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The flowing afterglow technique has been employed in measurements of the rate and 
equilibrium constants a t  296 f 2 K for reactions ot' the type 

and 
NH,- f R , R 2 N H  P R,R,N- + NH, 

where R, and R, may be H, CH,, or C,H,. The equilibrium constant measurements provided 
absolute values for the intrinsic (gas-phase) acidities of the Brginsted acids CH,NH,, C,H,NH,, 
(CH,),NH, and (CH,),N, the heats of formation of their conjugate bases, and the electron 
affinities of the corresponding radicals R ,  R,N. Proton removal energies, AGO,,,/(kcal mol-I), 
were determined to be 395.7 f 0.7 for CH,NH, P CH,NH- + H+, 391.7 _f 0.7 for 
C,H,NH, P C,H,NH- + H+, 389.2 f 0.6 for (CH3)2NH @ (CH3),Nd + H', and >396 
for (CH,),N F? (CH,),NCH,- + H+. Heats of formation, AH0,,,,,, were determined to be 
30.5 f 1.5 for CH,NH-, 21.2 f 1.5 for C,H,NH-, and 24.7 f 1.4 for (CH,),N-. Electron 
affinities (in kcal mol-') were determined to be 13.1 +_ 3.5 for CH,NH, 17 f 4 for C,H,NH, 
and 14.3 f 3.4 for (CH,),N. These results quantify earlier conclusions regarding the intrinsic 
effects of substituents on the gas-phase acidity of amines and provide an experimental assess- 
ment of recent molecular orbital calculations of proton removal energies for alkylamines. 

GERVASE I. MACKAY, RONALD S. HEMSWORTH et DIETHARD K.  BOHME. Can. J .  Chem. 54, 
1624 (1976). 

On a utilise la technique de la lueur d'ecoulement pour mesurer les vitesses et les constantes 
d'equilibres i 296 f 2 K des reactions de type 

H- + R , R , N H  F? R,R,N- + Hz 
et 

NH,- + R,R,NH P R , R , N  + NH, 

ou R,  et R, peuvent Ctre H, CH, ou C,H,. Les mesures des constantes d'equilibres fournissent 
des valeurs absolues pour les acidites intrinseques (en phase gaseuse) des acides de BMnsted 
CH,NH,, C,H,NH,, (CH,),NH et (CH,),N de mtme que les chaleurs de formation de leurs 
bases conjugees et les affinites electroniques des radicaux R,R,N correspondants. On a deter- 
mine les energies AGO,,,/(kcal mol-') necessaires pour enlever les protons; les valeurs s'eta- 
blissent a 395.7 f 0.7 pour CH,NH, P CH,NH- + H + ,  a 391.7 f 0.7 pour C,H,NH, P 
C,H,NH- + H + a  389.2 + 0.6 pour (CH,),NH ~t (CH,),N- + H' e t a  > 396 pour (CH,),N Ft 
(CH,),NCH,- + H'. On a determine que les chaleurs de formation, AH0,,,,,, sont 30.5 f 1.5 
pour CH,NH-, 21.2 + 1.5 pour C,H,NH- et 24.7 + 1.4 pour (CH,),N-. On a determine 
que les affinites electroniques (en kcal mol-I) sont 13.1 f 3.5 pour CH,NH, 17 + 4 pour 
C,H,NH et 14.3 f 3.4 pour (CH,),N. Ces resultats permettent d'etablir d'une f a ~ o n  quantita- 
tive les conclusions anterieures se rapportant aux effets intrinseques des substituants sur I'acidite 
en phase gaseuse des amines et fournissent une base experimentale pour des calculs d'orbitales 
moleculaires recents concernant les energies d'enlevement de protons des alkylamines. 
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trometry, and the flowing afterglow technique, ture (296 f 2 K). The plasma communicates with a 

have provided a means of measuring, i n  the quadrupole mass spectrometer through a small orifice 
mounted at the tip of a sampling nose cone. Rate con- gas phase, rate and equilibriunl 'Onstants for stants and equilibrium constants for reactions of  ions 

ion-molecule reactions of the type often en- with molecules are determined by measuring changes in 
countered in solution. In the case of proton ion signals as a function of the addition of neutral 
transfer reactions such measurements have 
proven to be useful for (i) the determination of 
intrinsic molecular properties of acids and their 
conjugate bases, (ii) the experimental assess- 
ment of molecular orbital calculations of such 
properties, and (iii) the thermodynamic analysis 
of the transfer of protonated species from the 
gas phase to solution. Aliphatic amines repre- 
sent an important group of acids whose gas- 
phase acidities have recently been ordered (2) 
from determinations of the preferred direction 
of proton transfer reactions of the type 

In this paper we report flowing afterglow 
measurements of the rate and equilibrium con- 
stants at 296 f 2 K for reactions of the type 

(21 NH2- + R,R,NH s R , R , N  + NH, 

reactant molecules. 
The gases used were He (Linde. Prepurified Grade, 

99.995% He), NH, (Matheson, Anhydrous 99.99% min 
(liquid phase)), HZ (Linde, Very Dry Grade 99.95% HJ, 
CH,NH, (Matheson, 98.0%min (liquid phase)), C,H,NH, 
(Matheson, 98.5% min (liquid phase)), (CH,), NH (Mathe- 
son, 99.0% min (liquid phase)), and (CH,),N (Matheson, 
99.0% min (liquid phase)). 

The determination of the flows of the amines required 
a separate measurement of their viscosities. The vis- 
cosities were determined relative to the well-established 
values for Hz and He. For Poiseuille flow through a 
fixed capillary from a fixed reservoir 

where rl is the viscosity, Ap is the pressure drop across the 
capillary, and p is the pressure in the reservoir. The ratio 
of viscosities of two pure gases can, therefore, be deter- 
mined directly from measurements of Ap, p ,  and the rate 
of fall of pressure, dpldr, for the flow of the two gases 

where R, and R~ may be H, CH,, or c ,H~.  through a'fixed capiilary. The viscosities measured for 
the amines at 296 f 2 K were: 112 pP for CH,NH2, The equilibrium constant measurements provide 92.9 pP for C2H,NH2, 99,8 pP for (CH,)2NH, and 

absolute values for the intrinsic (gas-phase) 96 p p  for (CH,),N. Independent measurements with gases 
acidities of the Brdnsted acids CH,NH2, of known viscosities, ci:. CO. N2, and Ar, indicated an 
C2H,NH,, (CH,),NH, and (CH,),N, the heats accuracy for this method of better than 5%. 

of formation of their bases, and the o f ~ ~ ~ ~ ~ ~ , e n t s  were carried out a t  a room Iemperature 

electron affinities of the corresponding radicals 
R,R,N. These results quantify earlier con- Data Analvsis 
clusions (based on measurements of orders of The analytical used for 
acidity) regarding the intrinsic effects of sub- mination of rate and equilibrium constants from 
stituents on the gas-phase acidity of amines (2) the raw Rowing afterglow data for reactions 
and also provide an experimental assessment of of the type 
recent molecular orbital calculations of proton 
removal energies for alkylamines (3-5). [51 A- + BH=B- kc + AH 

k ,  

Experimental 
The experiments were performed with the flowing 

afterglow technique and are of the type described 
previously (6). Reactant ions are produced in a flowing 
plasma either by electron impact or by secondary ioniza- 
tion or  ion-molecule reactions. In these experiments the 
plasma was generated with ionizing electrons having 
energies in the range 35-70 eV. The filament emission of 
the electron gun was 0.5 mA. 

