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Contribution from the Department of Chemistry of the·· 
University of California and the 

Inorganic Materials Research Division of the 
.Lawrence Radiation Laboratory, 

Berkeley, California 94720 

The Reversibility of the Reaction of Alkali 

Metals with Liquid Ammonia. 

By Ernest J. Kirschke and William L. Jolly 

Abstract 

Ammoniated electrons exist in solutions of the alkali metal amides 

in liquid ammonia which have reached thermodynamic equilibrium with 

hydrogen gas. By using both electron spin resonance.and optical spectres-

copy to measure the electron concentration, an equilibrium constant of 

4 5 x 10 was measured for the reaction 

and 3 x 109 for the reaction 

at 25°. From the temp.erature coefficients of these reactions 1 the · 

approximate 6H 0 values of -16 and -12 kcal./mole, respectively, were 

obtained. 
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Introduction 

Solutions of alkali metals in liquid ammonia decompose slovrly 

(rapidly in the pres:nce ·of <;:ertain catalysts) to form the metal amides 

and hydrogen. For potassium, rubidium and cesium, the reaction may be 

written as. follows. 

(1) 

For lithium and sodium (whose amides are sparingly soluble in ammonia) 

the reactions may be written as follows. 

L
.+. 
~ + e + Mb am 

+ Na + e· + NH:5 
~ 

= 

= 

These reactions can be useful for the preparation of the amides, but 

(2) 

(3) 

more oft~n they.are undesirable side reactions in the study and use of 

metal-ammonia solutions. Kraus1 ·suggested that a systematic study of 

these reactions was a necessliry prelude to the study of more stable 

solutions~. No one has directly measured the equilibrium con~tants of 

these reactions, but it is possible to correlate thermodynamic data for 

. electrolytes in liquid ammonia and thereby to calculate indirectly the 

equilibrium constants. In this way one can calculate, .for 25°,. the 

approximate values K = 1.2 x 10
6 

for reaction 1,
2 

K = 7 x 10
12 

for 

23 w . 24 reaction 2 ' and K. = 1. 3 x 10. for reactJ.on 3· ' The purpose of 

this work was to demonstrate the reversibility of these reactions and to 

measure directly the equilibrium constants and their. temperature coefficients. 

.. 
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The' ·e~petiments were of. two types, corr~.sponding to tvro method::;. for 
. . . . . 

determining the electron concentration. In· one type of experiment, the 

electron ·conc~~trat:i.on was deternU,rted specttovhoto.metrically. In the 
.. 

other .type o'f expedment; the electron concentr~t.ion wasdetermi~ed by 

electrcm sp:i.n resonanc~ .. 

Experimental Section 

Description .of the Optical Cell.- The high pressure optical cell is 

shown in Figs. 1 and 2. The heavy stainless steel body of the cell 

resisted attack by the·solutions to be studied,· contained the high 

pressures anticipated, and acted as an efficient heat reservoir to 

dissipate the heat abs~rbed from the IR source by the sample. The :windovrs. 

were made of Py;rex glass and were approximately 1 em thick. The 0-rings 

were of a ~pecial polyethylene-propylene COirlPosition (Porter Seal Co.) 
'· . . 

sel,ected for resistance to attack by metal anunonia solutions. A stain-
. ·' ,' ', .. 

less steel :bellows seal valve was used ~s a master valve for the sa."!le · 

reason •. StainJ;es~ steel:, V seated, packed val,ves were used in the 

ma~ifol,d •. · .stain~es$ steel tubing and S~rageiock fittings were used in 

the construction of the manifold and gage connections. ·When assembled, 

the unit' cbuld hold 136 atm of hel.ium gas with no detectable leakage for 

a period ih excess of 24 hours • 

. Temper·ature 'control wa~ accomplished by circulating ther~ostatted. 

water through copper. heat exchange coils soldered to the body of the 

cell •. The temperature was measured with a copper-constantan ther~ocou~le 

located in a well a few millimeters from the sample cavity, in conjunction 

with a Rubicon potentiometer. The temperature was maintained at 25 ± O.lo. 
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'. 
Pressure was determined with a stainless steel Bourdon ~aGe ..,ri th 

a range o.f 0 - 2000 psig ( 136 atm) divided in increments of 2o psig 

(1.36 atm). By fitting the tip of the gage pointer with a thin piece 

of flat metal mounted perpendicular to the gage face, readi.ngs could 

be estimated to± 0.1 division (± 0.14 atm). 

The cell was mounted on a base plate with adjustable clamps designed 

to permit accurate, reproducible posit~oning of the unit in the sample 

compartment of a Cary model 14 recording .spectrophotometer. Once the 

proper position had been established, the cell could be repositioned 

by simply ensuring that two'edges of the base plate were in firm contact 

with two walls· of the compartment. 

