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The Reversmblllty of the Reactlon of Alkall :

Metals with quuld Ammonla -

By Ernest J. Kirschke and William L. Jolly

Absfract

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 spectros-
copy to measure the electron concentration; an’equilibrium constant of

5 x 1oh was measured for the reaction

e om Mz = Mz + 3 32'
and 3 x 109 for the reaction
_‘-Na.‘.+eam+NH3 = NaNHa(c)+§H2.

at 25°. From the temperature coefficients of these reactions, the

approximate AH® values of =16 and -12 kcal./mole, respectively, were

obtained.
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. Introduction g ;»: I Fo S

Sqlutions_of alkali metals in liquid ammonia decompose slowly
(rapidly invthe;presencé'of certain Catalysts)vto form the metal amides
and hydrogen. For potassiui, rubidium and cesium, the reacticn may be

_written as follows.
e” 4+ NHs = N2" + $H» W

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

‘the reaptions may be ﬁritten as follows.

[N

Ii + e am + NH3 LlNHg(s) + Ho | (2)

|

. +. .- _
Na + e + NHs
' . am

: NaNHg(s> + Hg‘.“  v ' (3)

M V)

These reactions can be useful for the preparation of the émides, but
more often they. are undesirable side reaétions.in the study.ahd.use of
metal-émmoﬁia’solutions. Kraus}'suggested‘that a_systematic study of
~these reactions was a nece;ééfy‘preludebto tﬁe stud&,of more stable
solutions. No one has directly measured the equilibrium cbnsfénts of
 these reéctions; bUt\it is possibie to correlate thermodynamic data for
‘,electroiytés'in iiquid émmpnié gnd thereby to caiculate indirectly the
equilibrigm constants. TIn this Qay_one can calculate, .for 25°, the
iapﬁro*imate vaiués'K = 1.2 x 106 for reaction 1)2 K = 7 x»lOlg fér
reaction 2 2f3 and K = 1.3 x 10;0 fbr reaction 3.2,h IThe purpose or
this work Qas'to demonstraté the reversibility of these reactions gnd <0

measure directly the equilibrium constants and their, temperature coeificients.
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.'_The”eXpefimentszwere'of‘tWO tvpes,feOrfesQonding to two methods for:

4

'determiningvthe electron:cohcentratioh. In:one”type of experiment, the -

'electron concentratlon was determlned spectrophotometrlcally. In the

-y .

.other type of experlment the electron concentratlon was determlned oy

electron sp;n resonanee,

' Experimental Section

Description of the Optieal-Cell{- The high pressﬁre.opticai'cell'is

shewh in Figs.il ahd.2. The heavy stalnless steel body of the cell
*e51sted attack by the solutlons to be studled, contalned the hlgh
pressures ant1c1pated, and acted as an eff1c1ent neat-reserv01r'to
diseipatevthe heat absorbed from the IR source by thevsampie; The;wihdows:

were made of Pyrex glass and were'approximately 1 em thick. The Oerings

_were'Qf a special polyethylene-propylene composition (Porter Seal Co.)

‘ seleetedffgr'resistance to'attack“by metaivammonia solutions. A stain-

leseesteeifbellows Seal valve. was used ae a maeter'valve for the same"
feaéon., Stalnlees steel v seated packed valves were used in uhé
manlfold., Stalnless steel tublng and Swagelock flttlngsAwere used in
the constructlon of the manlfold and gage connectlons When assemoled

the unlt could nold 136 atm of hellum gas- w1th no detectabxe leakaﬂe for

" a perlod in excess of 24 hours.

Temperature control was accomtllshed by c1rculating thermostatted -
water through copper.heat exchange c01ls soldered to the ooay ofi the
cell. . The temperature was measured with a copper-constantan thermocouple

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

with a Rubicoh potentiometer. The temperature was maintained at 25 * 0.1°.



e UCRL-17168 Revised

’Pressure wasldeternined with a stainleas steel-Boufdon gage with
a range of O - 2000 ps1g (136 atn) d1v1ded in 1ncrements of 20 psig
(1.36 atm). By flttlng the tip of the gage p01nter with & thin plece
of flat metal mounted perpendlcular to the gage face, readlngs could
~ be estimated to * O 1 lelSlon (+ 0.14 atm). | |

‘ The cell was mounted on a base plate with adaustable clamps deelcned
;to permit accurate, reproduc1ble positioning of the unltvln the sample
compaftment of a Cary:model 1L recofding.spectrophotometer. Once.the
proper-position'had been established, the celi‘couid be repositioned
' by eimply ensuring that two'edges of the base plate Were in firm contact
with two walls of the compartment B