The neutral reactant is introduced sufficiently down- 
stream of the ion production region to ensure that the 
reactant ions have undergone enough collisions with the 
carrier gas (helium was used in the experiments reported 
here) to become thermalized at the ambient room tempera- 

have been described in detail previously (6). 
Expressions have been derived for obtaining, 
from a fit to the decay of the A- signal, values 
for k,. when the extent of reverse reaction is 
negligible (the reaction is far removed from 
equilibrium) and fork, and k ,  when appreciable 
back reaction is taking place (the reaction 
approaches equilibrium). When equilibrium is 
actually attained the fitting procedure allows a 
determination only of unique values for the 
ratio of rate constants, viz. k,./k,. The expressions 
developed for these analyses take into account 



1626 C A N .  J .  C H E M .  VOL. 54. 1076 

the loss of A- and B- ions due to  ambipolar 
radial and axial diffusion as well a s  effects 
introduced by the neutral gas inlet and sampling 
port. Equilibrium constants are obtained from 
the ion signal ratio, (B-)/(A-), measured at  
equilibrium. Mass discrimination factors are 
deduced from the stoichiometry of reaction 5. 

In previous equilibrium studies of reactions 
of type [5] the reactant gases BH and AH were 
of high ( 3  99.9%) purity and the reactions pro- 
ceeded generally in the absence of competing 
and secondary processes. This was often not the 
case for the systems investigated here. The 
commercially available amines contained im- 
purities as large as 2% (liquid phase) and in 
several instances competing and secondary re- 
actions were encountered. Consequently we had 
to consider in our  analysis of some of the data 
the more general scheme represented by 

k," 1 AH(YH) k," 1 BH(XH) 

where XH and YH are impurities present in BH 
and AH respectively and k' and k" are the rate 
constants for competing o r  secondary reactions. 
The kinetic equations for this scheme were 
solved exactly (7); diffusion was neglected. 
Model calculations incorporating realistic values 
for the concentrations of the impurities and the 
various rate constants were performed to  indi- 
cate the effect of competing as well as secondary 
reactions on the decay of the reactant ion, 
d In [A-]/dFBH, the rise of the product ion, 
d In [B-IIdF,,, the ratio plot, d([B-]/[A-])/dF,,,, 
and the mass discrimination plot, d[A-] jd[B-1, 
all at  various flows of AH,  F,\,. A number of 
special cases were considered. The following 
observations were made for values of 
k, = 1 x lo-' cm3 molecule-' s-' , k ,  = 1 x 10-" 
cm3 molecule-' s-' (ci:. K = loo), FBH < 10'" 
molecule s-', 10'' molecule s-' < F,,, < lo2" 
molecule s-', and a reaction time of 10 ms. 
These reaction parameters and operating con- 
ditions are typical of the experiments whose 
results are reported in this paper. 

in large excess to that generated by reaction. 
The AH is usually added upstream of the 
ionizer since AH often serves as the source gas 
for A-. Reactions of A- with A H  or an impurity 
YH in AH result in a depressed initial A- 
signal and give rise to  increased curvature in 
the A- decay, a shallow maximum in the ratio 
plot and curvature in the mass discrimination 
plot whose initial slope will yield a low value 
for the mass discrimination factor. At sufficiently 
high values of FBH the A- signal approaches the 
unperturbed value and the ratio [B-]/[A-] 
asymtotically approaches the unperturbed ratio. 
At moderate flows of BH the extent of deviation 
from the unperturbed behaviour will depend 
on the relative rates of the proton transfer 
reaction of A- with BH and possible reactions 
of A- with AH and YH. 

For  the systems under study and the adopted 
experimental operating parameters, k,.[BH] 3 
100k,"[AH] and 100k,"[Y HI a t  moderate flows 
of BH. Under these conditions the apparent 
values of k,/k, (determined from the fit to the 
A- decay), K (determined from the ratio plot), 
and m (determined from the m plot) will be 
within 90% of the true values. 

(2)  Further Reactions of' B- ~vitli AH( YH) 
Competing reactions of B- with AH(YH) 

serve as sinks for B- which may prevent the 
establishment of equilibrium even at large flows 
of BH. They lead to decreased curvature in the 
A- decay, a maximum in the B- signal prior 
to the establishment of an asymptotic value, an  
asymptotic approach to the unperturbed con- 
centration ratio, [B-j/[A-], and curvature in the 
mass discrimination plot whose initial slope will 
yield a high value for the mass discrimination 
factor. The extent of the deviation from the un- 
perturbed behaviour will depend on the relative 
rates of the proton transfer reaction of B- with 
A H  and the competing reactions of B- with 
A H  and YH. For the systems under study and 
the adopted experimental operating parameters 
k,[AH] 3 k,'[AH] and k,'[YH]. Under these 
conditions the apparent value of k, /k,  is within 
lo%, of K is within I%, and of m is within 
20% of the true value. 

( 3 )  Further Reac~ions of'both A- and B- with 
( I )  Further Reacliotls of A- with AH( YH) A H (  YH) 

In studies of the equilibria for reactions of For  the special case when k," = k,' the 
type [5], A H  is added into the reaction region reactions of B- with AH(YH) and of A- with 
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AH(YH) act to depress the product and re- 
actant ion signals without altering the shapes 
of the various ion profiles, viz. d In [A-]/dF,,,, 
d ln [B-IldF,,, d([B-I/[A-l)ldF,,, and d[A-I/ 
d[B-1. Differences in these two rate constants 
of course lead to either case 1 or case 2. 

(4) Furtller Reactioris of'A- n:it/7 BH(XH) 
For the operating conditions and reaction 

parameters typical of the studies reported here, 
the occurrence of reactions of A- with BH 
and/or reactions of A- with impurities, XH, 
does not lead to any characteristic perturbations 
in the shapes of the decay of A-, the production 
of B-, and the variation of [B-]/[A-] with 
addition of BH(XH). The mass discrimination 
plot shows curvature at low [A-] and yields a 
value for m which is too high. The best fit to 
the A- decay and the ratio plot would lead to 
values for an apparent equilibrium constant 
approximately equal to (k, + k,')/k, and/or 
(k, + k,'[XH]/[BH])/k,. For  the studies re- 
ported here k,'< 0.1 k, and k,[BH] 3 0.02kr'[XH], 
so that the values of the apparent equilibrium 
constant should be within ca. 10% of the value 
of the true equilibrium constant. 