Calibration of the Optical Cell.- The light path length of the 

optical cell was mechanically measured with a micrometer caliper at 

various pressures. The path length at zero pressure was 0.992 em., and 

increased about 0.012% per atm. increase in pressure. These measured 

values were used in the calculations. The light path length ..,ras' checked 

0 

against a.c.ell of knowri path length using the 12000 A absorption band 

of a solution of methanol in ethyl ether. A value of 0.996 em was 

obtained which, considering t}?.e possible .errors in this technique, is 

in good agreement with the mechanical measurement. 

The cell was fq.led with liquid NH.3 and the eff~ct of p~essure. on 

the spectrum was checked at several pressures up to about 130 atmos:pheres. · 

Hydrogen gas was used to pressurize the cell. The results indicated an 

increase in absorbance with pressure. At 100 atmospheres this increase 

was 1. 7%, which was larger than predicted from the increase in path length. 
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Nayb,ury and Coulter5 measured the adiabatic compressibili ties of liquid· 

ammonia solutions, and from their data we estimate an increase in the 

density or li.qu~d ammonia. of 0~ 5% per 100 ~tmospheres. increase 'in 

pressure. ·we conqlu.de ·t.hat the rneasur~d increa~>'e i'n absoroance 'iras the 

result of changes in both path. length and densi ~Y •· 

The volume of the cell was checked on a vacuum line by filling the 

cell to a, lcnown pressure of nitrogen, and then Toepler-pumping the 

nitrogen into a gas buret of known volume. The volillne of the gage and 

the manifold.were determined in the same manner. 

The Bourd~n gage was calibrated on a dead weight tester arid a 

calibration chart prepared. Above 10 atmospheres the gage readO.l atm 

high. All readings were corrected by the use of the calibration chart. 

Periodically the gage was checked against a second calibrated gage; 

the calibration did not change over the period. the gage was in use. 

Proc.edure for Obtaining Optical Data.- Prior to use, the optical 

cell was carefully cleaned, the metal surfaces of the sample compartment 

coated with 0.05 M ch;Loroplatinic acid, and the whole unit dried in an 

oven at 120.0
• This procedure left a thin. coating of pla.tinllin. in the 

cel;-1 to ac11 as a catalyst. The cell was assembled apd leak tested. with 
. ,.,, 

hel.ium at 136' atm. 

The cell wa.s attached to a vacuum line and evacuated. The entire 

system .was 't¥rap:Ped.with heating tape and the~ tempe~ature raised to>aoout 

100°. Carewa.s taken to loosen the retaining rings during the bake out 

to prevent cracking of the windows due to the different coefficient of 

expansion uf steel and pyrex. The cell was pumped out for a minimmn of 

8 hours, and then filled witll dry, oxygen-free nitrogen or argon. 
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. Anunonia, dried with. sodium metal, was then distilled into a small stE:el 

cylinder (10 ml) equipped with a valve. This valve was closed, the 

cylinder was removed from the vacuum line, weighed, and then attached 

to the manifold of the optical cell. A small hole was cut in the end 

2 of a plastic glove bag (I R Company, Cheltenham, Penn.) and this was 

sealed to the filling port of the cell. The bag was continuously 

flushed with nitrogen or argon which had passed, successively, through 

a column packed with BTS Catalyst (BASF Colors and Chemicals Inc.) to 

remove traces of oxygen, and a column of magnesium perchlorate to remove 

traces of water. In a run involving sodium or potassium, a piece of 

metal was cleaned of all oxide and plac~d in an extrusion press in the 

dry bag. A length of wire was extruded and placed in a small tared 

weighing bottle which ·had been baked in an oven at 200° and then cooled 

in the dry gas atmosphere. The sample was weighed, returned to the 

dry bag, and the bag was thoroughly flushed with dry gas. The filling 

port of the cell was opened, and.a known ~~ount of metal introduced. 

Cesium was much more difficult to handle because of its semiliquid 

state and extreme reactivity. We found that we could deliver accurate 

volumes of clean cesium. into the cell with a micropipet heated to 30°. 

The density of cesium at this temperature was estimated at 1.84 g/cc. 

The metal at 30° was drawn up into the pipet which was kept at the s~~e · 

temperature. The tip of the ·pipet was then plac~d into the filling port 

and dry nitrogen was used to force the metal from the pipet into the 

cell. vfuen the pipet' had been properly cleaned ·and dried, no reaction 

occurred, and the pipet emptied cleanly. The entire operation took 

place in a well flushed glove bag. 



• I I 

I 
. ' 

i 
! . 

. i 

i 
! 

.. 