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

optical cell was mechanically measured with a mlcrometer caliper at
various pressures. The pathvlength at zero pressure was 0.992 cm., and
increaSed about_0¢912% per‘atm. increase in;pressure. These measured
valuea were used in the calculations. The light path length was;checked
againét a.ceil of known path length using‘the'IQOOO.A absorption band
of a solntion.of methanoi in ethyl ether.v_A value of 0.996 cn was
obtained which, consideriné{the nossible errors in this technique, is
in good agreement with.the mechaﬂical measurenent{

The cell was fllled with llquld Nh: and the effect of pressure on
‘the spectrun was checked at several pressures up to about 130 atmosoneres
Hydrogen gas was used to pressurize the cell. The results indicated an

1ncrease in absorbance with pressure. At lOO atmospheres this increase

was 1. 7%; which was larger than predlcted from the increase in patn lenﬁvh
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Maybury and Coulter5 measured the adlabatlc CUmpres31b111t1es of liquid-

ammonia, - solutlons, and. from their data we estimate an increase in the'

densmty of llquld ammonla of O 5% per lOO atmospheres 1ncrease in
pressure. We conclude that the measured 1ncrease 1n absorbance was the

' result of changes in both path length and den51ty.

The volume of the cell was checked on a vacuum llne by fllllng the

" cell to o, known pressure of nltrogen, and then Toepler-pumplnv the

nltrogen 1nto_a gas buret of known volume. The-volume of the gage and’

the manifold were determined in the same manner.

TheoBourdon‘gage was calibrated on a dead weight tester and a

calibration chart prepared. Above 10 atmospheres the gage read 0.1 atm

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

Periodlcally the gage was checked against a second calibrated gage;

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

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

cell was Carefully’cleaned the metal surfaces of the sample compartment

coated wmth O 05 M chloronlatlnlc acid, and the whole unit dried ln an

oven at 120 . Thls procedure left a thln coatlng of platlnum in the

l cell to act as a catalyst The cell was assembled and leak tested with

The Cell was attached to a vacuum line and'evacuated. ‘The entire

systemlwaslﬁiéﬁpédiwith‘Heating:tape and’theftemperature;raised{tofabout &

100°. Care was taken to loosen the retaining rings during the bake out

to prevent cracking of the vindows due to_the different coefficient of

_expansion of steel and pyrex. The cell was pumped'out for a minimum of

8 hours, and then filled with dry, oxygen-free nitrogen or argon.
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ffAmmonié, dried Qifh{sodium‘métal, was thén diéﬁilléd into a small steel
cylinder‘(lo ml) equipped with a valvé.:lIhis valQe wés closed, the’
_cylinder was removed grom thg vaéuum lin¢, weighed,;anq then attéched

to the»manifold of the optical cellf A small'héle-wés cut in the'ehd ‘
of d pléstic glove,£ag (I2R Company, Cheiténham, Peﬁn.) éﬂdithis was
sealed to fhe filling portvof.the ceil. 'The.baé'was continuously
flusﬁed with nitrogen §r argon which>had paésed,‘éﬁccessively, through

a éolumn paqked with BTS_Catalyst (BASF Célors éﬁd Chémicals Inc.) to
remove traces of:oxygen, and a célumn df magnesium perchioraté to remove
traces of waterf In a run involving sodium or potassigﬁ, a piece of :
metal was cleaned of all oxide and placed in an extrusion press in the
.dry bag. A length of wife was extruded and placed'in a small tared
weighing bottle which had been béked in an oven at 200° and then cooled
in the dry gés atmosphere. vThe éémple was weighed, returned to the

dry bag, and the bag was thoroughly flﬁshed with dry gas.. The filling
port of the cell waé opened, and a knoﬁn amountbof metal introduéed.

Cesium was much more difficult to handle because of its éemiliquid

statg ahd ext%eme reactivityu We found that we could deiiver accurate
volumes of clean cesium into the cell with a micropipet heated to 30°.
'The.density of cesium at_this temperature was estimated'at,l.Sﬁ g/cc.
The metal at 30° Qaé drawn up into tﬁe pipet which was kept at the same -
 temperature.’ The ti? of the pipet was'thenvpiééed.ihﬁo the filiing port -
and dry nitrogen was used to fofce the metal ffom the pipet into the
_cell. Wnen the pipet’had‘Beenvproﬁeflj cleaned and dried, no reagtidn
occurred, and the pipet emptied cleanly. Thé entire.operat;on tooﬁ -

place in a well flushed glove bdag.
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;'Aftéf the ihtfodquién‘of metél,'the_port was.cidsed, and'éhc céll 'LJ
was‘evacuated, The valve to the vacuum line was closed; cold»watervwas‘
cifculate§~through the cell héat»exChanéer,‘and a@monia was distilled
i'inté the ééll fr6m;th§'Smali;éteei"cylihder; ;Whenfthe'céil"appeaféd c
fu;l;-the ﬁaster valve was closed, and ammbnia in'the manifold:wg§ 
coﬁdensed‘back'intdfthe steel cylinder_uéing iiqﬁid nitrdéena.-The
‘ manifdld was again'opened to-the vacuum line, énd the’ppessure’was
izﬁéasured with a;therho?ouple gage to check that no-ammonia:was left in:vf-
:the manifold. The c&linder was removed and weigﬁéd; | |

