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CATALYZED EXCHANGE REAGrION BETWEEN 

AMMONIA AND DEUTERIUM IN THE PRESENCE 

OF EVAPORATED NICKEL FILM 

By 

Koshiro MIYAHARA *) 

(Received August 15, J 961) 

Abstract 

The catalyzed exchange reaction between ammonia and deuterium on evaporated nickel 

film at temperatures in the neighbourhood of lOonc was followed by means of mass spectro­

meters, and formation rates of individual exchange products of ammonia and deuterium at the 

initial stage of the reaction were determined. The experimental results were analyzed, accept­

ing that the exchange was effected by the sequence of steps, I: H2~2H(a), III: NH3-·NH2(a) 

+H(a), ITa: NH2(a)·~NH(a)+H(a), lIb: NH (a)--.N(a)+H (a). The relative magnitudes of rates 

V(I) etc. of steps I etc. were thus found to be V(I)2= V(III» V(IIa)}> V(IIb), and their activa­

tion energies were calculated, neglecting V(IIb) compared with the first three rates, as 14.3 

kcal., 37.1 kcal. and 10.6 kcal. for steps I, lIs and III respectively. The conclusion is in 

conformity with some other experimental results obtained in this laboratory. 

Introduction 

The present author has discussed in the prevlOUS paper!) the formation 
rates of deuteroammonias observed by KEMBALe) in course of the catalyzed 
exchange reaction in the presence of various evaporated metallic films on the 
basis of the reaction scheme 

I 
H2 --c>2H(a) 

III II, II" 
NH3 _.; JNH2 (a) -' > fNH (a) -~ 

IH(a) IH(a) 

IN(a) 

IH(a) 

( 1 ) 

where H stands for protium P or deuterium D. The analysis of the experi­
mental results was not conclusive because of the lack of the simultaneous 
observation of the formation rates of P2 and PD in hydrogen gas, which is 
required for carrying out the analysis as pointed out in the previous papers'). 

The formation rates of P2 and PD were now followed in the present 

l,) H.e~earch Institute for Catalysis, Hokkaido University. 
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experiment simultaneously with the formation rates of different deuteroammonias 
in the presence of evaporated nickel film at 100° and 120°C by means of two 
mass spectrometers each for hydrogen or ammonia, and the reaction mechanism 
was deduced from the results on the basis of the above reaction scheme. Some 
other experimental results were discussed in connection with the reaction 
mechanism thus deduced. 

Experimental 

§ 1. Materials 

Deuterium: Cylinder deuterium gas of 99.5 D% *) was purified by passing 
it through heated platinized asbestos and a liquid nitrogen trap packed with 
glass wool. 

Ammonia: Ammonia obtained from its concentrated aqueous solution was 
purified by fractional distillations under vacuum from -30" to -195°C. Deu­
terium and ammonia thus purified were mixed with each other at 3: 1 mole-ratio 
and stored. 

Mass Spectrometer I 
(Hydrogen) 

Mass Spectrometer][ 
(Ammonia) 

............ \ •••..... : 
_____________ . _________ . __________ . __ . ___ .~I:_~~:_~~~.-.:.] 

Fig. 1. Reaction apparatus. 

*) From Stuart Oxygen Co. Ltd., San Francisco. 
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Evaporated nickel film: A hairpin of the four-nine grade pure nickel*! 

wire of 0.4 mm diameter was screwed down, as shown in Fig. 1, to the nickel 
leads in the reaction vessel V of Hario glass**l preliminarily cleansed with 
bichromic acid mixture. The vessel and the wire were outgassed for two 
hours by heating the former with the electric furnace F at 400"C while the 
latter was maintained red-hot electrically. The capillary trap T. is now 
immersed in liquid nitrogen, the vessel cooled to room temperature maintaining 
the wire red-hot. The vessel is then immersed in ice water and the nickel 
evaporated at the rate of ca. 0.5 mg/min. from the wire now heated white-hot. 
The weight of the evaporated nickel film was 25 mg as determined by weighing 
the wire before and after the experiments. 