(5) Further Reactions of'B- with BH(XH) 
In contrast to competing reactions of A- 

with BH(XH), secondary reactions of B- with 
BH(XH) can have a marked influence on the 
shapes of the ion profiles characteristic of the 
unperturbed equilibrium. The curvature in the 
A- decay will be decreased (if krU[BH] or 
krf'[XH] > k,[AH] the decay cannot be fitted 

with the standard analysis), the B- production 
will reach a maximum at low additions of BH, 
the ratio [B-][AH]/[A-:I[BH] will not converge 
to a constant value, and the sign of the slope of 
the mass discrimination plot will change at low 
LA-]. 

(6) Further Reactions of both A- and B- with 
BH(XH) 

For the special case when k," = k,' the ratio 
[B-][AH]/[A-][BH] does converge to a con- 
stant value which provides a measure of the 
true equilibrium constant if the mass discrimina- 
tion factor is known. The sign of the slope of 
the mass discrimination plot still changes at low 
[A-1. The slope approaches the true value of m 
at high [A-1, viz. in the limit of little conversion 
of A- to B-. The curvature in the A- decay 

is still decreased and the B- production still 
reaches a maximum value at low additions of 
BH. A fit to the curvature in the A- decay will 
result in a high value for k,/k,. 

Results 
The extended analysis given above proved to 

be most valuable for predicting the operating 
conditions under which the rates of competing 
and/or secondary reactions were sufficiently 
depressed to allow an adequate determination 
of the true rate and equilibrium constants of the 
proton transfer reaction of interest with the 
application of the standard analysis. The shapes 
of the mass discrimination plots as well as, of 
course, the observed changes in the total mass 
spectrum proved to be the most sensitive 
indicators of the presence- of competing and/or 
secondary reactions. In the experiments reported 
here special care was required to avoid com- 
plications which could be introduced by the 
occurrence of clustering reactions either of the 
type 

o r  of the type 

and by the occurrence of reactions with im- 
purities in CH,NH2 and C2H,NH2. This was 
accomplished either with a judicious choice of 
the flows of AH and BH and the reaction time 
o r  with a study of the reverse direction of 
reaction. Complications introduced by cluster- 
ing reactions of the types 

and two-body secondary or competing reactions 
with BH or AH were generally not encountered. 

The rate and equilibrium constants deter- 
mined for the reactions of types [2] and [3] 
investigated in this study are summarized in 
Tables 1 and 2. Only those values are included 
for whose determination the effects of competing 
and secondary reactions were negligible, so that 
the standard analysis was applicable. Under 
less ideal conditions the extended analysis was 
employed but only to establish further con- 
fidence in the results. The results obtained for 
the individual reactions are described in detail 
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TABLE 2. Summary of the experimental measurements at 296 1 2 K of rate constants (in units of lo-' cm3 
molecule-I s-I) and equilibrium constants for proton transfer reactions of the type X- + YH s Y- + XH 

involving Hz, NH,, and several amines 

Reaction klarward" Nh K' Nh 

NH,- + H, -, H- + NH, 0.023+0.005 (8) 5 26 5 6 (8) 8 
NH,- + CH,NH2 s CH,NH- + NH, 2 0 . 1  2 . 4 5 0 . 4  1 1  
CH,NH- + H, s H- + CH,NH, 0 . 2 0 ~ 0 . 0 6  4 1 2 5 3  7 
NH,- + C,H5NHL s C,H,NH- + NH, 2 . 6 5 0 . 8  5 ( 1 . 3 + _ 0 . 4 ) x  lo3 I I 
H- + C,H,NH, s C,H,NH- + H, 1 . 1 k 0 . 3  4 7 7 k  14 6 
H- + (CH3),NH s (CH,),N- + H, 4 . 3 k 0 . 9  4 ( 5 . 2 f  1 . 1 ) ~  lo3 5 
NH2- + (CH3)2NH * (CH,),N- + NH, 2 3 
NH2- + (CH3),N --t ~ 0 . 0 0 1  

--- 

"Vdlues of were determined ualng e ~ t h e r  Andlysls A or  B (6) The  llmlls glven dlong u l th  the medn vdlue represent the estlmdted 
accuracy 

* N  IS the number  ol experiments 
'The value for K represents the we~gh ted  mean together w ~ t h  Its atdnddrd error  0 1  measurements ~nc lud lne  one  o r  more of ( A ,  

(A , / k . ) , , ,  a n d  K,,, ,  In one  o r  both dlrecuona ol the reactlon (6)  

below. An account of the usual sources of error 
has been given previously (6). 

In the remainder of this section the best 
estimate of a true value is taken to be the mean 
of a series of measurements. The limits given 
along with the mean value represent the best 
estimate of the precision (9). 

Figure 1 shows the variation of the dominant 

FIG. I. The variation of the major negative ion signals 
i recorded upon the addition of CH,NH2 into a flowing 

NH,-He plasma in which NH,- is initially a major ion. 
T = 297 K ,  p = 0.433 torr, I. = 8.8 x lo3 cm s-I, and 
L = 60 cm. 

negative ions observed upon the addition of 
methylamine into a flowing NH,-He plasma 
in which NH,- is initially a major negative ion. 
The behaviour shown is representative of the 
observations made in five separate experiments 
performed under similar conditions: effective 
reaction length, L = 60 cm, average flow 
velocity, r = 8.8-8.9 x lo3 cm s-', total pres- 
sure, p = 0.426-0.452 torr, and flow of NH, = 
1.19-1.27 x 1019 molecule s-I. The ions CN- 
and C1- which are usual impurity ions detected 
in the mass spectrum were also monitored but 
are not included in Fig. 1 as they were observed 
to  be insensitive to the added CH3NH,. 
Helium was used as the buffer gas in all experi- 
ments and the NH,- ion was produced via 
electron impact of ca. 40 eV on NH,. 

The decay of the NH2- signal and the ac- 
companying increase in the CH,NH- signal can 
be attributed for the most part to the occurrence 
in the reaction region of the proton transfer 
reaction 7. For the adopted experimental con- 
ditions however, a number of alternate sinks 
and sources for NH,- and CH3NH- have to 
be considered. 

Possible alternate sinks for NH2- are the dis- 
placement reaction 

[7a] N H ,  + CH,NH, 4 H- + Neutral products 

and reactions with the major impurities, c:iz. 
H20 ,  (CH,),NH, and (CH,),N, which are 
present in the CH3NH, reactant gas 

[8] NH2- + H 2 0  4 OH- + NH, 
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01 I I I 
0 0.5 LO 15 

CH3NH- I O N  SIGNAL / l o 3  

FIG. 2. A plot of the NH2- signal against the CH,NH- 
signal as a function of CH,NH2 addition for the data 
shown in Fig. 1. The curvature at low NH2- signals is 
indicative of secondary and/or competing reactions pro- 
ceeding in either direction. Curve a is representative of 
the mass discrimination plot obtained from a study of 
the reverse direction of reaction which was observed to 
be uncomplicated by secondary or competing reactions. 
Curve a is normalized to the initial NH2- signal. 