;_7.- UCRL-17~68 Revised 

Aft.~r the introduction of metal, the port was closed, anci thC! cell 

was evacuated. The valve to the vacuum line was closedj cold vro.ter ·,ras 

circulated·through the cell heat exchanger, an,d ammonia was (Jistilled 

into ·the cell from the small' steel cylinder. When the'cell appeared 

full, the master valve was·closed, and ammonia in the manifold was 

condensed·back 'into·the steel cylinder using liquid nitro~en. The 

manif~ld was aga:tn opened to· the vacuu1n line, and the pressure vras 

measure.d with a. thermocouple gage to check that no ammonia was left in· 

the manifold. The cylinder was removed and weighed. 

In the spectral range in which the electron absorption band o.ccurs, 

ammonia has intense absorption bands. It was necessary to take readings 

at wavelengths between these bands, where the ammonia absorption ~s 

low. At zero hydrogen pressure, the concentration of the electron was 

zero. Therefore, the absorbance due to the electron was taken to be 

the d~ffe~ence in the total absorbance at pressure P > 0 and that at 

P·= 0~ 

· .. 
A.r(P = 0) 

In early experiments the absorbance at zero hydrogen pressure was 

determined after rem~ving the hydrogen produced; by the reaction of .the 

metal with ammonia. After the hydrogen pressure dependence of. the 

reaction hail' been thoroughly estabiished, this step was e1imihat~i:l. · 

. Instead, the total absorbance was plotted against the square root of 

the hydrogen pressure·and the line extrapolated to zero hydrogen pressu::.e. 

: . . ' . 
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Water at 25° was circulated through the heat exchanger, and the 

system was allow·ed to come to chemical equilibrium. This usually took 

. 1 to·2 hours, depending upon the concentration of the alkali metal. 

The cell was positioned in the sample compartment of a Cary model 14 

spectrophotometer and the absorbance measured. Because of the sensitivity· . 
of the electron absorption band and the equilibrium constant to tempera-

ture, the sample was exposed to the light source for periods of less 

than 5- seconds, and time was allowed to dissipate any heat absorbed before 

taking the next .reading. To ensure that equilibrium had been reached, 

the procedure was repeated at 20-minute intervals until three succssive 

readings were identical. 

At this point hydrogen gas at approximately 150 atm was added to 

the manifold. This in turn was carefully bled into the gage section 

until a press~e near that desired.was registered on the gage. The 

valve to the manifold was closed; the master valve was opened, and the 

pressure was allowed to equilibrate. This normally took 5 to 10 minutes. 

The master valve was then closed and the system allowed to reach chemical 

equilibrium as established by three successive absorbance readings at 

' 
20-minute intervals. This equilibration took from one to three hours, 

depending on the concentration of the amide and the pressure used. 

This overall procedure was repeated until the desired data had been 

obtained. To test for reversibility in. several runs, the process , .. ras 

reversed, that ~s hydrogen was removed from the system. It was i:rupossible 

in this step to prevent some ~~onia from coming off with the hydrogen, 

and (with the e~ception of ~-::lturated solutions) increasing the a..':'lide 
''. 
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concentration •. • This ariunonia was collected by passing the gas being 

r·e~oved very slowly through two traps at liquid nitrogen temperat\rre. 

The,-hydre,geri.W(lS. pumped away and the amount. of ammonia checked 

determine<i ·by either condensiri'g it into a gas bulb and vreighing; or by 

.· 
.absorblng it in. a la!own quantity of acid and titrating. The amide. 

concentra,tion was corrected accordingly. 

Throughout the procedure, extreme care had ~o be taken ~o pr~vent 

liquid ann-nonia from condensing above the master valve in the gage 

section, .resulting in a change in the amide concentration. This was 

accomplished botn by heating the gage to a temperature about 5 degrees 

greater than the cell, and by keeping the master valve closed ~xcept 

when taking a pressure reading. 

Determination of the Amide Concentration in the Optical Studies.-

The concentration of amide in the solutions in the optical cell were 

det~rmined. from the weights of the metals used and the volumes of the 

ammonia.. The volUJp.e ··of the ammonia solution was determined from the 

. wefght of ammonia. Us,ed,: c9rr.ected for the amount of annnonia in the gas . 
. . . ' .. . .. 

phClse.· 'Thfee ,approximation~ were made in this calculation: first, that 

the ·vap.or pres~ure of the solution could be estimated using Raoult' s . 

La"'; 'second, that knowing the pressure and volume of the ammonia gas,. 

the_number of moles of gas could be calculated using van O.er Waal's 
. : ~ 

equation f~r ammonia; 6 third, that the effect of the amide concentration 

on the volume of the solution could be estimated by adding the vol~~e of 

( . 7) ' the amide formed calculated from the density of the solid amide to 

the volume of the liquid 8.l'!\iwnia calculated from its weight and density. 
8 
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Prep~rntion of the ESR Samples.- The esr samples were prepnre:cl by 

sealing measured amounts of alkali metal and arrnnonia in Pyrex glass 

'tubes, and allowing chemical equilibrium to be·reached. In all of the 

samples studied, the intense blue color of the alkali metal completely 

·faded, and was replaced either by the yellow color of the amide ion 

(in the cases of potassium and cesium) or a precipitate of metal amide 

(in the cases of sodium and lithium). 