§ 2. Reaction procedure 

The reaction was conducted in three series of runs; the first or second 
series was carried out with the 3: I-mixture of D2 and NP3 at 44 mmHg at 
100nc or 120°C respectively and the third one with the 10: I-mixture of D2 
and NP3 at 110 mmHg and 100ce. 

Before the first series of runs several tens mmHg deuterium gas was intro­
duced into the reaction vessel with its inner surface coated with the evaperated 
nickel film from the reservoir R. in Fig. 1 through the trap T. kept in liquid 
nitrogen, and then the reaction vessel was placed in the furnace F preliminarily 
adjusted at lOOC)C***l. After 10 min. the bath of liquid nitrogen around the 
trap T. was replaced by that of alcohol cooled at ca. -80')C, the vessel 
evacuated for 20 min., and then the first series of runs started by introducing 
the 3: I-mixture of D2 and NP3 from the resevoir R2 into the vessel at 44 
mmHg and immediately closing the cock C. After 5 min. reaction, the resultant 
gas was passed into the mass spectrometer I through the liquid nitrogen trap 
T2 for analysis of the relative abundances of Pz, PD and D2 in reacted hydrogen. 
The gas remaining in the vessel was immediately evacuated through the cock 
Cs with the cock C, closed. Reacted ammonia trapped in Tz was then distilled 
into the sampling vessel S.. The subsequent runs were conducted similarly 
each after evacuating the vessel for 20 min. The changes in the relative abun­
dances of P2, PD and D2 with time were determined from the results of the 
repeated runs of the series with the 3 : I-mixture at 44 mmHg, at 100GC and 

* ) From Johnson Massey Co. Ltd. 
**) A sort of Pyrex glass supplied by Shibata Chemical MFG. Co. Ltd., Tokyo. 

***) The head of the reaction vessel with bare glass surface was kept outside the furnace 
in order to prevent the catalysis by the glass surface observed in a previous work 
(Ref. 4). 
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at different reaction times; the samples. 8 1 , 82 etc. of reacted ammonia of the 
respective runs were analyzed by means of the mass spectrometer II. 

After the completion of the first series the nickel film was reactivated by 
oxydizing it with ca. 100 mmHg air at 400°C for 30 min., evacuating sub­
sequently for 20 min. and reducing twice with several tens mmHg D2 at 300T 
for 30 min. The vessel was then evacuated at 300°C for 10 min. and cooled 
to 100°C under continuous evacuation. The 3 : I-mixture was now introduced 
at 44 mmHg and the exchange reaction was followed by the increase in the 
concentration ratio [PD]![D2] of PD to D2 for 5 min. at 100°C in order to 
check with the activity of the catalyst. 

The second series was now started by raising the temperature of the furnace 
from 100°C to 120°C during the 20 min. evacuation subsequent to the above 
control experiment. The second and third series were conducted similarly 
under the specified conditions each followed by the control experiment described 
above. The temperature fluctuation of the furnace F was regulated within 

=1°. 

§ 3. Measurements 

The mass spectrometer I mentioned above is Hitachi type RMD-3 par­
ticularly designed for analysis of the relative abundances of P2, PD and D2 
in hydrogen gas by determining potentiometrically the ratio of any two of the 
three ion-currents of mass·number 2, 3 and 4; the result was corrected as de­
scribed in Appendix for an appreciable amount of D+ ion produced by ionizing 
electrons in the mass spectrometer. 