Independent experiments which are discussed 
later in this section indicated that NH2- does 
not react rapidly with (CH,),N. There was 
some evidence for the occurrence of reaction 
7 a ;  at very low flows of CH,NH, the initial H- 
signal actually increases slightly before decay- 
ing as a result of further reaction. The reactions 
with impurities are undoubtedly also occurring 
to some extent. The observed increase in the 
(CH,),N- signal may result, at least in part, 
from the occurrence of reaction 9. The slight 
increase in the OH- signal can be attributed 
to reaction 8. The ensuing decrease in the OH- 
signal results from the three-body association 
reaction 

[lo] OH- + CH3NH2 + M + OH-.CH3NH2 + M 

for which the product cluster is readily observed. 
An analysis of the observed increase in the 
OH-.CH3NH2 signal at low methylamine ad- 

ditions provided a value for k,, -. 5 x 
cm6 molecule-2 s-' . 

A number of reactions appear to be depleting 
the CH3NH- produced from reaction 7 .  Several 
secondary reactions with CH3NH, are allowed 
on the basis of thermodynamic considerations 

[I la]  CH3NH- + CH3NH2 + NH2- + (CH3)2NH 

[ I  lcl + H- + Neutral products 

One or more of these reactions may be respon- 
sible for the observed decrease in the CH3NH- 
signal at large methylamine additions. CH,NH- 
may also be depleted to some extent by proton 
transfer reactions with the H 2 0  and (CH,),NH 
impurities in CH,NH,. Finally, a fraction of 
the CH3NH- ions appear to be clustered with 
1VH3 (which is a fixed quantity in each experi- 
ment) as a result of the three-body association 
reaction 

An increase in the NH, flow was observed to 
result in an increase in the CH,NH-.NH, 
production. 

Reaction I l a  represents a possible source of 
NH,- other than reaction ' -7 ' .  The proton 
transfer reaction 

which accounts for the bulk of the H- decay, 
represents an alternate source of CH,NHP. 
The H- is also depleted to some extent as a 
result of fast proton transfer reactions with the 
H 2 0  and (CH,),NH impurities in methylamine. 

The cluster ion NH2-.NH,, present in only 
small amounts in these experiments, appears not 
to react rapidly with CH,NH2. The initial 
decay in the NH,-.NH, signal can be attributed 
entirely to the depletion in the reaction region 
of the precursor ion NH2-. 

The observations shown in Fig. 1 and the 
considerations of the foregoing section indicate 
that the ion chemistry proceeding in the reaction 
region under the adopted experimental con- 
ditions is fairly complex. The mass discrimina- 
tion plot shown in Fig. 2 provides further 
evidence of this complex behaviour. Such a plot 
should be linear with a slope of -m if the proton 
transfer reaction 7 is the only reaction occurring, 
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I I secondary and/or competing reactions are not 
NH; +C&Nff2 = CH, NH-+ NH3 excessive. In order to obtain a measure of the 
N% FLOW =L 2 x /019 mo/ecU/e S-1 extent of secondary and competing reactions 

u=2.2 the extended analysis was applied to a fit of the 
NH2- decay, the concomitant rise in the 
CH,NH- signal, and the mass discrimination 
plot. The extended analysis incorporated the 
reactions 

[14] NH,- + CH,NH, (impurity) - Products 

[I51 CH3NH- + CH3NH, (impurity) - Products 

L . . ' I  I 

Oo 
1 

a5 LO 
CHJ N& FLOW //mo/ecu/e s-I  /0191 

FIG. 3 The observed varlatlon In the ratlo of the 
product to the reactant (on s~gnal  corrected for mass d ~ s -  
crlmlnatlon, [CH3NH-]/[N132-], w ~ t h  addi t~on  ofCH3NHz 
at h ~ g h  back reactant NH, flows T = 297 K, p = 0.433 
torr, I. = 8.8 x lo-' cm s-', and L = 60 crn The mass 
d l sc r~mlna t~on  factor ( I H  = 1 5 )  was deterrn~ned from a 
study of the reactlon In the reverse d ~ r e c t ~ o n  

and will become non-linear in the presence of 
secondary and/or competing reactions. The 
shape of the m plot shown is consistent with the 
occurrence of ~ competing reactions between 
NH,- and CH,NH, (or impurity) and secondary 
reactions between CH,NH- and CH,NH2 (or 
impurity), cases 4 and 5 in the extended analysis, 
respectively. The curvature in the n? plot of 
course prevents a direct determination of an 
accurate value for the mass discrimination 
factor (the initial slope provides only an upper 
limit). It was, therefore, decided to adopt the 
value of m = 1.5 + 0.1 determined from a-study 

I 

of reaction 7 in the reverse direction under 
similar sampling conditions. Included in Fig. 2 
is a normalized mass discrimination plot ob- 
tained from a study of the reaction '-7' which 
was found to be uncomplicated by secondary 
and/or competing reactions. 

Figure 3 shows the variation of the ratio of 
the product ion to reactant ion concentrations, 
[CH,NH-]/[NH,-1, as a function of the neutral 
reactant CH,NH2 flow for the data given in 
Fig. 1. This behaviour is representative of the 
observations made in all five ex~eriments.  Not- 
withstanding thecomplexity oftceion chemistry, 
the linearity of these ratio plots suggests that 
equilibrium is readily established, even for the 
lowest measurable additions of methylamine. 

! The five measurements provided a value of 
K = 2.25 rt_ 0.13 which should equal the value 

I of the true equilibrium constant if the rates of 

Reactions 14 and 15 represent any or all of the 
possible competing and secondary reactions 
described above with methylamine and the 
impurities therein. The standard analysis which 
ignores reactions 14 and 15 allowed a fit to the 
NHI- decay only at low flows of CH,NH,. 
However, the extended analysis allowed a fit to 
the variation of both the NH,- and CH,NH- 
ions (and therefore the mass discrimination plot) 
over the entire range of CH,NH2 flows using 
the values k,/k-, = 2.2, m = 1.4, k, = 15k,, 
and k-, = IOk,,. Consequently, it appears that 
the rates of the competing and/or secondary 
reactions are not excessive and that the adopted 
value of m is in fact reasonable so that the value 
of K determined from the ratio plots should be 
very nearly equal to (within 10% of) the true 
value. 
[-71 CH3NH- + NH, NH,- + CH3NH2 