'In the specfral range in which fhevelectrdn absorption band oceurs,
'}ammonia has intense absorption bands. ‘t_was nécessary to take re%ﬁihgs
at wavelengths betweéh:these‘bands,-where the ammonia absorptioﬁ is
‘low. At‘ierb hydfdgen pressure, the concentration of the electrdﬁ’waé
zero. Thérefore, thetgbsorbance due'to the electron was takgn.tovbe
the diffe:ehbgiinlthe_total absorbance ét'préssure P 5(0 and that at
P=0. | | |

At A0 o
‘Iﬁ_éar;i:éxpériﬁenf; §he-absérbanéétét zero hy&rogéh presSure was
ldetermiﬁéd:aftef fémeiﬁg the hyafogén produéedﬁby the réaction of.thef?
imé%al'with'amhonia.i After'thebhydrogen pressure depeﬁdén¢e of the
‘”reéciiéﬁiﬁé&fﬁeénufﬁérpughly eétabiisﬁéd;:fhis éﬁépiwaé éiiﬁiﬁatéaﬁ, R
fIhstead,'the fotal absorbance was plotted against the squére root of

the hydrogen pressure and the line extrapolated to zero hydrogen pressure.
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' Watervéf 25° was ciréulatedfthrough‘tﬁé‘heat exchanger, and‘fhe,
system»was élloﬁedvto‘come to éhémical e@uilibrium.v.This usualiy ﬁobk
fl.tq'2 hours, dépending upon:the'coﬁcentratiqn of the alkali metal.
The cell.was positioned in the’sampie compartment‘ofva Cary model lh7_
spectrophotémeter and ﬁhe.absofbance measﬁred- 'Becausevpf‘the sensitivity 
. of the electron absorption b;nd énd the'equilibriumiconstant to tempera-
tu?e, the samplevwas expdsed to the iight éource for periods of less
“" than 5,§ec0nds, and time was allpwed to dissipaté'aﬁy heaé 2bsorbved befqre
'taking the nexﬁ-reading.  To ensure that equilibrium had been reached,
the prbceduré Qas fepeated at 20-minute intervals until threé succssive
g readings were identical. | |

At ﬁhis pdint*hydrogen gas at approximatély 150 atm was added tq'
the manifold. This in turn was carefull& bled into the gage section
until a préssu;e nearvthat>desired.was registered §h the gage. The
yalve to the.manifold Qas closed; the master valve Waé opened, aﬁd the
pressure was gllowed to equilibrate. This normally took 5 to 10 minutes.
The'maéter,valve was then closed and the system allowed to reach chemical
equilibrium as established-ﬁy three s#ccessive'absorbance readings at
20-minute intervals. Thfs equilibration took‘from one to three hours,
depending on the concenﬁration of the amide and the pressuré usea.
This overﬁll procedure was repeated‘until the desired data had veen
obtained. .To‘ﬁest for revéréibiliﬁ& ianeveréi runs; the‘proceés‘ﬁaé_‘
: feversed, that is hydrogen was removed from the system. It was impossible
in this step to prevent some ammonia from_coﬁing off with the hydrogén,

and (with the exception of saAturated solutions) increasing the amide
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’:aconeéﬁtfaﬁion;* This ammonia was collected by passing the gas-beihg ﬂ
removed very slowly through two traps at llquld nitrogen temperature ;h‘

The hydrogen was. pumped away and the amount of ammonia checxed

determlned by elther conden31ng 1t 1nto a gas bulb and welghln or‘by

;absorblng'lt 1h.a known quantity of acid and titrating. The amlde.

icohcentration wasvcorrected accordingly.
Throughout'the‘procedure, extreme care had “to be taken'to brevent

liquid”ammohia from condensing above the master valve in the gage

sectlon, resultlng in a change in the amlde concentration. This was

e accompllshed both. by heatlng the gage to a temperature about 5 degrees

greater than the cell, and by keeplng the master valve closed except

' whenitaking a pressure reading.