The epr sample tubes consisted of 3-:millimeter pyrex tubing vrhich 

had been selected for _uniformity of wall thickness and bore. Each 

tube was fitted with a pyrex 0-ring joirit and annealed. The cross 

section of each tube was dete.rmined gravimetrically using mercury. The· 

tubes were thoroughly cleaned, rinsed with a 0.001 _!i solution of chloro­

platinic acid, and placed in an oven at 200° for 2 hours. This 

procedure left a very fine coating of platinu.."!l on the walls to act as 

a catalyst for the preparation of the amide from the metal and liquid 

arrnnonia. The presence of the catalyst did not interfere with the 

spectrum, and without it the reaction to form the amide was extremely 

slow. 

The tubes were placed on the vacuum line, evacuated, and fla..11ed.· 

They were then filled.with dry nitrogen, removed, capped and weighe~! 

The tubes were transferred to a dry bag ·and charged vri th sa.."!lples of :the 

metal which had been extruded from a hand press. The tubes were care­

fully reweighed, placed back on the vacuum line and evacuated. Dry 

liquid a..'1l!nonia was then distilled onto the samples. F!'om the weight of 

metal used and the cross section of the tube, the approximate level of 

... 
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ammonia to give a desired concentration could be determined. The tubes 

were sealed off, and both sections were weighed to determine the ~reignt 

of ammonia used. The tubes were set aside and allowed to reach chemical 

equilibrium,. 

Certain experiments called for the addition of sodium bromide, 

potassium bromide, or both salts to the solution. The salts were dTied 

for several hours at l8o 0 and allowed to cool in a desiccator. Short 

lengths, 2-3 em., of melting point capillary, were weighed on a micro-

balance,· filled ·with an estimated amount of the desired salt, and 

reweighed. The capillary with the salt was placed in the ESR sample 

tube and the whole unit;. evacuated and gently flamed. The sample tubes 

were filled with dry gas, and the samples were prepared as described 

above. 

Method for Determining the ESR Spectrum.- After the 'reaction had 

reached equilibrium (usuallY a few days after the blue color of the 

metal solution had disappeared) the spectrum was recorded on a Varian 

V-4502 EPR spec.t:rpmete~. A small crystal of d.iphenylpiGryJ,hydra:zyl, 
' • ' ' '" <." ' ' <, I • 

D?PH,~ was placed in the cavity near the sample to act as a reference 

and intermediate standard. The temperature was controlled to ± O.lo 

by passing dry air through a heat exchanger and then through a srr.all 

dewar in which the sample was positioned. 
' ) . . . . . . Figur,e 3 shows the arra)'lge-

. ' . ;~. ·-;.~ . . ~. . ' . ~ . 

ment. The temperature could be varied by changing the te·mperature- of 

the heat exchanger bath and by controlling the flow of air. The 

temperature was measured wi~h copper-constantan thermocouple. 

i 
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The electron concentration was det~rmined by indirectly comparinc 

the sample signal with that of a solution of recrystallized vanadiu:n( IV) 

oxyacetylacetonate of known concentration. 

The Q. value of the microwave cn.v.t t.y is seriously affected by the 

introduction of samples of varying dielectric strength. A lowering of 

the Q. value decreases the sensitivity of the spectrometer, and results 

in a reduced signal intensity. Such sensi~ivity changes were compensated 

for by means of the DPPH intermediate standard. When the spectrum of 

each sample and the standard sample was recorded, the spectrum of tne 

DPPH was also recorded. One of the sa'l'!lples 1.,ras selected as a reference, 

and the ratio of the signal intensity or each of the other samples 

(I( obs)) to that of the reference (IR( obs)) was corrected by the ratio 

of the.DPPH signal intensities (DR/D) according to the equation:, 

I/IR = (I(obs)/IR(obs))·DR/D. Then by determining the concentration 

of. spins in the reference sample by means of the vanadium(IV) solution, 

the electron concentration of all of the samples could be calculated. 

This technique also accounts for any change in cavity match or r-f 

power level.9 Readings on a given sample .could be duplicated. to within 

± 10%. 

The temperature dependence studies were carried out with the sa~ple 

left in place in the spectrometer. After establishment of thermal equili­

brium, the spectrum was taken at 10 minute intervals.< ·Equilibriu.rn ·~as 

considered to have been reached when 3 successive readings \·rere of the 

same intensity. The temper:,ture was then changed slightly in a direction 

· opposite to the main direction in which the temperature had been shifted, 
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and the· change in intensity noted. A signal change in the direction 

pred~cted by ~his temperature change indicated that "'e had been at 

equilibriUm· 

Determination of the Hydrogen PrP.ssure and Amicie Concentrc:..tion of 

the ESR Sruriple• .. - The total volume of each prepared sample tube was 

determined rro~ its internallength and cross section. An adjustment 

("" o.'Cfo) wa·s made for the roU.nded ends. The volume of liqu~d was 

determined either by directly measuring the height in t.he tube or by 

determining. the weight ahd estimat:ing the density of the solution. When 

possible, :both meth.9ds were used, and they agreed within 'Cfo. 