The inner surface of the ionization chamber of the mass spectrometer was 
coated with gold to minimize the equilibration P2 + D2 = 2PD catalyzed by the 
surface. The analyzer tube was preliminarily washed out by passing deuterium 
gas through it, being heated at 150°C under continuous evacuation for about 

a week until a constant value (125±:: 10) x 10' of the concentraticn ratio 
[PD]![Dzl of PD to D2 in 99.5 D % deuterium gas was obtained for 33 V 
accelerating voltage applied*) to ionizing electrons; every measurement was 
preceded by flowing deuterium gas from the reservoir Rl through the analyzer 
tube for several minutes to make the memory effect uniform. 

The mass spectrometer II for analysis of ammonia is the 90°-type one 
with magnetic scanning. Its electric circuits were operated by stabilized power­
supplies except the Dubridge-Brown's one, which functioned by an 18 V 
accumulator. The latter circuit included an electrometer valve Toshiba UX-54B 
with its grid· leak resistor of 4.5 x lO10Q, and its output was connected with 

*) Cf. Appendix. 
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a self-recording millivoltmeter of 2 m V full scale. The accelerating voltage 
applied to the ions produced in the mass spectrometer was adjusted so as to 
focus the mass-number 17 ion, i. e. NP,+. 

An apparent voltage as low as 14 V was applied to the ionizing electrons 
in order to avoid the formation of fragments of ammonias, so that a mass 
spectrum with a single peak of the mass-number 17 ion was obtained for NP3 

as shown in Fig. 2 a. 

-'1817 f----1817-
17- 17--17-191817-

0) b) i> b) ii> 
Fig. 2. Mass spectra of ammonias. 

a) Mass spectrum of light ammonia with a single peak of NPt. 
b) Mass spectra of deuteroammonias produced by the reaction of 

the 3: I-mixture of D2 and NP3 at 44 mmHg and at 100°C; 
i) at the early stage and ii) at the final stage of the reaction. 

2019'1817 

Light ammonia was passed before every measurement of the reacted am­
monia samples in 5" 52 etc. through the analyzer tube usually for ca. 10 min. 
at 2 x 10' mmHg pressure to make the memory effect uniform until the single 
peak of NP3 mentioned above was ascertained; after measurements of ammonia 
of high deuterium content it was passed continuously for six or more hours 
heating the analyzer tube. The mass spectrum of the reacted ammonia was 
now recorded by a self-recorder three or more times for each sample after 
passing it through the mass spectrometer for ca. 5 min. to reduce the memory 
effect of the analyzer tube caused by light ammonia precedingly passed, and 
the relative abundances of NP" NP2D, NPD2 and ND, were given by the relative 
heights of the peaks of the mass-number 17, 18, 19 and 20 ions respectively. 
The stability of the recordings is illustrated by repeated records in Fig. 2 b. 
The records are not corrected for a small error of these measurements caused 
by the presence of the nitrogen-isotope N15. The pressure of ammonia in the 
analyzer tube was usually constant at 6 x 10- 6 mmHg during the record; the 
vacuum in the mass spectrometer was assured below 0.8 x 10- 6 mmHg. 
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_ time of reaction. min. 

_ time of reaction. min. 

Fig. 3. Relative abundances of deutero-isomers produced by reaction 
of the 3 : I-mixture of D2 and NP3 at 44 mmHg and at lOO°C. 

a) Hydrogen, b) Ammonia. 
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§ 4. Results 

Fig. 3 a and 3 b show the changes in relative abundances of respective 
deutero-isomers of hydrogen and ammonia with time as observed in the first 
series of runs with the 3: I-mixture of Dz and NP3 at 44 mmHg and at 100oe. 

The conservations of P and D atoms in course of this reactions were 
satisfactorily confirmed as shown in Table 1. 

TABLE 1. The conservations of P and D in course of 
the exchange reaction of the 3: I-mixture 
of Dz and NP3 at 44 mmHg and at IOOoe. 

Time, min. 3 5 10 

D atoms transferred to ammonia, 8.7 11.6 18.9 gr. atom X 10' 

P atoms transferred to hydrogen, 9.8 
I 

11.7 18.9 gr. atom)< 10' 
~.....: ... 