Determination of the Amide Concentration in the Optical Studies.-

The concentratlon of amlde in the solutlons in the optﬂcal cell were

a determlned from the welghts of uhe metals used and the volumes of the

ammonla The volume of the ammonia solutlon was determlned from the

”welght of ammonla used corrected for the amount of ammonla in the gas

phase.: Three approx1matlons were made in thls calculatlon flrst that

- the vapor pressure of the solutlon could be estlmated uSan Raou’t s .

Law,'second, that knowing the- pressure and Volume of the ammon;a gas,:
the;number of moles of gas oould be calculated using van der Weal's

equation for ammonia;® third, that the effect of the amide concentrabion

on the volume of the solution could be estimated by adding the volume of

the amide formed (caleulated from the density of the solid amide7) to

- the volume of the liquid amnronia calculated from its weight and densitiy.
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Preparatlon of the ESR Samoles.- The esy samples were prcpared bj

_seallng measured amounts of alkali metal and ammonla in Pyrex glass
tubes, and allowing chemical equilibrium to be*reached. In all of the
samples stadied, the‘intense blue colcr of the alkali metal completely
‘faded, and was replaced either by the yellow color of the amide 1on
v_(ln the cases of pota331um and ce31um) or a prec1p1tate of metal amide
‘v(ln the cases of sodlum and lithium). '

Thevepr sample tubes consisted of 3-millimeter pyrex tubing which»
had been‘selected;foryuniformity of wall thickness and bore. Each
tube was fifted with a pyrex O-ring jolﬁt and annealed. 'The cross
section of eacﬁ tube was determinedlgravimetrically using:mercury. The'
_tubes were thoroughly cleaned, rinsed with a 0.001 M solution of cnloro-
platinic acid, andlplaced in an oven at EQO° for 2 ﬁours. This
procedure'left a very fine coating of platiﬁum on the walls tc act as
a catalyst for.the preparatlon of the amide from uhe metal and llould |
ammonia. The presence of the catalyst did not interfere with the
spectrum} and without it the reactlom to form the amide was extremelyv.
slow. | | -

The tubes were placed on the vacuum line, evacuated, and flamed.
The& were then filled;with dry nitrogen, remcved(‘capped and weighe@{'
rThe tubes'were transferred tc'a dry baé'and charged with samples‘of the
metal wﬁich had been extruded from a hand‘press. Zhe tubes were care-
fully reweighed, placed vack cn'the vacuum line ana evacuated. Dry'
llquid ammonia was:then distilled onto tme samples. From thevweight of

- metal used and the cross section of the tube, the approximate level of
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ammonia.to gire a'desired concehtration.could bevdetermined. The tubes
‘were sealed off,_and both sections rere weighed to determine the weignt
of ammoniaeused. 'The‘tubes were set aSide andvallowed to.reach chemical -
equiiibrium. . o | | |
’wCertaih experimente called'for the_additdon.of.sodium bromide,
‘Potassium'bromide,'or both salts to‘the'solutioh{ The ealts were dried
for several hours at 180°'and allowed to cool in a‘desiccator. Short -
lengths, é-3 cmr, of melting pointvcapillary, ﬁere.weighed on a mrcro;
balance, filled with an estimated amount of theAdesired salt; and
‘reweighed. The capillary'with the salt was placed'in the ESR sample
” "tube and the whole‘unit evacuated and éently flamed. The sample tubes
“were filled withvdry.gaé, and the samples Qere prepared as described
above. | | | |

Method for Determining the ISR Soectruﬁ.-vAfter the reaction had

reached equlllbrlum (usually a few days after the blue color of the
'metal solutlon had dlsaopeared) the spectrum was recorded on a Varian .
{ V- hSOQ EPR spectrometer.s A small crystal of dlnhenylplcrylhydrazyl _
dDPPH was Dlaced in the cav1ty near the sample to act as a refereﬁce
and 1ntermed1ate standard. The temperature was controlled to t'O.i°

by passing dry air through a heat exchanger and then through a’ srarl

dewar in whlch the sample was p031tloned._ Flgure 3 shows the arrang e - e

' ent. The temperature could be varled by changlng the temoerature or
the heat exchanger bath and by_controlllng the flow ofnalr. The

temperature was measured with copper-constantan thermocouple.
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: Théreleqﬁrén.cohcenérétién'waé.determined by indirectly coﬁparing
" the sample.signal.witﬁ that'of a-solutién'of fécrystallized vanadiun(IV)
‘oxyacetyiaéetonate of‘knowg cdncentration. | |