Reaction '-7' was investigated in order to 
minimize the complications due to competing 
and secondary reactions encountered in the 
study of reaction 7 and so to establish further 
confidence in the value for the equilibrium 
constant. The purity of the NH, is considerably 
better than that of CH,NH2 so that reactions 
with impurities present in the forward reactant 
will be reduced, while reactions with impurities 
in the methylamine, which is of constant con- 
centration in the reaction region. will be un- u 

important so long as the rates of depletion of 
NH2- and CH,NH- are similar (case 3 in the 
extended analysis). This then leaves only com- 
plications due to any competing and secondary 
reactions with NH, and CH,NH, as potential 
sources of error. Figure 4 shows the variation 
of the dominant negative ion signals recorded 
upon the addition of NH, into a CH3NH2-He 
plasma in which CH,NH- is initially a major 
negative ion. This behaviour is representative 
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FIG. 4. The variation of the major negative ion signals 
recorded upon the addition of NH, into a flowing 
CH,NH,-He plasma in which CH,NH- is initially a 
dominant negative ion. The curve drawn through the 
observed CH,NH- decay represents a computed fit which 
yields a value for the ratio of rate constants, k , / k , ,  for the 
proton transfer reaction CH,NH- + NH, s NH,- + 
CH,NH,. The ion observed at ni/e 44 is presumed to 
arise from the (CH,),NH impurity in CH,NH,. T = 298 K,  
p = 0.295 torr, c = 9.3 x lo3 cm s-', and L = 59 cm. 

of the observations made in three separate 
experiments which were performed over the 
following range of reaction conditions: L = 59 
cm, p = 0.287-0.296 iorr, c = 9.3-9.4 x 10" 
cm s-', and CH3NH2 flow = 6.5 x loL7-2.13 x 
101%olecule s-l. The usual impurity ions 
OH-, CN-, and CI- were also monitored bur 
are not included in Fig. 4 as they were observed 
not to react rapidly with ammonia. The curva- 
ture in the decline of the reactant ion CH,N H- 
and the increase in the NH2- signal can be 
attributed to the occurrence of the proton 
transfer reaction '-7'. The observation that 
the C,H,N- ion (mle 44) is insensitive to the 
addition of NH, is strongly suggestive that 
reaction I lc, while thermodynamically allowed, 
is nevertheless not a significant process at 
thermal energies. If this reaction were an ini- 
portant source of (CH,),N- then the loss of its 
precursor ion CH,NH- would result in a 

corresponding decrease in the signal at m/e 44. 
Most likely the ion at m/r  44 observed in both 
the forward and reverse studies is (CH,),N- 
arising from the dimethylamine impurity in the 
methylamine. Since NHz- and CH,NH- prob- 
ably react with (CH,),NH with very similar 
rate constants the (CH,),NF signal does not 
vary as reaction ' - 7' proceeds. 

The H i o n  present in the CH,N Hz-He plasma 
is in part a precursor of CH,NH- in the re- 
action region according to reaction ' -  13' 
which has a measured rate constant of (1.6 f 
0.5) x lo-" cm3 molecule-I s-I. Also, Bohine 
el al. (8) have established that H- reacts with 
NH, according to 

which has a measured rate constant of (9.0 f 
1.8) x lo-', cm3 molecule-' s-l. The decay of 
the H in Fig. 4 can therefore be attributed to re- 
action ' -  16' and, to a lesser extent, to the reac- 
tion of H- with H 2 0  impurity in ammonia. 
Because of reaction ' - 13' the depletion of H- by 
NH, contributes indirectly to the loss of CH,- 
NH- in the reaction region. The decay of CH,- 
NH- will of course also be influenced by any 
three-body contribution to the reaction of CH,- 
NH- with NH,, uiz. 12. However, both these 
contributions to the CH,NH- decay were never 
sufficient to noticeably influence the ratio of rate 
constants obtained from the fit to the CH,NH- 
decay or the equilibrium constant obtained from 
the equilibrium ion and neutral concentrations 
present at the adopted experimental conditions. 
In all three experiments equilibrium was ap- 
parently attained for reaction '-7', already at 
the smallest additions of ammonia. This is 
demonstrated by the linearity at the lowest flows 
of NH, in the ratio plot shown in Fig. 5. 
Furthermore, the mass discrimination plots were 
observed to be linear over a large range of 
NH, flows. The slopes of these plots were 
independent of the CH3NH2 addition and 
provided an average value form = 0.67 f 0.04. 
These results also provide a good indication 
that any further reactions of NH2-and CH,NH- 
with CH,NH2 (or impurity) and NH, (or im- 
purity) do not sufficiently perturb the equilibrium 
under investigation to prevent the applicability 
of our standard equilibrium analysis. The three 
ratio plots yielded a mean value for K-, of 
0.41 rt 0.04. Fitting of the CH,NH- decay 
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FIG. 5. The observed variation of the ion concentra- 
tion ratio [NH,-]/[CH,NH-1, with NH, addition. The ion 
signal ratio was corrected for mass discrimination. The 
linearity of this plot indicates the attainment of equilib- 
rium at all measured NH, flows. T = 297 K, p = 0.287 
torr, 6 = 9.3 x lo3 cm s-', L = 59 cm, and m = 0.65. 

provided a unique value only for the ratio of 
rate constants (k-,/k,),. The mean value for 
(k-,/k,), obtained from the three experiments 
was 0.41 + 0.03. Fig. 4 includes a fit to the 
CH3NH- decay. 

The initial slope in the decay of CH3NH- 
provides a lower limit for k-, of -4  x lo-' '  
cm3 molecule-I s-'. This result together with 
the observation that k-,/k, = 0.41 provides a 
lower limit fork, of - 1 x 10-'0cm3 molecule-' 
s-I . 

The addition of H, to a CH3NH2-He plasma 
in which CH3NH- is initially a dominant ion 
resulted in the ion variation shown in Fig. 6. 
The entire decay of the CH,NH- signal was 
attributed to the proton-transfer reaction as 
there was no evidence for other reaction channels. 
Several alternative (thermodynamically allowed) 
reaction routes can be envisaged which result 
in the interconversion of CH3NH- and H-, ci:. 

FIG. 6. A determination of the rate constants for the 
reaction of CH,NH- with H, from the best fit to the 
observed decay of CH,NH- upon addition of Hz  into a 
He-CH,NH2 plasma. T = 297 K , p  = 0.345 torr, 6 = 8.3 x 
lo3 cm s-', and L = 60 cm. 

I CHJ N+ FLOW = 6 6 ~ 1 0 ~ 9  molecule r 

b 4 -  
K I I /  

FIG. 7. The observed variation of [H-]/[CH,NH-] 
with H, flow showing the approach to and attainment of 
equilibrium for the reaction CH,NH- + H, F? H- + 
CH,NH,. The best straight line through the data points 
at high H, flows yields a value for K of 11. T = 297 K, 
p = 0.345 torr, 1, = 8.3 x lo3 cm s-', L = 60 cm, and 
tn = 1.4. 

