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. Proton magnetic·resonance spectra have been observed for liquid 

ammonia solutions 0.76 ~ in sodium bromide, 0.82 - 3·96 ~ in water, and 

saturated in sodium hydroxide. The line widths of the wr1
3 

signal have 
. + 

been interpreted.iti terms of the proton exchange processes~+ NH4 -
+ + . . + 

NH4 + NH
3 

and mr4 + H20 + NH
3 

.... NH
3 

+ H20 + NH4 • The rate constants 

10 -1 -1 ' 10 determined. near. room temperature .are 5 x 10 M s·ec a.nd 2 · x 10 

-2 -1 M sec , respectively. 
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. Introduction 

The proton magnetic resonance spectrum of pure liquid ammonia is a 
'' 

(I·=l). triplet because of spin-spin coupiing with the nitrogen-14 nucleus 

Ogg 1 found that the addition of a small amount of water to liquid ammonia 

. caus~d·. this triplet to collapse to a single line; furthermore, no separate 

sigilal 'attributable to water appeared. These results indicate that rapid 

proton exchange was occurring, and Ogg proposed that the reaction respon-

sible for the exchange was the ionization of water: 

He suggested a bimolecular rate constant 4.6 x 108 1. mole-l sec-l for ' 

the reaction. We have recently shown2 that this reaction is not a rapid 

process and that it does not contribute appreciably to the proton exchange 

process... (Indeed, using an ~gument that we shall present in the 

Discussion, it may be. shown that the bimolecular rate constant for the 

ionization of water in ammonia is probably about 10-7 1. mole~1 sec-l 

or lower.) Because at equilibrium the forward rate equals the reve·rse 

rate, it is clear that the reaction of ammonium ions with hydroxide ions 

does not contribute to the proton exchange process. 

In this paper we shall present n.m.r. evidence that at least two 

different processes are responsible for the exchange of protons·between 

ammonia molecules in liquid ammonia solutions of water. Our choice of 

experimentswas guided by the results of Meiboom, Loewenstein and 

Al~x~der, 3 '"ho found that, in aqueous solutions, the ·reactions principally 
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responsible fo'r the exchange of protons between ammonium ions "''ere the 

following: 

N".d4+ NH3 
kl 

·NH3 + NH4 
+ 

+ ... (1) 
' .._, 

+ ' k2 
~n: + H2o + w.n4 + ~1i4 . + H20 + NH3 _,. 

3 
(2) 

We therefore designed our experiments to determine the 'effect of v~.{i!'l..g 

the concentrations of a.mmoniu."n ion and "~ater on the re.te of the :proton 

exchange. 

E~erimental ~~d Results 

Buffered solutions were prepared by distilling previously purified 

ammonia (dried over sodium) onto l'.nown quanti ties . of aqueous 1 !i sodium 

·hydroxide solution contained ::..:-" n.m.r. tubes.. Each n.m.r. tube also 

contained a qu~~tity of sodiu."n bromide such tha.t the concentration of 

sodi~~ bromide in the final solution was o. 76 ~· · ·The tubes were see.led 

off under vacuum, ·and brought to room temperature. In a.ll ca.ses, a. 

precipitate of sodium hydroxide was present in.the tube a.fter the tube 
' . . . 

ha.d reached .equilibrium· The n.m. r. spectra. were recorded on a V'arian 

A-60 spectrometer a.t 31° • 

The ra.tes of exchange were.ca.lcR1a.ted from the broadening of the 

'. individual components o:C the ammonia triplet, e.ssuming c'ond.1t::.ons ~or 

slow_ exchange ~~d using the relation . ·." 

. ' . 
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.. "-'here T

2 
and T

2 
have their usual meaning· and T is the average .li:f'eti:ne 

o:f' a. proton bonded to nitrogen o~ a given spin st~te. The experimental 

I I -1 
data 'are presented in Table 1. A·value for 1 T2 = 32.2 sec was 

determined by reducing the water concentration until a. constnnt line 

width was obtained • 

. The reaction 

reached equilibrium in a.ll.our n~m.r. tubes. Using available free 
. . 6 
energy data., 5' ~ 7 we evaluate the equilibrium cons'Jca..""lt for this reaction 

A1though our n.m.r. spectra. were determined a.t 31°, we assume that this·,: 

constant can be used ~or our data.. vie alco. assume that the activity 
. + + . . . . . 

coe:f'fic~ents ~or ~114 . and Na. ·. e.re equal and, for simp~icity, we take the 

activity o~ water.equa.l to its molarity. 
. + 
Thus we ca.n write (mr4 ) = 

·. K(Na~) (~0), and, .bec~use. the sodium ion concentration was always o. 76 !i 
. . 8 . .( +) 4 4 '-10( ) in our_~xperiments, weobta.J.n NH4 = • x 10 H20 • 

· There is reason to suspect that NaOH • H20, ra:ther than Ne.OH, might. 

have been the stable solid phase in the n.m.r. tubes. Thus, i~ one 

assumes that the partial pressure o~ water vapor over our solutions 

· · containing sodium bromide were the same as those over corresponding 

.·.H2o - w.cr
3 

solu:cions not containing sodium bromide, 10 one calculates that 

•.. · the partial pressures of water vapor ranged from o. 44 to 2. 2 mm in oUr 

I.· .. ... .... ' 
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... 