‘ The-Q vaiue of the microwave eavity is seriouély affecﬁed'by the
-intféduction of samples of verying dielectric strength,. A lowering of
the Q value decreases the sensitivity éf the spectrometer, ané regults
in a reducéd signal intensity. Such senéipivity changes were_compensateqv
for by means of the DPPH intermediate standar@. When tﬁe spectrﬁm of
each sample and the standard sample'was'recorded; the sPectrum'of the
DPPH was also recorded. One of the sampléé was’selected as a reference,
. and. the ratio of the s;gnal intensity of each of the othér samples
(I(obs)) to that of the reference‘(IR(obs)):was corrected by the ratio
ofithe‘DPPH signal intensities (DR/D) according to the equation:
i/IR = (I(obs)/IR(obs)).DR/D' Then by determining the congentratign
- of spins in the reference sample by means qf the vanadium(IV) solution,
the electron concentration of all of the samples_coﬁld be calculated.
This technique also dccounts for any change in.cavity match‘or r-f
. power level;g Readiﬁgs on a given sample .could be duplicated to within
* 10%. |

The teﬁperature dependence studies were éarriéd'out with the sample
left in placé in-the spectrometer. After eétablishménf of thermal ecuili- -
brium; theiéﬁecﬁruﬁ wag takeﬁ at lO'miﬁute intervals. quuilibriﬁm qés
considered to have been reached when 3 successive readings wéré ofvthe
 same intensity. The temperature waes then changed slightly in a direction

" opposite to the main direction in which the temperature had been shifted,
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Laﬁd theichange in:intensity noted. A signalvchange in the direction‘
predictedhby'thisltemperature change indicated thal we had been at.

lequilibrium.

Determlnatlon of the Hydropen Prnssure and Amide Concenuratlon of

'the ESR Sumple.”- The total volume of each prepared sample tube was

'determlned from 1ts 1nternal length and cross sectlon. An addustment

:(~ 0. 2%) was made. for the rounded ends The volume of llquld was

determlned elther by dlrectly measurlng the helght in the tube or by

..determlnrng;the weight and estlmaulng the density of the solutlon.: When

‘possible, both methods Were used, and'they agreed within 2%.

' After the spectrum had been recorded, the sample tube was placed
in a spec1ally bullt glass vessel whlch could be evacuated and which
permitted breaking the'tube and determining thevhydrogen_volumetrically,
Using the solubility data of<Weibe and Trem_aernelO and the yolume data,

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

‘mole of hydrogen formed one mole of amlde forms, and therefore for the

potass1um and ce51um runs 1t was p0331ble to calculate the amlde

‘concentratlpns;

Results of the Optical-Study.

The optlcal spectra of solutlons of NaNHg, KNHg and CSNHg were
recorded at 13,650 A and at hydrogen pressures up to approx1mately
100 atmospheres. Some of the results are shown in Table I. As
previously stated, readings nad to be taken at a wave length where the

ammonia absorbance~exhibits a minimum. It was desirable that this
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1 0.557
0.5h2
0.537

0.132
1 0.218
0.25h
- 0.368
0.388
0.416

0.372 .

0.233

0.394

(moles/liter)

1.0b
11.83
2.53

3.65
L5k
5.02 .
1 5.05

4,01 |
4.87

4.05

1.01
- 1.99
2.31
3.34
3.51
3.77
_ 3-37,Jv” 
2,91
s

3.57
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© Table I (continuéd) .

: . Hydrogen ' S N .- Concn of Ab-
Molarity . Pressure Total - Net : . sorbing Speciec
of Amide Atm  Absorbance Absorbance x 10°

. : ' : . 7 (moles/liter)

.0.55 0 B 0.300% - -

0.7 .0.330 0.030 0.28
8.4 . 065 . 0.165° 1.51

Cbs.2 L 04557 ~ 0.276 o 2.51
T35 ‘0.6k0 ° 0.339 . 3.07
95.0 . 0.691L - 0.388. 3.52
200 . 0 0.705 . 0.b03 - 3.65
. 0.50 ?'1 '_,100 ' T 04665 04363 . 3.29
0.0 : ioo . .0.613 0.333 = 3.01
. 0.28 100 '-»_ _ 0.552 0.281 B 2,50
0.26 ‘1ooj - o o.5§8*' ' 0.289 S 2,62

Co.20(sMz) o 0.0 . ..

0.8 - o0.270 ~ 0.010 . £ 0.09
1.6 0.35° . 0.08 - 0.78
25.9 ' 0.ho0 - 0.k .28

60.5 0 o.62 0.201° . 1.83
‘100 - " 0.520% . 0.259 2.3k
ok . ‘o522 T 0.260 . 235
0.19 100 | 0.5%0%  o.eb7. . 2.23
0.6 - 100 o0.611 ©0.298 . 2.70

:-; 0.15 100 'f _ | 0.496*  0.185 ,; S .67 f,
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’Concn of ﬁb- L
:Net- sorbing. S*)ccle.,
Absorbance '::' _Abso; bance '/'105* R PR
S T (moles/llter)