20 

:34.8 

34.8 

The increases in the concentration ratio [PD]/[Dz] were observed for control 
under the same condition (3 : I-mixture of Dz and NP3 at 44 mmHg and at 
1000 e for 5 min.) before and after this series as mentioned in § 2, being 0.114 
and 0.117 respectively; the former value was chosen as the standard of the 
catalytic activity of the nickel film. 

Fig. 4 a and 4 b show the results of the second series of runs with the 
3: I-mixture of Dz and NP, at 44 mmHg and at 120oe, where the catalytic 
activity of the nickel film decreased during the series from 1.11 to 0.81 times 
the standard mentioned above. 

Fig. 5 a and 5 b show the results of the third series of runs with the 
10 : I-mixture of Dz and NP3 at 110 mmHg and at 100oe, where the catalytic 
activity was 0.904 or 0.410 time the standard before or after this sreies. 

Analysis 

§ 5. Formulation of the steady formation rates of 

deutero·isomers at the initial stage 

Scheme (1) IS developed discriminating between P and D as 
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Pz---':---2P(a) 

PD--'-P(a)+O(a) 

Oz 20 (a) 

III 
NP3-__ I II 

113-~NPz(a)- ___ ~ I Ilb 
NPZO<!i3 ~NP(a)- __ --, 

'1 3 -->NPO(a) __ liz ' --=:>N(a) 
NPDz~'/3 ~NO(a)~ 

I >ND,(aj , 

N03--

(2 ) 

where the dotted or full line denotes the transfer of P or D respectively and 
annexed number indicates the fraction of the rate of dissociation, specified by 
the line, over the total rate of dissociation of the atom group involved, identifying 
the kinetic behaviour of D with that of P. 

The calculation developed in the previous paper') of the formation rates 
VI'" V:;P 3 etc. of P" NP3 etc. is reproduced below. The formation rate of 
every atom group in Scheme (2) is given as 

VI', = V(I){(yP)Z_ yI'2} 

VI'D = V(I)(2yl'yD- yI'D) 

V D, = V(I){(yD)'_yD,} 

VXI', = V(III)(yXI'2yJ·_ yXI'3) 

I 
J , 

VW,D = V(III) (yNI"yD + yXPDyP _yNPzD) 

V:;PD, =-= V(III)(yNPDyD+ y"J),yl'_yXP2]») 

V:;D3 = V(III)(yXD'yD_yND 3) 

(3. Hz) 

) , 
(3. NH3) 

V w , = V(III) (y:;1'3 + _}yIW,n _y:;P') + V(IIu) (yNPyl' _yXP,) 

V:-IPD = V(III) (~ y~P,J)+ ~ y:-lI'J)2_ yNPJ)) + V(IIu)(yNl'yD+y:;DyP _y:;PJ)) 

V NIJ, = V(III) ( ~ yNPD, + y:-l])3_ y:-l Il,) + V(II,.) (y:-lJ)yD_yND, ) 

(3.NHz) 

} , (3.NH: 
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(3.N) 

where V(I) etc. denote the total forward or backward rates of steps I etc. 
balanced with each other as a whole irrespective of isotopic difference, i. e. at 
overall equilibrium, and 'III' or 'liD the fraction of the number of Pta) or D(a) 
respectively over the sum of the numbers of Pta) and D(a), yNP, the fraction 
of the number of NP3 over the sum of those of NP3 , NP2D, NPD2 and ND3 , 

and so on. 
Specializing above equations to the intial condition y))'=yNP'=I, yI'D=yP,=O 

and yNf',D=yNP))'=yN)),=O, putting rates V XP, etc. of intermediates NP2 (a) etc. 
individually at zero for the steady state, and noting the relation 

we have 

V{, = V(I)(I-yD)" 

VfD = y'(I)2yD(I_ yD) 