.. . '. . ·- _.,_ ···----· .. ----·~·-···- .. ··· 



I 
! 

j :~ 
I· 

! 
.1 

h ... ,. 

r 
I 

! 
h 

.. 

I 

i 
.· .. 

" '.I 

-. 

.. ; 

-5-

Table 1 

Nuclear Magnetic Resonance Data 

· · Water Concentration, 
M 

o.82 

1.14 

1.54 

·1·94 

\ 1.94 

. ~ .' 
2.21- ; 

'. 
2.58 ... 

,._. .• . ' 

·. 2~69 . ~ : ' 

,. 

2.96 ' ''; ... ···,. 

3·25 

3.46 

3.80 

3·96 

; .•.. 

I· 

·.::·.:::. 
.·' .· 

' 

' . ·. ~. 

1/-r, 
sec-1 

5·47 

9.40 

13·3 

23·1 

19·9 

24.2 

30·3 

31·4 

36.4. 

44.7 

50.8 

64.4 

70·3 

.. 

;c 

.:.,· 
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solutions. This pressure range exceeds the equilibrium pressure 
. 11 

(0.14 mm. at 25°) over the system NaOH + NaOH • H20, and so one might 

expect the following equilibrium. to be attained. 

. 
However, we believe that NaOH was the solid phase because when the data J . 

' were treated as described in the following section, under the assumption 
··~.J 

... of NaOH • ~0 as the solid phase, the plot analogous to that in Figure 1 

had a much worse scatter of points than that shown in Figure 1. We 

believe that the dissolved· sodium bromide preferentially ties up water 

molecules and thus reduces the activity of water below that required by 

the Na?H · H20 phase. Such a preferential coordi~ation of water molecules .. 

is reasonable in view of the fact that hydration energies are slightly 

greater than ammoniatioh energies for ionic compounds. 6 

' 
The spect!a of the dilute water solutions showed a broad line due 

to the water protons. In the more concentrated solutions, this line was 

shifte~ to higher. fields ~d became even broade~. Thus it is clear that . 

the protons of the water molecules were undergoing some sort of exchange 

reaction. 0 > 

Discussion .. 
If reactions 1. and. 2 are the only processes which contribute to the 

collapse of the ammonia ~riplet, then the rate of prot?n exchange should 

be givenby.the following expression, 

J ~ . 
' ~ 

;, I o 
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· The mean lifetime of an ammonia proton between exchanges is 

Hence we may write 

(3) 

The additional factor of 2/3 is introduced in the first term to account 

for the fa~t that, in reaction 1, only proton transfers between nitrogen 
' •! . . ' . atoms with different spin states are effective in broadening the signal. 

By rearranging equation 3, and substituting 4.4 x.1o-10(H20) for (NH4+), · 

we obtain 

It can be seen that a straight line wi ih inte~~epts of 1 /( 0. 98 x 1o-10k) · 
and 1/~1.47 x l0-10k2) should be obtained by plotting (H20)-r against 

(H2o)2-r. Such a plot, using our experimental data, is given in Figure 1. 

From the intercepts of the line drawn through the points, we calculate 

k = 5 x 1010 M-1 sec-l and k = 2 x 1010 M-2 sec-l .. 
1 -' ' 2 

. l 
The values for these rate constants in aqueous solution are 

' ' ·,' 6 9 -1 -1 6 6 -2 -1 
k1 = 1. 0 -~ 10 ~- sec and k2 = 1. x 10 !:! sec · 

The increase in rate const.ants on going from aqueous solution to liquid 

ammonia solution is probably due to the corresponding decrease in 

viscosity of the· solvent. It will ·be noted that the ratio k/~ is much 

greater in liquid ammonia than in water. 

·' 
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It is interesting to consider data which may be used to estLmate 

the rate constant for the reaction 

The equilibrium constant at 25° for this reaction
6 

is ~o-18 . The reverse 

reaction, even if it were diffusion-controlled, could not have a rate 

· constant .freater than about 1011 M-l sec-1, and probably the rate 

constant ~is somewhat lower. Thus we conclude that the forward rate 

·constant for the ionization of water in liquid ammonia is about 

10-7 M-l sec--l or lower. Now the magnitude of' this estimated rate 

constant is in poor agreement with the value "'0.02 sec•l (or"' 10-3 
I 

. -1. ..,1 
!i sec ) which has been reported for the analogous ionization of 

. ethanol in liquid ammonia, based on the kinetics of the ethanol-sodi1.pn 

t
. . . 12 reac lOn ln a.nnnonla . It seems incredible that the rate constant for 

. the; ionization of ethanol would be 104 times faster than that for water. 

We believe that the rate constant determined for ethanol'does not refer 

.to the reaction 

but rather to a reaction in which the ethoxide ion is complexed by 

ethanol, e.g. 

(1 + x)EtOH.+ NH
3 
~ NH4+ + EtO • xEtOH-

,.. . 

.,~·· 

---- ·------· ___ . __ .....;,. -· ---·-· ·--· 
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That ethanol forms a strong complex with ethoxide is suggested by the 

fact that the solubility in ammonia of alkali metal ethoxides is 

increased markedly by the addition of ethano1. 13 · Similar effects have 

been observed for sodium hydroxide and water. in ammonia.9,l4 
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Figure Captions 
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