R 067 loo T o

10, 027(Na.NH2) o SRR )
1 0.263

25 8
s ‘_-,;49_ v

Determlned by extrapolatlon of the measured absorbance. T

The hyd.’rogen pressure was reduced to test_ the revers:Lblllty of the_ S

- _ equlllbrlum. When Ln‘e e=ssa.ry, the i oncent*‘at:.on was adgustedz'_'{:_” B

- for: loss ‘of. a.mmonla
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mihiﬁﬁm be‘feirl& bread (abedt 500 A) ahd at avwavelength for which the
. . extinction coeffieient of the electron is high. We found that the |
mih‘i_mum at ;13,659 A satisfied both of these conditions and gave the
mostdreprodncible3results. Seme‘measurements were made‘at 11,206,
12,500, 16,000 and 17,500 A;_the results were similar, butvthe data
were more‘scattered. | | | | o

The concentration of the eleetron was calcﬁlated b& substituting :
the values ef.the net absorbance A e™? ‘the extinction coefficient ¢,
'and the path length da (Table I) 1nto the Beer-Lambert equatlon,
| .(e am)v% e./ed. We used an extinction coefficient of 1.1 x th liter
- .mo_le'l cm-l at 13,650 A, taken from the data of Cerset ehd Leboutre.ll’le
Figufe Y shows the relatiodship between the electron cencentration and
the hydrogen pfessure for several amide concentrations. The data for
-all eoncentrations 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 ebsorbance, the
followiné experiment was berformed. The spectrum at 25 atm hydrocen
Pressure was recorded ‘and then, us1ng argon, the pressure was 1ncreaoed
by 25 atmospheres and the spectrum again reeorded. The experiment was
repeated using hellum and nitrogen. No'increaee in'absorbence other than
that due to changlng path length and density was detected To ensure
that nothing had affected the samples durlng the experlments, hydro"en
was again added to the system and the spectrum recorded. An 1ncreasev

in absorbance was detected in every case.

N
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From the data in Table I at lOO atmospheres of hydrogen prcsoure,
assuming the amlde to be completely dlssoclated, we calculated equlll- _

brium quotients for reactlon 1 from the equatlon

(miz) PHal/ 2

S el ]

-am

The vaiues of Ké are piotted against amiqe cencentration in Figure 5. -

Obviously Kc is not constant with changing;emide conceﬁtration} " To try

~ to resolve this difficulty we treated the data in two ways.. First, a

modified Debye-Hhckel treatment was- employed combining the propertles ‘
of KNHg in liquidlammonia calculated by Fuoss and Kraus13 with the
calculations for an alkali metal made by Arnold and Patterson.;u 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

1/2[1\11{ 21, (KNHz) K 'rf('KNHé)»

c

[ Rt

in which G:(KNHQ) and 1, (K) are the empirically determined mean ionic

“activity coefficients for potassium amide and potassium, respectively.

Yoo
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uﬂSincé_no a§tiQity coéfficieﬁt datélhdve:béen>ré§orted fof‘any of tﬁe
alkali amides, values were estimatéd from the measurements on NH4CL |
at 25° by Ritchie and Hunﬁ,lsV.The activityzédefficients for potassium
were taken ffom the work of.Marshall.l6 ' The latter values were
measured at -33° and were left uncorrected. The_principle of ionic’
strength was aséuméd Qaiid. The results of this calculatidn éppear .
- in Téble IT, and the calculaﬁedivalues of K are plotted'in;Fig. 5.
'Cléarly the X values ére much more constant than the K values

The value of X for reactlon 1 obtained by extrapolation to
.zero concentratlon is approx1mately 5 x 1oh. A value of K = 3 b4 109
was calculated.for reactlon 3 from the data for a saturated NaNH»

‘solution, using the expression

~.

p V2

Ho

(va*1le™] 1, %(a) |

The Yi(Na) value was estimated from the data of Marshall.l6
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f”Table‘II}'1Cai¢uld£ed'Vélues:6f thé'Equilibrium Cbnstant Usingf

- Estimated Activity Coefficients. 3H2.= 100 atm_;

Amide” - Y;‘Qf" -:.‘ | Y;’of : ‘.~.f_Eleétron o _
Cones  Amiae Metall6 3 anc. -.K