Vp, = V(I){(yD)2-1} 

1 
J , 

Vgw, = V(III){yXP'(I-yD)-I} 

V~P,]) = V(III){yXP,y)) + yXP))(I-yD)} 

V~PD, = V(III) {y~;PDyD + yX)), (I-'ll)))} 

vgm , = V(III)yXD,y)) 

'II;,]>, = (I-a) + ayx]> (1-'11))) 

yXl'D = ayXI'yD+ayXD(I_y))) 

'liND, = ayX])yD 
} 

1 , 

yXP=(I-p)(yXP,+ ~ yXI')))+Y(I- yD) 

yXD = (l-p)( +yXPD+y:>D) + pyD 

(4 ) 

(5. H 2 ) 

(5. NH3) 

(5.NH2) 

(5.NH) 

where V~', V~P, etc. denote the initial formation rates of P2 , NP3 etc. respectively, 

V(IIa) 
a=-------'~~-

V(IIa) + V(III) 
and (5. a), (5. (1) 

Substituting 'liN!' andy)!]) from (5. NH) into the first and third equations 
of (5. NH2), we have 

yXP, = a (I-a +~ (1-13)(I-yD)yXPD+ {1 (l_yD)"1 
l-a(I-{1)(I- yD) l a 2 J , 

(6. NP2 ) 
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a f ~ (1- p) yj)y:-lPD + p (yD)21 
1-a(1-p) yD l 2 j 

(6.ND2) 

or eliminating yNP, yND, yNP, and y:-lD, from five equations of (5. NH2) and (5. NH), 

where 

1= a(l-p)yD(l-yD) 
{l-a(l-p)(l- yD)} {l-a(l-p)yD} 

(6. n 

Eqs. (5. NH3), (6. NP2), (6. ND2 ), (6. NPD) and( 6. n gIve now the ratios of 
the initial formation rates V;-IP,D, Va'PD, and V;n, to V~P, in terms of the three 

parameters yD, a and p. The ratios of the rates V:\ V;D and Vp, are deter­
mined, on the other hand, by yD alone according to (5. H2). 

§ 6. Evaluation of parameters 

The parameter yD is given from the first two equations of (5. H 2) as 

(7 ) 

the initial values of yn are calculated by the above equation as shown in Table 
2 from the initial inclinations V~>, and V;D of curves P2 and PD of the three 
series of experiments given respectively in Fig. 3 a, 4 a and 5 a. 

The ratios V~P,D/V~PJ etc. of initial formation rates of deutero-ammonias 
NP2D etc. are similarly determined from the initial inclinations V~PJ etc. of 
curves NP3 etc. in Fig. 3 b, 4 band 5 b. These are given in Table 3 as the 
"obs." values of "relative rates". 

It is now deduced from the experimental results as below that a~l and 
p~l, hence according to (5.a) and (5.p) that 

V(III);}> V(IIa);}> V(n') . ( 8 ) 

It follows from the experimental results V.l'D,~o and the second and the last equations 

of (5. NH 3) that 

yND,<:;l, (9,ND2) 

because V£,P,D is fairly large, the factor {y:-lP'71D+y :-lPD(l_ yD)} of the second equation of 

(5.NH3) is less than unity and 71D>0.7 as given in Table 2. We have from (9.ND2) and the 

last equation of (5.NH2) that either or both of a and 71ND are extremely small compared with 

unity. 

Let yND <:;1. (9,ND) 
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It follows from the second equation of (5. NH2) 

y~PD:::=ayD . (9. NPD) 

We have now from the last equation of (5.NH), (9.ND2) and (9.NPD) 

y~D = { ~ + ~ (1- ~ ) } yD , 

which states, according to (9. ND), that the terms in the parentheses should be individually 

extremely small compared with unity, i. e. 

a<l and ~~1. (9. a), (9. m 
Suppose now yND is not vanishingly smaller than unity. It follows that a must be 

vanishingly smaller than unity according to (9. ND2) and the last equation of (5. NH2), hence 

that yNPD<l by the second equation of (5.NH2)' We have from the latter inequality, (9.ND2) 

and the third equation of (5.NH3) that Vd'PD, is as vanishingly small as V~D3. Since this is 

not the case, yND must be so small or (9. II) and (9.~) should hold, hence we have (8) according 

to (5. a) and (5. fl). 