N H,- Four separate experiments were performed 
However there was no evidence for the rapid over a range of flows of CH3NH2 from 3.84 x 
occurrence of these alternate routes; no NH,- 1017 - 6.6 x 1018 molecule s-', a range of fi 
was observed at low flows of H, and CH3NH2. from 8.3-9.1 x lo3 cms-', and reaction lengths, 
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NHJ FLOW = 5 . 2 x / 0 / 8  molecule s-I 

- 

NzH5- - 
a -- 

0 I 2 3 4 5 

CzH5NH2 FLOW / lmolecule s - l x 1 0 1 ~ )  

FIG. 8. The variation of the major negative ion signals 
recorded upon the addition of C,H5NH2 into a N H , H e  
plasma in which N H ,  is initially dominant. The solid 
line drawn through the observed NH,- decay represents 
the best fit which provides the values indicated for the 
rate constants of the reaction NH2- + C,H,NH, F? 

C,H,NH- + NH, .T  = 295K,p  = 0.398torr,c = 8.2 x 
10, cm s-', and L = 85 cm. 

L = 60 and 84 cm. The total gas pressure, 11. 
had values from 0.287-0.354 torr. Fitting of 
the four decays of CH,NH- using analysis B 
(6) resulted in unique values for both k, ,  = 
(2.0 + 0.2) x 10" cm3 molecule-' s-I and 
k-,, = (1.6 + 0.3) x lo-'' cni3 molecule-' s-I 
and a mean value for (k13/k~,,) , ,  = 13 + 2. 
In three of the four experiments equilibrium 
was established at high flows of H2. Fig.' 7 
shows the ratio plot for one of these three 
experiments. The linear regions in all three 
ratio plots could be fitted with a value for 
K13 = 11.0. 

[18] N H 2  + C,H5NH2 P C,H,NH- + NH, 

Figure 8 shows the variation of the dominant 
negative ion signals upon addition of CzH,NH2 
into a NH3-He plasma in which NH2- is 
initially a major negative ion. Along with the 
usual unreactive impurity ions, ion signals were 
monitored at tnle 1, 16, 31, 33, and 44 which 

were identified as H-, NH2-, N2H,-, N2H5-, 
and C2H,NH- respectively. 

H- initially present in the NH3-He plasma 
reacts with C2HSNH, according to 

[I91 H- + C,H5NH2 + C,H5NH- + Hz 

The C2H,NH- produced in this reaction con- 
tributes about 10% to the total C,H,NH- 
signal. The observed increases in the N2H5- 
and N2H3- signals can be ascribed either to 
additional channels for the forward reaction, 
1'1:. 

or to additional channels for the reverse reaction, 
C I Z .  

This latter possibility was however ruled out on 
the basis of the observed independence of the 
C2HjNH-/N2H,- and C2H,NH-/N,H3- ion 
signal ratios on the flow of NH,. Finally the 
slight increase in the OH-signal with C2H,NH2 
addition can be attributed to the reactions of 
H-, NH2-, and C2H,NH- with HzO impurity 
in C2H,NHz (lo). 

Five separate experiments were performed 
over a range of flows of N H, from 1.4-7.6 x 1 018 
molecule s-' a t  total gas pressures, p, in the 
range 0.334-0.445 torr and effective reaction 
lengths, L, of 60 and 85 cm. The gas velocity, F, 
had values in the range 8.1-8.6 x lo3 cm s-I. 
The standard equilibrium analysis adequately 
reproduced the behaviour of the NH2- and 
C2H,NH- ion signals under these operating 
conditions. The mass discrimination factor, the 
ratio of rate constants, and the equilibrium 
constant were observed to be independent of 
the flow of NH, and C2H,NH2. Apparently 
the rates of the competing and secondary 
reactions were low enough to leave the equilib- 
rium undisturbed. The application of the stan- 
dard fitting procedure to the five decays of N Hz- 
yielded unique values for k,, = (1.6 f 0.1) x 
lo-' cm3 molecule-' s-I, k - , ,  = (1.1 + 0.5) x 
10-l2 cm3 niolecule-' s-I and (k,,/k-,,),, = 
(1.3 + 0.3) x lo3. The fit to the decay of NH2- 
in one of these experiments is shown in Fig. 8. 
In four of these experiments and two additional 
experiments performed at higher flows of NH, 
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NH3 FLOW 1 5.2r10~8molecule s-I 

> 7.5- 
~ : l . ~ r / 0 3  

2 < 

- 

FIG. 9. The observed variation in the ion concentration 
ratio [C2H,NH-]/[NHz-] as a function of C,H,NH2 
addition showing the approach to and attainment of 
equilibrium for the reaction NH,- + CzH,NH2 2 

C2H,NH- + NH3. The best straight line through the 
points at high C2H,NH2 flows yields a value of K = I .2 x 
lo3. T  = 295 K, p = 0.398 torr, L: = 8.2 x 10" cm s- ' ,  
L = 85 cm, and In = l .2. 

(1.9 and 4.4 x 10"' molecule s-I) equilibrium 
was achieved at high flows of C2H,NH2 as 
illustrated in Fig. 9. The slopes of the linear 
portions in the ratio plots yielded a value for 
K , ,  = (1.3 5 0.3) x lo3 which is in good agree- 
ment with the ratio of rate constants determined 
with the fitting procedure. 

The observed decay of the H- signal and the 
accompanying rise in the C2H,NH- signal with 
addition of C,H5NH2 into a NH3-H,-He 
plasma is shown in Fig. 10. The H- is produced 
by electron impact on NH,. Sufficient Hz, 
which acts as the back reactant in this e x ~ e r i -  
ment, was added downstream of the ionizer 
to remove NH2- prior to the reaction region 
via reaction 16 which also ~ r o v i d e s  an additional 
source of H-. The additi'on of small amounts 
of CzHjNHz into the reaction region gave rise 
to  sampling effects reminiscent of our  experiences 
with NH, (8) and also CH,NH,. The sampling 
effects which are evidenced by the sharp initial 
increase in the C1- signal shown in Fig. 10 
discouraged an extensive study of this reaction 
in this direction. At higher additionsofC,H,N Hz 
the ion signals stabilize to reproducible values. 
The fit to the H-  decay shown in Fig. 10 gave a 
value for (k,,:k-,,), = (7 f 3) x 10 whereas 
the ratio plot shown in Fig. 1 1  yielded K,,  = 

l o  1 I I I 
0.5 1.0 

C2H5NH2 F L O W / h o / e c u / e  s - ~ x / o / ~ J  

FIG. 10. The variation of major negative ion signals 
recorded upon the addition of CzHjNHl  into a NH3- 
Hz-He plasma. The solid line drawn through the observed 
H- decay represents the fit which provides the value 
indicated for k , i k ,  of the reaction H- i CzHSNHL F! 
C,H,NH- + Hz. T =  2 9 8 K , p  = 0.316 torr ,?  = 8.4 x 
lo3 cm s-I, and L = 59 cm. The flow of NH, = 5 x 10" 
molecule s-I. 

0 I I I I I 
0.25 0.5 0.75 /.O 1.25 

CZHJ N+ F~&+'/(ma*cu/a s - l r 1 0 4  

FIG. I I .  The observed variation in [C2HjNH-]/[H-] 
as a function of C,HjNHz flow for the data shown in 
Fig. 10. The best straight line through the points yields a 
value for K = 80. rn = 0.4. 