2.0 - 1.35x 1072 . 2.90 x 1072 7.20 x 1of5 A 6.0 x 10"
1.8, 150 - 2.95  6.98 6. |
R 1.7 - 1.57 o 3.00 o 7 6.32
Lh . 18 3.5 5.0
L2 - 197 355 5.8
1.0 225 koo -~ 5.05
0.93 . 237 - k25 . kol
0.0 265 . k70 . k.87
fo2 . 21 . 5.05 o 4oS
0.68° . 3.03 . 525 3.7
S 0.58 . 3.5 0 S50 3.57
0.55  3.75 . - 6.05 368
0.50 ko5 .. - 635 . 3.29
o.ko T L5 7.05 3.01 .
0.28 = 6.0 . 9.25 2.54
0:26 635 . 9.0 . 262
0.20 1 . 772 Y 0.5 23k
09 - 80 o .l1lo 0 223
0.6 -+ "9.80 .7 . 270
S 0.5 1.5 120 167
©0.067 - 180 185 T - . LS)
- Yowoer - 2mo o048

NN NN o
W NN VI W 3

UioW»
N \O

o W
O O

W F OV FWV FFEum U
NV W ONFET OW N D

x 107

. CsNH»

NaNHg_
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Results of the ISR Measurements

17

: Deternination of the.Eqnilibfium'Constant.- In an earlief study,
using electron spin reSonancevto deternine the total concentfation of
unpaired electrons, we ohserved that the'eouilibrium quotient (Kc) for‘
reaction 1 varied markedly with the concentration of potassium amideg
At the time it was believed that a change in the sensitivity of the esr
spectrometernwas responsible’for_the inconstancy of Kc.:lMore recently‘
we have used smaller diameter Sample‘tubes in an attempt to correct the
problem. Table III shows the resultsu Obviously the Ké Qalues are still
not constant with changing amide concentration. However a marked
improvement in the data is achieved by calculatlng equlllbrlum constants
(K) u31ng act1v1ty coefficients of potassium and potassium amide (as
.estimated for the constants obtained from optical,data). The ;alues for
Kc and K are plotted againstbamide concentration in Fig. 6. Extrapolation
“to zero concentnation yields a value of approximateiy S b4 loh,fwhich is
fortuitousiy 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 hy optical methods. In the first,
1M KNH> solutions were prepared in-such a way as to vary the hydrogen
.pressure. This was accompllshed by 51mply keeping the. welght of ootass1um
and the volnme of ammonla 1n each sample constant and Varylng the uotal
volume of the tube. The second set of experlments was run using
saturated NaNHo solut;ons. Here the volume of the tubes and the quantitj

" of ammonia were kept constant and the quantity of metal varied.
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- v . ‘Table 'I.IL- Equ_ilibrium Data from EFR Experiments .

o e o BT P N T
Concentration — Hydrogen i Concentration: PH 1/2 [NH2 ] e Yi(mn‘:‘?)- L
of Amide Pressure - of Electrons K = —2&-—~ : . K=K i

(moles/liter) (Atm) - (moles/liter) ¢ (e7] N .¢ yi(xg‘,}:g5;;;ﬂf:‘f

6

5

©0.269 - o 7.52_: o k.50 x 10 1.65 x 105 _ E "f B j9f7;*'}°-

L6 o

°

0.361 _'.l. 18,9 . 805 .
| 0.815 , j  192 | 9.2 S . 3.87 ' j”' .'ﬂ: o 1,2-3"’
1.00 R P B &

* : o '
Y, (KHz) estimated from reference 5.

Y+( K) from refé_i_t‘ence ‘6.“

. PeSTASY QUTLT-TdON .



.The results of the two sets of experlments are. shown in Table IV. In
both cases the 1ntens1ty of the spectrum ‘was llnearly dependent on the

square root of the hydrogen presoure.'

Temperature Dependence of the Equilibrium.-'The‘temperature
dependences.of'the equilibrium constunte of reactions.l;amd 3_were‘,
obtained by measuring signal-imtensities for systems equilibrated at'f,.lV'd

* various temperatures: AWe didtnot calculate abéolute equilibrium constants'
ivpfor each.temperature, tut'rather calculated the.ratios of the equilibrium
- constant at room temperature to that at each temperature, K /K The
s1gnal 1ntens1ty value had to be corrected for the change in the Boltznann
dlstrlbutlonrof the energy levels w1th changlng temperature. :At a given
"temperature the distritution.ratio is given bylthe'expression o |
Né/Ni '= exp(-AE/kT). By expanding and neglecting higher order terms
. we obtain the'relation No - N2 e N AE/kT. The quantlty N>-N; is
proportlonal to the: s1gnal inten31ty so we corrected the relatlve intensity
lvalues S/Srt'by multiplying by the ratio T/Trt° |

The ratio of the equilibrium quotients for reaction (1) '

AR _ e
. S‘.E _ [e am_]. (NHg)rt Prt/ )
K 7 fem 1. (mz) Y2

am rt

.,’had to.be.corrected forlthe change ln the hydrogengpressure.witﬁ.tempera--’
ture"and the change in the NHE.concentration due to the chanée ln the
'density4of the solution.. The pressure correction was made by assuming'
_that mydrogen gas'behaves ideally and by'taking into consideration the
changevin}solubility.of hydrogen in liquid ammonia with changing tempera- f.“

vture'and péressure.lo The NH> concentration is directly proportional to
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.j-”Table IV. ' Hydrogen PFessure Dependence

