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‘Proton Exchange in Solutions of Water in Liquid Ammonia

Thqmas.Birchall and Williem L. Jolly

Contribution from the Department of Chemistry
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. Proton magnetic’fesdnanee Spectra have been observed for liquid
‘ammonia solutions 0.76 M in sodlum bromlde, 0. 82 - 3. 96 M in water, and
'saturated in sodium hydrox1de. The line w1dths of the NF3 s1gnal have

been interpreted in terms dethe proton exchange ‘processes NHé + NHbr -

v +
N+ NH and NHh + H, O + NH, - NH, + H 0 + NHM + The rate constants

3 3 773
. determined near room temperature sre 5 x 10lo ﬂf; sec™t ang 2 x 10%°

.M seq l, respectlvely-:““
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- Introduction - -

The proton.maghetic resonance specﬁrum.of-pure liquid ammonia is &
tribieé because of epin-spin coupiing'ﬁith theunitrogen-lh nucleus (I = l)f
Oggl found that the-addition of a small amount of wate: to liquid ammonia
'eauéedfthis triplet to coliapse to a single line; fdrthermore, no separate
vsigﬁaikaﬁtributeble-to.water appearedl .These results indicate that rapid .
ﬁreton eﬁchange Qas'occurring,.and Ogg proposed that the reaction respen-

sible for the exchange was fhe ionization of water:

1{204-1\11{3-{ ;'aron‘ -

He suggested a bimolecular rate constant 4.6 x 108 1. mo:).e-l ec—l for
the reaetion. We have recently shown2 that thls reaction is not a rapid
process and that it does not contrlbute appreC1ably to the prOuon exchange f
proeessr (Indeed, using an argument that we shall present in the
Discussion, it may be,shown that the bimolecular rate constant forAthe
‘ionization of water in ammonie is probadbly about lOfT 1. mole™t sec-;
.or lower.) Because at equilib}ium the forwaﬁd rate equals'the'reverse
'.rate,iiﬁ is clear that the reaction of ammonium ions with hydroxide ions
does not contribute to the proton exchange process.‘

In this paper ﬁe shall present n.m.r. e#idehce that aﬁlleast two
different precesses ere»responeible for the exchange of protons between
ammonia moleculee in liquid ammonie, selutiqns of water. Our choice of
experiments was gﬁided by the results of Meiboom, Loewenstein and

Alexander,3 who found that, in aqueous solutions, the'reactiens principally .



responsible for the exchange of protons bebtween ammonium lons were the

- following!
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. We therefore desighed our experiments to deuernlne uhe’ef’ect of varying
'uhe concentrations of ammonium ion and water on the rete of the proton

‘exchange.

ﬂi. Experimental and Results

" Buffered solutiens’were ?repared by'distilling pfeviousl& ﬁurified <

 ermonia (drled over sodium) onto knovn quentities of agueous 1 M sodiuwm
‘ hydrox1de soluulon contalned in n.m.r¢ tubes. Each n.m.r. tube also
) contalned & quentlty of sodlum bromide such theu the concent raxlon of

sodlum bromide in the final solution was 0. 76 z._' The tubes werefsealed'

off under vacuum, and brough‘ to room temperature. In all cases, a

precipitate of sodium hydeox1de was present in the tube after the eube

" had reachea equlelbrlum- The NeMe X spectra were recorded on o Verlan

) A-6O spectrometer ot 31°%.

The rates of exchange were. caleulated from the broadenlng o;ethe

" individual componequs or the ammonia ur¢plet, essuming condi‘u:.onu forn_-

W slow eychange ana usmng uhe relaulon




o =1
dat& are presenued in Tablc 1. A-value for L/T = 32.2 sec T was

.. e , . .

“51;'2 in our experimen’cS,8 we obtaln (NHu )= h b x 10

.

e,where Tg' and T have thelr usual nean*ngh and <t is the average lifetime }e_qdi

- of 8 pro ton bonded to nlurogen of a given spin state. The e?perlneﬂtal

deuermlned by “edac*ﬁg tHe water concenuration vntil a constant line

‘:?w1d th was obtained.

- The reaction

‘ . . )
. Ta o = NI a0k
. H20 + Na + NHS : N'{h + 1 s.Oz{(s)

' reached equllibrlum in 21l our n. mer. tubesa Using avaeileble free

L]

'f energy det a 5’6’7 we eValuaue the equllibr*um constent for this *eac ion B

at 25 : - :
: K= L =5.8x10°
S - axgo‘f ?na, -

A;thougﬁ our n.m.r. spectra were determined at\3l°, we assume_that this::

'censtant can be used for.our data. We slso.assume that the ectivity

cbefficients for.Nth and Na* are equal and, for simplicity, we take'the

actzvxuy of water eoual to its molarity. Thus we can write (\ﬂh ) =

"K(Na )(ﬁzo), and, because the sodium ion concentration was elways O. 76 N"

“lO(H 0).