(8 f 3) x 10. The large uncertainty in the 
value for K arises from the uncertainty intro- 
duced in the determination of the mass dis- 
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C 2 H 5 N H - +  Hz = H - + C 2 H 5 N H 2  

C2H5NH2 FLOW 2.0x10~~rno lecu le  S-I 

l o 2  I- 2 

Hz FLOW / l rnolsculs s - I  ~ 1 0 ~ ~ )  

FIG. 12. The variation of the reactant C2H,NH- and 
product H-ions upon the addition of HZ into a C,H,NH2- 
He plasma in which C,H,NH- is initially a dominant ion. 
The solid line through the C,H,NH- decay is a fit which 
provides a value for k , / k ,  of 0.013. T = 298 K, p = 0.309 
torr, c = 8.9 x 1@ cm s-', and L = 59 cm. 

crimination factor by the unfavourable sampling 
conditions. 

The rate constant for reaction 19 was deter- 
mined from the earlier studies of reaction 18. 
In these latter experiments the small amounts 
of H- present in the absence of H, were observed 
to react rapidly with C2H5NH, (see Fig. 8) 
with a rate constant k,, = (1.1 f 0.1) x lo-" 
cm3 molecule-' s-'. 

The decay of the C,H,NH- signal and the 
concomitant increase in the product H- signal 
observed upon the addition of hydrogen into 
a C2H5NH,-He plasma is shown in Fig. 12. 
The slight increase in the OH- signal with H, 
addition may be attributed to the proton 
transfer reactions of H- and C2H5NH- with 
H 2 0  both of which are rapid at 297 K (10). 
The water vapour impurity arises from two 
sources, that present in the back reactant 
C2H,NH2, and that introduced with the Hz. 
The rate constant for the reaction of H- with 
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H 2 0  is almost three times as large as the rate 
constant for the reaction of C2H5NH- with H,O 
so that part of the increase in the OH- signal 
will arise from the more rapid reaction of the 
product H- with the water vapour present in 
the back reactant ethylamine. The slight de- 
crease in the H- signal at large hydrogen flows 
may be ascribed to the reaction of H- with the 
H,O present in the forward reactant hydrogen. 
Three experiments were carried out under the 
following range of conditions: L. = 8.4-8.9 cm3 
s-', p = 0.309-0.316 torr, L = 59 and 85 cm, 
and C2H5NH2 flow = 1.75-7.3 x 1017 mole- 
cule s-'. The maximum H, flow was 2.4 x loZ0 
molecule s-'. An extended analysis which in- 
cluded the further reaction of both H- and 
C2H5NH- with the quoted levels of water im- 
purity in the Hz and C,H,NH, indicated that 
the standard analysis of the C2H5NH- decay 
under these operating conditions should provide 
values for the rate constants within 10% of the 
true values for flows of C2H5NH2 below - 3 x I O l 7  molecule s-'. Figure 12 shows a 
fit to the C2H5NH- decay as determined with 
the standard analysis. This fit provided a value 
for k-,,/k,, = 0.013. The extended analysis 
also indicated that the occurrence of the 
reactions of H- and C2H5NH- with the H,O 
impurities in H, and C,H,NH, would not 
noticeably influence the determination of the 
equilibrium constant from the equilibrium 
concentrations present under the chosen operat- 
ing conditions and that the true value of the 
mass discrimination factor could be obtained 
from the data taken at  low flows of hydrogen. 
The ratio plot of the data shown in Fig. 12 is 
displayed in Fig. 13. It provided a value for 
K-,, = 0.010. In all three experiments equilib- 
rium was established already at  the lowest 
flows of H, used. The three ratio plots provided 
a mean value for K = 0.01 2 + 0.004. 

Figure 14 shows the variation in the major 
negative ion signals upon the addition of 
dimethylamine into a NH3-H,-He plasma in 
which H- is initially a major negative ion. Of 
the ions monitored in the range m/e 1-50, only 
the ions with m/e 1 (H-)  and m/e 44 ((CH3),N7) 
responded significantly to the addition of di- 
methylamine. Figure 14 also includes the be- 
haviour of the tn/e 46 (NO,-) signal which 
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H -+ a/, NH = 1CH3/, N - t Hz 

Hz FLOW s2D x/&o/ecu/e s-I 

K -61103 

FIG, 13, ~h~ of the ratio of the product to FIG. 15. The variation of the ratio of the product to 
reactant ion concentrations, [H-],[C2H,NH], with HZ reactant ion concentrations, l(CH,),N-J/lH-I- with 
addition for the data shown in Fig. 12. t ~ i  = 2.4. (CH,),NH addition for the data shown in Fig. 14. 

nl = 3.8. 

H - + ( C H ,  j, NH = (C4 j, N-+ Hz 
Hz FLOW - 2.0 x / O m o / e c u / e  s-1 

/CH3b NH FLOW /(mo/ecu/e s-1 101 71 

FIG. 14. The determination of the ratio of rate con- 
stants for the reaction H- + (CH,),NH * (CH,),N- + Hz 
from the best fit to the observed decay of H- upon the 
addition of (CH,),NH into a NH,-H,-He plasma at  
high fixed H, flow. T = 296 K , p  = 0.457 torr. F = 8.7 x 
103cms-',and L = 85cm.Thef lowofNH,  = 3.5 x 10'' 
molecule s-'. 

1.98 x 10"' molecule s-') and (CH3)2NH flows 
(0-7.0 x 10" molecule s-') sufficiently large 
to allow the determination of unique values for 
kz, and k-,, from a fit to the H- decay and K,, 
from equilibrium concentrations using the stan- 
dard analysis. The pressure had values in the 
range 0.372-0.457 torr, I. had values in the 
range 8.2-8.7 x lo3 cm sC1 and L had values 
of 60 and 85 cm. In two experiments the 
hydrogen flow was sufficiently low to  permit the 
determination of unique values for k,, = 

(4.30 t 0.4) x lo-" cm3 molecule-' s-I and 
k-Z, = (8.7 f 1.2) x 10-l3 cm" molecule-' s-' 
from fits to the H- decay. The third experiment, 
the data for which is shown in Fig. 14, provided 
only a unique value for the ratio of rate con- 
stants k,,/k-,, = 4.8 x lo3. One additional 
experiment was carried out in which hydrogen 
back reactant was not added. A fit to the expo- 
nential decay of the H- signal provided a value 
for the forward rate constant k2, = 4.2 x lo-" 
cm3 molecule-' s-'. In two of the experiments 
equilibrium was established. One of the ratio 
plots is shown in Fig. 15. The linear portions 
of the two ratio plots provided a mean value 
for K,, of (5.4 -t 1.1) x lo3. Due to the large 
value of the equilibrium constant no attempt 
was made to investigate reaction 20 in the 
reverse direction. 