After the spectrur,n had been recorded, the sample tube. was placed 

in a .specially built glass vessel which could be evacuated and which 

permitted breaking the tube and determining the hydrogen volumetrically. 

Using the solubility data of.Weibe and Tremaerne10 and the volume data, 

the pressure of hydrogen in the tube was calculated. For every half 

mole of hydrogen formed, one mole of ·anude forms, and therefore for the 

. ' 

potassiUII1 and CE;!Sium runs it was pol?sib:Le to calculate the a.n'lide 

concentra,tions. 

Results of the Optical Study 

The optical spectra of solutions of NaNH2, KNH2 and Csl\1}[2 we:re 
. ' ; . ' . . / 0 '. _ _.;· ·: ~ . . .· .. ' . . ·. . . . . ' . . . 

recorded at 13,650 A and at hydrogen pressu.res up to appro~dmately' 

100 atmospheres. Some of the results are shown in Table I. As 

previously stated, rea.ding;;: had to be ta.~en at a wave length where the 

ammonia absorbance exhibits a minimum. It was desirable that this 
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Table I. Equilibrium Data from Optical Studies at 13650 A 

Hydrogen Concn of Ab-
Molarity Pressure Total Net sorbing Species 
of Amide Atm Absorbance Absorbance X 105 

(rnoles/li tE:r) 

2.01 0 0.325 
,... 12-5 0.585 0.260 2-37 

25-9 0-730 o.4o5 3-69 
4o.8 o.835 0.509 4.62 

50·3 0-900 0-573 5-20 
72-1 1.000 o.672 . 6.10 
87.2 1.061 . o. 732 6.62 

100 1.125 0-796 7-20 

1.8o 100.0 1.045* 0-770 6.98 

., 

0.340 1.70 0 
15-0 o.64o 0-300 '2-75 
3_8.1 o.8oo 0-459 4.18 

64.0 0-928 0.585 5-30 
88.5 1.020 0.676 6.12 

99·7 1.043 0.698 6.32 
1.85+ 64.5 ·0~940 0.599 5-42 
1.99+ 42.2 o.817 0.475 4.32 
2.13+ 17-0 o.68o 0-340 3-12 

1.41 100.0 0-994* o.652 5-90 

1.21 100 0.898 0-572 5-18 
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Table I ( cbntim.ied) .· · 
., 

Hydrogen Concn of A.b-
Molarity Pressure Total Net· .. sorbinG Species 
of Amide At:m Absorbance Absorbanc~ X 105 

(rnoles/lit~r) 
! 

l 1.00. 0 0.216 ..., 
I 

I 
! 

4.0 ·. 0.329 0.113 1.04 

I 11.6 '0.415 0.199 1.83 
I 25.2 0.495 o. 278. 2.53 
I 
I 49.0 o.618 . o. 401 3·65 

82.7 0.720 . 0.502 . 4.:54 

99·6 0.775 0.556 5-02 
100 0.776* 0.557 5-05 

l· 

0.93 100 0.778* 0.542 4.91 

o.8o 100 0.740 0.537 '4.87 

o. 72 (CsNI;I~ 100 * 0.700 · .. 0.447 4.05 . 
o.68 0 0.'2,70 

' 8.85 .. 0.402 . 0.132 ·1.21 
28.6 0.488 0.218 1.99 
49.6 . ·. 0•_525 •. o. 251.~ 2.31 
68.4 o.64o 0.368 3-34 
88.0 o.66o 0.388 3-51 

100 o.688 0.416 3·77 
0-73+ 72.0 .. o.644 0·372 3-37 

+ 
0-79 47.0 .· o.59i· 0.:320 2.91· 
0.90+ 18.3 0.503 0.233 2.14 

0.58 100 o.641* 0.394 3·57 
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Molarity 
of Anl~de 

p.067 

.·.····Hydrog¢n 
Ppess\ire 

Atm 

100 

. 0.027 (NaNH2) ·o 

25.8 

.~9 

. . . ' 
.': 

,·,.''· 

·';-. 
·. 67· 

100 

58+,. 
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minimum be fairly broad (about 500 A) and at a wavelength for wh1ch the 

extinction coefficient of the electron. is high. v1e found that the 

minimum at 13,650 A satisfied both of these conditions and gave the 
I 

most reproducible results. Some measurements were made,at 11,200, 

12,500, 16,000 and 17,500 A; the results were similar, but the data 

were more scattered. 