The present analysis was carried 
V(IIb) but taking V(IIa) into account. 
(6. ND)2, (6. NPD) and (6. r) 

out for the first approximation neglecting 
Neglecting thus f3, we have from (6. NP2), 

--

"I'D 2a y"' ~ = ___ yD 
2-a 

TABLE 2. The initial formation rates of PD and P2 observed and 
the values of 'liD calculated according to Eq. (7) 

. - ----=: . 

No. of Condition of reaction 

series Mixing ratio, 
I 

Pressure, 
[D2)/[NP3) mmHg I 

I 

1 3 44 

2 3 j 44 

3 10 I 110 
I 

IT °C I emp. I 
I 

100 I 

120 

100 

Initial formati, m rate, 
Imin f-Iz-mole ~;; 

Vp, I VJ'D 

- 2.30 ! 1.90 

- 4.78 4.10 

- 0.65 0.63 

0.40 

0.68 

0.02 

0.70 

0.75 

0.94 

The ratios V~p,]l/V~P3 and V~PD'/V~P3 depend respectively on the value of 
the parameter a, besides on that of yD already evaluated, according to Eqs. 
(5. NH3) and (10. NH2). The value of a is, hence, calculated conversely from 
the observed values of V~p,D/v~e3 or V~PD'/V~P3 and yD. Table 3 shows the 
value a 1 of a thus calculated from V~P,D/V,;[j>3 and that a2 from V~PD'/V~P3; 
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TABLE 3. Calculated relative 

N C d" . I Relative o. 0 on ltlon 0 ata ytlc ij 3 

I [mole ~';/min'l 
yD I VNP,D 

series reaction 
I 

activity Remark __ 0-

V~P3 

I 

I 

I ! 

obs. 

I 
[D2] I [Np&] = 3, 

I 
98.0 

1 i 1.000 I - 6.80 0.704 I 
I 

r 

44 mmHg, 100°C 
I I 

calc. 98.0 
----

I I I 
I [D2] I (NPa] =3, 

I 
obs. 88.5 

2 1.11 - 18.9 0.751 
I 44 mmHg, 120°C I calc. 88.4 
I 

I 

I I I 

\ 

[D2] I [NPal -=-10, 

I 
obs. 1_9~ 3 I 0.904 -7.2 0.940 

I 110mmHg, 100°C calc. 97.0 
._--

a.v is the average of a. and a2' Close coincidence of a. and a2 confirms the 
consistency of the present analysis. 

The values of V~P,D/V~P3 and V~PD'/V~P3 are now calculated on the basis 
of a.v according to (5. NHa) and (10. NHJ as shown by "calc." values in the 
Table; the value of V~D3/V~P3 is similarly calculated as shown there on the same 
base according to (5. NHa) and (10. NH2). 

The values of V (II.)/V(III) in the third last column of Table 3 were 
calculated on the base of a.v according to (5. a). The value of V(I)/V(III) III 

the second last column of the Table were calculated by the equation 

V(I) ayD ( 1 a) 
V(III) = 2(I-a)(l-yD) ~- 2-a 

which was derived by eliminating four quantities, y~i!'D, ylW" yl' and V(IIa)/V(HI) 
from five equations, i. e. the steady state equation for D(a) at the initial stage 
of the reaction 

yD {2V(I) + V(IIa) + V(III)} = 2V(I) + V(IIa) ( ~ y:-'l'D+ y:-'D,) , 

(4), (5. a) and the last two equations of (10. NH2). 