There is reason to suspect that NaO . HQO, rather than NeOH, might.

’ have been the stable solid phase 1n the n.m.r. tubes. Thus, 1if ohe
45 assumes_that the part}al pressure of water vopor over our soiﬁﬁions
1?¥cos£siningvsodium bromide were the same.asfthose over'eorresponding
i-.THQO - NH3 soluéions not eontaining'sodium bromide,lo one calculabes that
.’E“.the parulal pressures of water vapor ranged from 0.4k t0 2.2 mm in oux
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Table 1 :

Nuclear Magnetic Resonance Data

' Water Concentration, - - | -1/,

M o : sec-1
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solutions. Thls pressure range exceeds the equlllbrlum pressure
1l

. (0. 14 mme at 25°) over the system NaOH + NaOH ° H »0,"" and so0 one might

expect the followmng equilibrium to be attained.

Nab + 2H O + MH

+ . e A

| :1>However, ve believe that NaOH was the solid phase because when the data

-

' were’treated as described in the following‘section, under the assumption : -~

r‘of NaOH ° HéO as the solid phase, theiplot analogous to that in Figure 1

had s’much worse scatter of points than that shown in Pigure 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 NaOH ° H.O phase. Such a preferential coordination of water molecules. = -

2
is reasonable in'vieﬁ of the fact that hydration'energies are slightly

greater than ammonlatlon energies for ionic compounds.

The spectra of the dllute water solutions showed a broad line due

- to the water protons In the more concenurated solutlons, thls line was

shlfted to higher. flelds and became even broaden Thus it is clear thatle

the protons of the water molecules were underg01ng some sort of exchange

- reaction. - - .. -

Discussion o N

- If reaotlons l and 2 ‘are the only processes whlch contribute to the = = -

collapse of the ammonla trlplet, then the raue of proton exchange shouldv t

be given by,the‘follow1ng express1on,.'
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"'/4' fThe ﬁean lifetime of an dmmonia'préton'between exdhahges ig = H .
| o 30y

T
A - % .
”’Rate' -
o e
. 'Hence we may write

C 3R ) + 3 k(") (1,0) - 3)

. .2

l/T = 5
.The adaitional factor of 2/3 is introduced in fhe first term to account
‘for fﬁe fagt.tﬁét; in reaction 1, only proton transfers between nitfégen
-atoms withcdiffergnt spin_sfétes aré effeéti&é in broadening ﬂhe signal.
‘By'rearrangingiequatioh 3, aﬁdvsﬁbstiﬁuting L.L x.IOQlO(HzO) for (NHu+),'

‘we obtain

,1_=o.98x10 k(Ho)r+1h7~clo k(HO)

It can be seen that a Stfaight line wihh interéepﬁs of l/(O.98 x 10'lokl)‘

' and 1/(1.47 x 1071 k ) should be obtained by plotting (H o)t agalnst
v}(H 0)27. Such a plot, us1ng our experimental data, is given in Flgure l.

From the 1ntercepts of the llne drawn through the p01nts, we calculate

5 x lOlo M ; sec™t end .k2 =2 x 1010 M sec'}.“

The values for‘these rate constants in aqueous solutioﬁ?are

kl'= 1.06 x 107 Mt sec™ ana ky = 1.6 x 10° M-z sec™t .

: The 1ncrease in rate conSuants on g01ng from -agqueous solution to llqula ; ';Q

ammonia, solutlon is probably due to the correspondlng decrease in

v1sc051ty of the solvent. It will be noted that the ratio lfe/k1 is much

-2

Tgreater in lquld ammonia than in water.
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It is interesting to consider data which may be used to estimate

the rate constant for the reaction

+

) + OH

| H20 + NH3 - NH

] s ' . N 6 "8.
The equilibrium constant at 25° for this reaction is 10 1°, The reverse
.reaction, even if it were'diffusion-controlled, could not have a rate

" constant §reater than about 10ll_M-l;sec—l, 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
“lOf7;M"l sec”t or lower. Now the magnitude of this estimated rate

3_._

constant is in poor agreement with the value ~ 0.02 sec™t (or ~ 1077 -

Mt Secfl) which has been reported for the analogous ionization of

_ethanol in liguid ammonia, based on the kinetics of the ethanol-sodium
" reaction in a;mmonia.12 Tt seems incredible that the rate constant for
‘the ionization df ethanol would be lOu times faster than that for water. -

We believe tha¢ the rate_constant determined for ethanol does not refer

' to the reaction

S . EtOH +'NH3 > "+ E60”

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

..~ . ethanol, e;g.

o F ) -
3~ M7+ 50 xBLOE

(1 + x)EtOH. + NH



‘been observed for sodium hydroxide and water in ammonia.
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' Figure Captions

1., Plot of (R,0)7 vs. (HQO)QT for the determination of proton

PP exchange rabe constants..
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