The concentration of the electron was calculated by substituting 

the values of. the net absorbance A-, the extinction coefficient € 1 e 

and the path length d (Table I) into the Beer-Lambert equation, 

(e- ) =A -/€d. We used an extinction coefficient of 1.1 x 104 liter 
. am e 

-1 -1 6 l! . 11 12 mole em at 13, 50 A 1 taken from the data of Corset and Lepoutre. ' 

Figure 4 shows the relationship between the electron concentration and 

the hydrogen pressure for several amide concentrations. The data for 

all concentrations studied exhibited the same linear dependence on the 

square root of the hydrogen pressure. To determine that it was specifically 

the hydrogen gas pressure·which caused the increase in absorbance, the 

' ' following experiment was performed. The spectrum at 25 atm hydrogen 

pressure was recorded, and the;n, using argon, the pressure was increased 

by 25 atmospheres and the spectrum again recorded. The experiment was 

repeated using helium and nitrogen. No increase in absorbance other than 

that due to changing path len·gth and density was, detected. To ensure 

that nothing had affected the samples during the experiments,.hydrogen 

.was again added to the system and the spectrum recorded. An increase 

in absorbance was detected in every case. 
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From the data in Table I at 100 atmospheres of hydrogen pressure, 

assuming the amide to be completely dissociated, we calculated equili­
\ 

brium.quotients for reaction 1 from the equation 

K = 
c 

(NH2) PH21/2 

(e- ] 
.am 

The values of K · are plotted against ami~e concentration in Figure 5. 
c 

Obviously K is not constant with changing amide concentration. To try 
. c 

to resolve.this difficulty we treated the data iri two wa:ys. First, a 

modified Debye-H"uckel treatment was employed combining the properties 

of KNH2 in liquid. ·ammonia calculated by Fuoss and Kraus13 with the 

calculations for an alkali metal made by Arnold and Patterson. 14 This 

treatment required a series of approximations, not the least of which 

was that the Debye-HUckel theory was valid at these concentrations. 

Unfortunately this treatment failed to produce a significant improvement 

in the data. 

Second, an equilibrium constant was calculated from the equation 

K =· 
P

1
/

2
(NH2Jr ± 

2 (KNH2) 

• 2 
( e ]r + (K) 

am -

in which r± (KNH2) and r± (K) are the empirically determined mean ionic 

activity coefficients for potassium amide and potassium, respectively. 



.. 

-20- UCRL-17168 Revised 

Since no. activity coefficient data have been reported for any of the 

alkali amides, values were estimated from the measurements on ril'L;Cl 

at 25° by Ritchie and Hunt. 15 ·The activity coefficients for potassiu;n 

. . 16 
were taken from the work of Marshall. The latter values were 

measured at -33° and were left uncorrected. · The principle of ionic · 

strength was assumed valid. The results of this calcUlation appear 

in Table II, and the calculated values of K are plotted in Fig. 5· 

Clearly the K values are much more constant than the K values. ·c 

The value of K for reaction 1 obtained by extrapolation to 

zero concentration is approximately 5 ·~ 104. A value of K = 3 x 109 

was· calculated for reaction· 3 from the ~ata for a saturated NaNH2 

solution, using the expression 

K == 

16 
The r± (Na) value was estimated from the data of :v~rshall. 
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Table II. Calcuiated Values of the Equilibrium Constant UsinG 

Estimated Activity Coefficients. p 
H2 = 100 atm 

Amide "(+ or· "(+ of · Elect;. ron 
· Cone. ~id~l5 M~tall6 Cone. K 

2.0 . 1. 35 X 10-2 . -2 2.90 X 10 7•20 X 10-5 . 4 
6.ox 10 

1.8 ' 1.50 2·95 6.98 6~7. 

1.7 1·57 . 3.00 6.32 7·3 
1.4 1.82' 3·25 5·90 7·5 
1.2 1·97 3·55 5·18 7·2 
1.0 2.25 4.00 5·05 . 6.3 

0.93 2.37 4.25 4.91 5·9 
o.eo . 2.65 4.70 4.87 5·2 

* 0.72 2.91 5·05 4.05 5·9 
o.68 · 3·03 5·25 3·77 6.o 

0.58 3·55 
........ 5·75 3·57 . 6.2 

0·55 3·75 6.05 3.68 5.8 

0.50 4.05 6.35 3·29 6.2 

o.4o 4.45 7·05 3.01 .. 5·3 
0.28 6.10 9·25 2.54 4.8 . 

0•26 6.35 9·50 2.62 4.4 · .. * .. 

0.20 7·72 10.5 2.34 4.6 

0.19 8.70 li.o 2.23 5~3 

0.16 9.eo 11.7 .2.70 4.1 

o._l5 . 10.5 12.0 1.67 6.9 

0.067 18.0 18.5 1.51 4~2 

+·o.o27 27~0-. 0.18 3 x.10 9 
• .. 