The values of - V~J"/V(III) in the last column of the Table were calculated 
from the values of aav and yD by the first two equations of (10. NH2) and the 
first one of (5. NHa). 

We now determine the activation energies of steps I, II. and III of Scheme 
(1) respectively from the results given in Table 3 of series 1 and 2. 

We have from the values of V(IIa)/V(III) respectively of series 1 and 2 
given in Table 3 that 

E(II )-E(III) = -R dIn {V(II.)/V(III)} 265 k I (11) 
a d(I/T) =. ca., 
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formation rates of deuteroammonias 

rates, ;?~ a: I 
I V~PD, velD, 
------'--''0

1

--- ---~--'=-------', V(IIa) V(I) V~P, 

1~:::F~r ''------0-:-29-----' 0: (:~:9 I . . -V-~:3-) _I--":~:>--'--.. '-----V-(lIl) 

I

I 11.0 0.5 

_ 10.8 0.8 

I 

I 
!I .. 

3.0 

2.9 

0.154 0.155 0.1545 i 0.18, 1.57 

_____ , _________ 1 ______ 1 ___ _ 

0.0425 0.0435
1 

0.0430 0.05 I 8.16 

and similarly from the values of V(I)/V(III) or V~P'/V(III) of the series 1 and 2, 

or 

where 

E(I)- E(IIl) = -R dIn {~]I)/V(III21 = 3.7 kcal. 
d(I/T) 

El\l"-E(III) = -R dIn {- V~l"/V(III)} =2.S kca1. 
d(I/T) , 

(12) 

(13) 

The activation energy E"Jo<I', is now determined from V~I', of series 1, i. e. 

-6.80 mole %/min., and the value of V~l', of series 2 redeced to the standard 
catalytic activity, i. e. -IS.9/1.11 = -17.03 mole %/min. as 

gil', = 13.4 kcal. 

We have from (11), (12), (13) and (14. NP3) 

E(III) = 10.6 kca1., 

E(II.) = 37.1 kca1., 

E(I) = 14.3 kca1. 

(14. NP3) 

(14. III) 

(14. IU 

(14. I) 

Fig. 6 shows logarithms of V(I), V(IIa) and V(III) plotted against the 
reciprocal of absolute temperature by straight lines denoted respectively by I, 
II. and IlIon the base of their relative magnitudes determined from series 1 
as given in Table 3 and their inclinations in terms of the activation energies 
given above. Fig. 6 illustrated the so--called "structure" of the present exchange 
reaction of the 3: I-mixture of Dz and NP3 at 44 mmHg total pressure or the 
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~-----7;;:;c-----,,*,~-,-----,-~:----------;;-;!;;:-----~I.O 

3.25 3.00 2.50 225 2.00 

Fig. 6. The structure of the reaction of the 3 :l-mixture of D2 and NP3 
at 44 mmHg and at temperatures in the neighbourhood of 100°C. 

i 

relative magnitudes of the rates of steps I, II" and III in the neighbourhood 
of lOO°C. 

§ 7. Remarks on the results 

1. The structure of the catalytic exchange between D2 and NP3 was determined 
in the preceding paragraphs from the formation rates of deutero-isomers of 
ammonia as well as of hydrogen evaluated by the total analysis of the reaction 
products. 
2. The step NH(a)....,.N(a) + H(a) was concluded in §6 to be extremely slow 

compared with the other steps of Scheme (1). This is in conformity with the 
conclusions arrived at independently in this laboratory; HORIUTI et. al. have 
determined the stoichiometric number of the rate-determining step as 2 for the 
ammonia synthesis reaction catalyzed by ammonia synthetic iron catalyst')6) 
which confines the possible rate-determining step to one of the three steps, III, 
IIa or II" of Scheme (1), and concluded frem the analysis of the decomposition 
rate of ammonia in the presence of hydrogen that the rate-determining step is 
II,,6). AZUMA7) has recently concluded on the basis of the field-emmision micro-
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scopic observations of hydrogen, nitrogen or ammonia adsorbed on tungsten tip 
that step II)) is the slowest one among those of Scheme (1) and N z-->-2N(a), 
i. e. the chemisorption of nitrogen. 
3. It is concluded from the structure in Fig. 6 that the rate of catalyzed 

exchange between hydrogen and ammonia should be controlled at room tempera­
ture by step I, which is slower than III. This conclusion is in concordance 
with that arrived at by HORIUTI and SUZUKI8