Hydrogen _ - Signal @ Electron-, >4 - Equilibrium
Pressure Intensity . Concentration - Constant

1.0 M KMHp Solution : : -
n B t
6. 14 x 107

35.5 - : 5;70._ : © 13.1x 107 |
ég.d | -a, | b2 , f:' 1.3 LS
9.8 | . k32 e
6.8 3.6 . 8k Ls
0.0  .2.87 - 6.60 15

Saturated NaMz Solution (0.027M)

38 S o8 0.9k x 1076

3.3 x 107 #
B 0.3/ © 0.87 3.4
s o310 0.71 ;: 36
R .,6;316  . 0.71 - ';-»'3.u'
19 o.281 o o.6h | 3
S Toas o6 3

¥ . L :
- From the expression 1/2

- 2
(vH IR By, -

K= — "
+ ion |
From the expression 1/2
oL P
K= —r2
s .. .5
o [Nat Jle7 Iy

The activity coefficients were estimatedbfrom References 25 aﬁd”26.
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the'density of the 501ution;'therefore,“dénsity'was substituted.forvthe
NH2 cohcentration‘in the above expressiOn foriK' /K. As a faif
- ~ approximation for the dens1ty of the solutlon we used . the den51ty of _

~ liquid ammonla.8 The complete expression for reactlon l was

ot _ 8T, Trt (rt)
,K Spe Trt"'D__'; P/ |

The ratio X t/K is plotted agalnst l/T in Flg. 7.- Tt will be noted
that all the points for several different amn.de concentratlons fall
fairly well on one stralght llne. From the slope we calculate
AH = -15.7 kcal./mole for reaction 1.

The ratio of the equilibrium constants for reaction 2 is

K., _ "] [w') Pi/ev
= /2
ko e 1, Tva'], Y

We approximated'the terms involving the electron and'sodium ien,aS’shown

| above and'obtained

This ratio is plotted avalnst l/T 1n F1g. 8 the slope ylelds AH = «12.3

;-

- - keal. /mole for reactlon 3
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Dlacussion |
It seems certain that chemlcal equlllbrlum was achieved in our

‘studies of reactlons l and 3 Eor_systems;ln.whlchuthe amlde conceh-‘.
.tratlon wasrheld constant,‘the concentration'of"electron-<Whether
'determined‘optically or hy esr)_was proportional to the square root

of the hydrogen pressure. | |

Equllibrium'quotients calculated from data for'reaction l were

found to 1ncrease markedly w1th 1ncreas1ng concentratlon of amlde ion.
. However when these quotlents were corrected to constants by use of o
estlmated act1v1ty coefflclents, the values were reasonably constant

with changlng amide concentratlon.» The equllibrlum constant at 25°
correepondingvtovthe most dilute solutions, K'=_§ X th,.is in fair
agreement withvthat.calculated indirectly‘from the known free energies :
: of forma'tione‘:ofvthe species in reaction 1, K = 1.2 x 106. Our |
1.ekperimentalfvalueﬂof'the:heat‘for reaction-l M°= =15, 7 kcal;/mole;
is probably in reasonable agreement w1th that calculated 1nd1rectly
j-from calorlmetrlc data, AH° ; -ll 5 kcal /mole, partlcularly in v1ewb
Tof thellnaccnracles'assoc1ated with heats determlned from temperature
coeff1c1ents.. An equllibrlum constant of 3 X 109 was calculated from
data for reaction 3, u31ng estlmated act1v1ty coefflcients. This value
- may be compared with the value l 3 X lOlO calculated 1nd1rectly from ,i;"'
the known free energles of formatlon of the species in ‘reaction 3 2
In vlew of the fact that our experimental value of the heat for reanion
3, AH? = -12.3 kcal./mole, was obtained from data in a very narrov

/

temperaturefinterval,-it is in remarkably good agreement with the heat

2,4

" calculated indirectly from calorimetric data, AH® = -11.7 kcal./mole.
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of the various species ih reéctidné,ihand'3, that for which the
ffee‘energy of,formation-is-least accurately known is the electron,
-é—am' Using the tabulated?’h_free energies for the other species and
our direcﬁlyvdetermined.equilibrium constants for reactions 1 and 3, we.

calculate the values LU.1 and hS.lAkcal./mole, respecﬁively,‘for

e - o ' . ’ s .
AFf (e-am)_at 25°.  We recormend use of the average value, L4.6 kcal./mole.
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