* CsNH2 
+ NaNH2 . 
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Results of the ESR Measurements 

Determination of the Equilibrium Constant.- In an earlier study, 17 

using electron spin resonance to determine the .total concentration of 

unpaired electrons, we observed that the equilibrium quotient (K ) for 
c 

reaction 1 varied markedly with the concentration of potassium am~de. 

At the time it was believed that a change in the sensitivity of the esr 

spectrometer was responsible for the inconstancy of K • More recently c 

we have used smaller diameter sample tubes in an attempt to correct the 

problem. Table III shows the results. Obviously the K values are still 
c 

not constant with changing amide concentration. However a marked 

impr0vement in the data is achieved by calculating equilibrium constants 

(K) using activity coefficients of potassium and potassium amide (as 

estimated for the constants obtained from optical data). The values for 

K and K are plotted against amide concentration in Fig. 6. Extrapolation 
c 

to zero concentration yields a value of approximately 5 x 104, which is 

fortuitously in agreement with the value obtained from optical data. 

Two sets of experiments were made using ESR.to verify the hydrogen· 

pressure dependence'results found by optical methods. In the first, 

~ KNH2 solutions were prepared in such a way as to vary the hydrogen 

pressure. This was accomplished by simply keeping the weight of potassium 

and the volume of ammonia in each sample constant and varying the total 

volume of the tube. The second set of experiments was run using 

saturated NaNH2 solutions. Here the volume of the tubes and the quantity 

of ammonia were kept constant and the quantity of metal varied. 



. . . ---------------- ·-· ----- ----------- -----~-- -·-- --··--·---·----------·- ..... -- ..... . 

Table III. Equilibrium Data from EPR Experiments 
·-

Concentration Hydrogen Concentration· p l/2(NH2-] . 
of Amide Pressure of Electrons K = H2 . . 

(moles/liter) (Atm) (moles/lite:) c (e -] 

0.269 7-52 4.50 X 10-6 . 1.65 X 105 

0-361 18.9 8.05 . 1.96 
' 0.815 19~2- 9-24- i J.87 

1.00 19-4 9·92 4.44 

1.08 16.8 8.45 
_. 

5-26 

2.40 21-5 '13.0 . 8.55 

* -y±(KNH2) estimated from reference 5· 

y ±(K) from refer·ence 6. 

·. 2 . 
* y +(KJ1P.k) 
K = K ---- . 

c r;(K) 

0.7 X 105 

·-o.8 

1.2. 

1.4 

1.6 

1.4 

I 
1\) 
w 

I 

g 
(:1 
I 

~ 
b-. co 
~ 

~ .... 
C/l 
(1) 
p. 
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The results of the two sets of experiments are. shown in Table IV. In 

both cases the intensity of the spectrum was linearly dependent on the 

square root of the hydrogen pressure. · 

Temperature Dependence of the EquilibriUm.- The temperature 

dependences of the equilibrium constnnts of renctions l a.nd 3.were 

obtained by measuring signal intensities for systems equilibrated at 

· various temperatures • We did not calculate absolute equilibrium constants 

for each temperature, but rather calculated the ratios of the equilibrium 

constant ~t room temperature to that at each temperature, Krt/K• The 

signal.int~nsity value had to be corrected for the change in the Boltzmann 

distribution of the energy levels with changing temperature. At a given 

temperature the distribution .ratio is given by the expression 

N2/N1 = exp(-6E/kT). By expanding and neglecting higher order terms 

we obtain the relation N2 - N1 = N1 6E/kT. The quantity N2-N1 is 

proportional to the signal intensity so we corrected the relative intensity 

values S/Srt by multiplying by the ~atio T/Trt• 
. \ 

The ratio of the equilibrium quotients for reaction (l) ' 

[e- ] t· amr 

had to be. corrected for .the <?hange in the hydrogen :Pressure with temp~_ra­

ture and the change in the NH2 .concentration due to the change in the 

density of the solution. The pressure correction was made by assu1ning 

. that hydrogen gas behaves ideally and by taking into consideration the 

change in solubility of hydrogen in liquid ammonia with changing tempera-
' ; 10 ture· and ~ressure. The NH2 concentration is directly proportional to 
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Table IV. HydroBen Pressure D~pendence 

.. 
·: Hydrog~n Signal Electron· Equilibrium ,. 

Pressure Intensity Concentration Constant 

1.0 ~ KNH2 Solution 
. -6 t 

35·5 5·70. 13.1 X 10 1.4 X 105 

29-0 4.92 . 11·3 1.5 

19-4 4.32 9·92 1.4 

16.8 3.68 8.43 ' 1.5 

10.0 .2.87 6.6o 1-5 

Saturated NaNH2 Solution (0.02~) 
--.... 