), that the chemisorption of 
hydrogen, i. e. I in this case, is the rate-determining step of the catalyzed ex­
change between P z and NDi in the presence of annealed nickel wire at 31°e. 
4. The value of 17(I)/V(III) increases, while that of V(II,)/V(III) remains 

almost constant with increase of hydrogen partial pressure as revealed from 
the comparison of the results of series 1 and 3 in Table 3. Further experi­
ments would by necessary, however, to draw any quantitative conclusion on 
the kinetics of the exchange reaction. 

Appendix 

The result of Fig. 7 is obtained with 99.5 D% deuterium gas from cylinder, 
ionizing electrons in the mass spectrometer being accelerated at 33 V; iz i3 or 

400 

i 
200 

Fig. 7. Relations between ratio of ion-currents iz/i, or i3/i, 
and i, with 99.5 D.% deuterium gas. 
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z, IS the ion-current of mass-number 2, 3 or 4 ion respectively. 
The ratio i,/i, is almost constant along with the change of i, except in 

the region of small values of i" where the memory of the analyzer tube of the 
mass spectrometer may be effective, hence the value of i,/i, at i, larger than 
300 flA is accepted as the concentration ratio [PD]/[D2] in D2 gas or reacted 
hydrogen*l. 

The ratio iz/i, in the case of 99.5 D% deuterium varies, on the other hand, 
markedly with increase of i, as shown in Fig. 7. The current i2 should be 
solely due to ions D t produced from practically pure D2 in this case, hence 
the observed variation of i2/i, shows that the abundance of D+ sensibly depends 
upon the pressure of the gas in the ionization chamber. This ratio varies, 
besides, with change of the voltage Ve applied to ionizing electrons as shown 

0.04 x 15 

0 
6. 
~ 

« 

'" 0 

::; 0.03 
" .. ..... 

+-
0 .. 

.§ 
>.. 
0 .. 
~ 
.~ i 0.02 

0 
60 0.01 L----:3:!-:o,-----~---;4';;-O---~---5t,O.---~--~ 
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Fig. 8. Dependency of ion-current ratio i2/i, or i,/i. and the 
pressure of the sample upon the electron-accelerating 
voltage in the case of deuterium gas of 99.5 D%. 

Ion accelerating voltage: 845 v. 
Total emmision current: 450 p.A. 
Trapped current: 10 p.A. 

en 
:t: 
E 
E 

"S! 
x 
ai 
.0 

~ .. 
Q) ... 
>-

"6 
c: 
0 

.!: ... 
Cl 

b 

Q) .. 
~ 

'" '" Q) 

ct 

i 

") The gain of the amplifier for the ion· current i2 and i, was almost equal to that for i" 
SO that i,li. may be taken to give [PD]/[Dz] directly. 
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in Fig. 8, whereas the pressure of gas in the ionization chamber for i,=450 p.A 
increases rapidly as the voltage Ve decreased below ca. 30 V. With regard to 
these circumstances Ve was fixed at 33 V for the present measurement and 
the concentration ratio [P2/[D2] of P2 to D2 in reacted hydrogen was given as 
the excess of its values of i2 /i, over that (i2/i,)o of the unreacted D2 gas, i. e. 

at the same value of i,. This procedure may be allowable for the determination 
of [P2]/[D2] at the initial stage of the present reaction, where deuterium is 
abundant enough to form D practically the same as in the cases of unreacted 
deuterium gas. 
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