 ,
2
eNa, = 201 X 105 °
10

The extinction coefficients per sodium atom are thus several times as

great for Nalo as for Na2 in this wavelength region.

Estimation of Equilibrium Constants Based on the Proposed Model

It is possible to make a rough estimate of the equilibruim constants
for ion-pair and quadrupole formation based on a simple electrostatic

picture. We felt that it would be interesting to compare the results of
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such an empirical calculation with the equilibrium constants obtained
from various experimental methédso

. For. the dissociation of the ion pair,

+ -
Me™ =M +e7; K, = ] le])
[M¥e”]

we are interested in the free energy change when the separation of the

ions is increased from a distance r to infinity. The work done in this

29

process is given by

o

ergs/molecule,

m!m

e

~ 00 2
LF = / Sy dr =
4 er”
FO

where e is the electronic charge, € is the dielectric constant, and r is
the ionic separation in the ion pairo.=For a calculation of this order of
magnitude we take ¢ = 22,_the_bulk.dielectriC'constant for ammonia at
_5°.

The value for r is estimated as follows: The electron cavity radius
is about 3.3 A,26 and the H-N distance is about 1 A. Alder et al.esti-
mate the distance from the sodium to the nitrogen of a coordinated am-
monia molecule to be about 2.2 Aolé The H-N distance between two hydro-
geh-bonded ammonia molecules»is about 2.4 A in the pure liquid. In the
ion pair this distance is probably somewhat shortened. A maximum value
for r is thus about 10 A. Table VII lists the values of the dissociation

constant calculated for various values of r, along with some values

obtained by others from experimental data.
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Table VII. Ion pair dissociatiqn constants.

Calculated(this work)

Derived from experimental data

Conductance, Na in NH, (-34°)(Ref. 21)
Transport, Na in NH, (-37°) (Ref. 30)
Activity, Na in N, (-37°) (Ref. 31)
Magnetic Susceptibility} (-34°) (Ref. 17)

K in NH, (-34°) (Ref. 32)

k

1
(x 103)

11.0
19.5
30.2
b2.7

7.23
9.2
9.6
30
7.9
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The free energy change for the formation of quadrupole, ME’ was
calculated iﬁ‘ﬁwé'stepsz ’

5

[(7e7),)]

Me” —s(MeT), : K, =
2 h + =2
(Me ]

=\

2Mf + 2e”

where AF. 1s the free energy change previously calculated for ion-pair

1

dissociation and AF2 is evaluated from the expression

where r is the distance between metal ions end electrons, r, is the
electron-electron distance, and T, is the distance between metal ions.
In the presumed diamondlike structure, all the metal-electron distances
are identical. 'Fof 8 given r, a value of r, was assumed from which T
could be calculated. These :esults are giyen in Table VIiI°

it is_seen that the calculated values:are in fairly good agreement
Qith the experimental values, especially considering the crudeness of the
calculation. These results support the argument that the physical pro-
perties of alkali metal-ammohia solutionsare consistent with simple ion-
pair and quadrupole formastion. In this connection it may be noted that
the dissociation constants53‘for several alkali metal halides in liquid
ammonia are also 6f the same magnitude as the values listed in Table VII,

indicating that dilute metal solutions follow normal electrolyte behavior.

Some. Comments on the Calcium Spectra

We have pointed out that the calcium data cannot be considered

nearly as reliable as the data obtained for the alkali metals. Also, the
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Table VIII. Quadrupole formation constants

r re rm Ku

(&) (4) (a) —

Calculated 6.6 8.9 9.8 20.9
(this work) ‘ . 10.0 8.6 19.5
12.2 5.0 2.0

8.0 10.1 2.k 9.0

11.0 11.6 10.0

13.0 9.3 7.9

10.0 12.0 15.8 5.6

4.0 14.6 6.6

16.0 12.0 5.5

Derived from experimental data

Conducéance, Na in NH3 (-34°) (Ref. 21) 27.0
Transport, Na in NE, (-37°) (Ref. 30) 18.5
Activity, Na in NH, (-37°) (Ref. 31) : ~ 23.0

Magnetic Susceptibility,}ésho) (Ref. 17) 98

K in NH, ((34°) (Ref. 32) 99
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negative deviation is determined essentially by one point:. that of the
highest concentration. Howe;er, we believe that the trend observed
permits some qualitative statements to be made regarding the possible
structure of caléium solﬁ;ioﬁscv o

It is”likély thét in very:dilute soiutiéﬁs tﬁe éélcium extinetion
coefficients_ére twice as higﬁ és those of thevalkali ﬁetaié althdugh,
for the lowest concentration reported here,Athis ratio ié sémewhat less

than 2. Thus we may write

with the electrons existing in cavities in the solvent. If, as the data
indicate, the extinction coefficients do decrease with increasing con-
centration, this is presumably due to the removal of electrons from cavi-

ties, and suggests the reaction.

When all the calcium is in the Ca’ form, the situation is analogous to
an alkali metal solution, since in our model the undissociated electron
wduld not contribute to the observed absorption band. The similarity of
the extinction coefficients near 0.02 M tempts one to draw this conclusion
although, in view of the experimental uncertainties,.there must be some
doubt remaeining.

Solutions of barium and strontium in liquid ammonia may be more
suitable for spectroscopy, and such experiments should yield some very

interegting results.
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