4 -6 * 38 0.418 0.9 X 10 3·3 X 109 

34 0.382 o.87 3-.4 

25 0-310 0.71 3·6 

22 0.316 0-71 3-4 

19 0.281 · o.64 3·4 

14 0.243 0.56 . 3-4 

. / 

t expression From the 
Cmr2- J r; PH!/2 

K = [ -] ·2 . ·. e · r · · 
± 

* From the expression 
p 1/2 

K·= H2 
[ + [ ... 2 Na ) e ]r± 

The activity coefficients were estimated from References 25 and 26. 
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the density of the solution, therefore, density was substituted for the 

NH2 concentration in the above expression for Krt/K. As a fair' 

approximation for' the density of the solution we used.the density of 

1 . 'd . 8 Th 1 t . f t• 1 ~qul. amrnonl.a. e cornp e. e expressl.on or reac ~on·. ·was 

S T 
8rt · • Trt 

The ratio_Krt/K is plotted against 'i/T in Fig. 7•. It will be noted 

that all the points for several different amide, concentrations fall 

fairly well on one straight line. From the slope we calculate 

6H 0 = -15.7 kcal./mole for reaction 1~ 

The ratio of the equilibrium constants for reaction 2 is 

' + (e- ] (Na ] 
am . 

= - + . 
[e ] t fNa ] t am r r 

We approximated the terms involving the electron and sodium ion as· shown 

above and obtained 

K 
rt · 

K 

S .• · T 
=· 8rt Trt • 

D · · rt.·. · . -(p )1/2 
-·-Drt P . 

This ratio is plotted against 1/T in Fig. 8; the slope yields &!:
0 = -12.3 

. kcal./mole for reaction 3· 
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Discussion 

It .seems certain that chemical equilibrium was achieved in our 

studies of reaction.s i and 3· ·· For syste!JIS in which~ .the amide concen­

tration was held constant, the concentration .of electron (whether 

·determined optically or by esr) was proportional to the square root 

of the hydrpgen pressure. 

Equilibrium quotients calculated from data for reaction 1 were 

found to increase markedly with increasing· concentration of amide ion. 

However when the~e quotients were corrected to "constants" by use of 

.estimated activity coefficients, the values were reasonably constant 

with changing amide concentration. The equilibrium constant at 25°. 

corresponding to the most dilute solutions, K = 5 x 104, is in fair 

agreement wit-h that .calculated indirectly from the known free energies 

of formation2 of the species in reaction 1, K = 1. 2 x 106• Our 

e~pe;imental :valu,e."·of t~e heat for reaction 1, &! 0 = -15.7 kcal./mole~ 
. . . ' . 

is probably in reasonab.)..e agreement with that ca.)..culated indirectly 

. fl(Oni calo~irnetric d~t~; 2 ·iHo :: -11.5 kc~,J.../mole,. partibJ.larly in vie•..i 

of the inaccurac~es ass.ociated w~thheats d.eterminedfrom temperature 

coefficients. An equilibriumconstant of 3 x 109was calculated from 

data for reaction 3, using estimated activity coefficients. This value 

. . w . . . 
may pe ~ompa,z:e.¢1 w~t.h. the .. val:UE! _l:~J .. x 10 ; calcu,lated indirectly ·from·· ... ' .· . ' .... ·. .· .· ..... ·. '• ; . ' . . . .. . 

the known free energies of formation of the species in reaction 3· 2·,
4 

In view of the fact t~at our experimental value of the heat for reaction 

3, lili 0 = -12.3 kcal./mole, was obtained from data in a very narrow 

temperature interval, it is in remarkably good agreement with the heat 

, o I 1 2,4 calculated indirectly from calorimetric data, tH = -11.7 kcal. mo e. 
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Of the various species in reactions 1 and '3, that for vrhich the 

free energy of formation is least accurately known is the electron, 

e • Using the tabulated2'4 free energies· for the othe~ species and am 

our directly determined.equilibrium constants for reactions 1 and 3, we 

calculate the values 44.1 and 45.1 kcal./mole, respectively, for 
0 

~f (e-arn) at 25°· We recommend use of the average value, 44.6 kcal./mole. 
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Figure 1. Optical Cell Viewed Along Axis of the Light Beam. 
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Figure 2. Cross Section of Optical Cell. 
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Figure 3· · Schematic Drawing of ESR Microwave Cavity, Showing 
Arrangement of the Sample and the DPPH Intermediate 
Reference Standard. 
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10 

0.1 " 0.85 M. T Increasing 
0 0.85 M. T decreasing 
o· 1.05 M 
~ 2.01 M 

3.0 3.2 3.4 3.6 3.8 

1000/T, °K 

M U 8 ·13181 

Figure 7· Logarithm of the Radio ~q4o/K ~· 1000/T for Solutions 
of KNH2 in Equilibrium w~th Hydrogen. 
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