typifies the usual behaviour of an unreactive [21] NH2- + i C H 3 ) 2 N H  F? iCH,) ,N- + NH3 

impurity ion. One experiment was performed to investigate 
Three separate experiments were performed the proton transfer reaction 21 in a flowing 

over a range of hydrogen flows (1.10 x 10"-- NH3-He plasma. Due to the large value of the 
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TABLE 3. Changes in the standard free energy, standard entropy, and standard enthalpy at 298 K for proton 
transfer reactions of the type X- + YH F? XH + Y- involving Hz, NH,, and several amines 
-- --- 

Reaction -AGo2,,/(kcal mol-') AS029n/(eu) -AHo2,,/(kcal rnol-') 
--- 

NH2- + H2 F? H- + NH3 1 . 9 k 0 . 2  (8) - 4 . 3 0 0 . 5  (8) 3 . 2 k 0 . 4  (8) 
NH2- + CH,NH2 2 CH,NH- + NH, 0.51 +O. 10 + 0 . 4 + 1 . 6  0 . 4 k 0 . 6  
CH3NH- + Hz F? H- + CH3NH2 1 . 5 + 0 . 2  - 4 . 5 k  1 . O  2 . 8 k 0 . 5  
NH2- + C2H,NH2 P C2H,NH- + NH, 4 . 2 k 0 . 2  + 0 . 8 +  1 .6  4 . 0 k 0 . 7  
H- + C2H5NH2 P CZHsNH- + Hz 2 . 6 k 0 . 2  + 5 . 1 + 1 . 0  1 . 1 k 0 . 5  
H- + (CH3),NH P (CH,),N- + Hz 5 . 0 + 0 . 1  + 3 . 5 + 1 . 0  4 . 0 i 0 . 4  

equilibrium constant, - lo', and unstable 
sampling conditions at  the required flows of 
ammonia and dimethylamine, reaction 21 was 
not studied under equilibrium conditions. From 
the decay of the N H,-ion at moderate (CH3),N H 
flows i t  was possible from this one experiment 
to determine a value for k,, - 3 x lo-" cm3 
molecule-' sf'. The conditions under which 
this experiment was carried out were: p = 0.367 
torr, t. = 8.6 x lo3 cm s-', L = 60 cm, and 
NH, flow = 2.9 x 10'' molecule s-I. 

[22] NH2- + (CH,),N P (CH,j2NCH2- + NH, 

An investigation of reaction 22 was carried 
out again in a NH3-He plasma in order to 
assess whether any of the methyl protons were 
acidic enough to be abstracted by NH,-. For 
large additions of trimethylamine ( - 1 x 10'" 
molecule s-') the NH2- ion was observed to 
decline slowly with an accompanying increase 
in the ion signals at  m/e 31, 34, and 44 which 
were identified as CH3NH-, OH-.NH,,  and 
(CH3),N- respectively. A careful search was 
made for the ion (CH3)2NCH2- (mle 58), 
which would be the product of reaction 22, for 
the conditions: p = 0.336 torr, C = 8.1 x I@ 
cm s-', L = 59 cm, NH, flow = 1.7 x 10" 
molecule s-', and (CH3),N flows up to 1 x 10'" 
molecule s-'. The failure to observe (CH,),; 
NCH2- over this range of flows suggests an 
upper limit to the rate constant for reaction 22 
of 1 x 10-'' cm3 molecule-' s-I. The majority 
of the observed decay of the NH2- signal could 
therefore be attributed to proton transfer re- 
actions with the impurities H 2 0 ,  CH3NH,, and 
(CH,),NH present in the (CH3),N. All of these 
reactions are rapid, and the rate constant for 
the depletion of NH,- determined from the 
slope of the NH2- decay, k = 3.8 x lo-" cm3 
molecule-' s-I, was consistent with the total 

rate constant expected from the quoted impurity 
level of - 1%. However, a part of the increase 
in the m/e 44 signal could have been due to the 
displacement reaction 

and/or the reaction 

Discussion 
Table 1 indicates the agreement between the 

measured ratios of rate constants determined 
from fits to the primary ion decays (and inde- 
pendent of mass discrimination) and the mea- 
sured equilibrium ion concentrations (corrected 
for mass discrimination) together with their 
observed independence on the direction of 
approach to equilibrium. These results, together 
with the observed constancy of the measured 
ratios of rate constants and equilibrium con- 
stants over the range of reaction times and 
neutral concentrations adopted in these experi- 
ments, provide confidence that these measured 
values represent true equilibrium constants 
(6, 11). Further confidence is provided by the 
internal consistency between single-step and 
multi-step measurements. The equilibrium con- 
stant of 26 k 6 determined directly from a 
study of the NH,/H, system (8) compares 
favourably with the equilibrium constants of 
29 $ 12 and 17 k 8 determined indirectly from 
a study of the NH3/CH3NH, and CH3NH2/H2 
systems and the NH,/C,H,NH, and C,H,NH2/ 
Hz systems, respectively. The measured equilib- 
rium constants summarized in Table 2 should 
therefore provide values for changes in the 
standard Gibbs free energy, AGO2,,, according 
to the relation 



M A C K A Y  E l  A L  

TABLE 4. Absolute intrinsic acidities of amines at 298 K 
-- -- -- 

RH P R + H' AGo2,,/(kcal mol-') 

H2 * H- + H+ 3 9 4 . 2 k 0 . 5  (12) 
NH, s N H ,  + H+ 3 9 6 . 1 1 0 . 7 ( 8 )  
CH,NHZ P CH,NH- + Hi 3 9 5 . 7 k 0 . 7  
C2HSNH, P C , H , N H  + H+ 3 9 1 . 7 + 0 . 7  
(CH3),NH * (CH,),N- + H+ 3 8 9 . 2 k 0 . 6  
(CH,),N 2 (CH3),NCH2- + H+ >396 

The thermodynamics of the proton transfer 
reactions may be specified further by estimating 
the standard entropy changes, ASo2,,, from 
the known or  estimated entropies of the indi- 
vidual species (12) and then calculating the 
standard enthalpy changes, AHo2'18, according 
to the relation 

[241 AH", = AGO, + T A S O ~  

The results of these calculations are sum- 
marized in Table 3. The entropies of the amide 
ions CH,NH-, C,H,NH-, and (CH,),N- were 
assumed to be equal to the entropies (1 3) of the 
isoelectronic species CH,OH, C,H,OH, and 
(CH,),O respectively. 

AGO,,, for reactions of types [2] and [3] is a 
measure of the difference in the intrinsic acidity 
of the pairs of Br$nsted acids H2 and R, R,NH 
and NH, and R ,  R,NH, respectively. Absolute 
values for the intrinsic acidities of the amines, 
R,R,NH, can therefore be derived from the 
values of AGO,,, in Table 3 when reference is 
made to the well-established intrinsic acidity of 
Hz. The relative acidity of H, and NH, has 
been measured previously (8). The resulting 
acidities are summarized in Table 4 and the 
scale of acidities shown in Fig. 16. The order 
of acidity, ci:. dimethylamine > ethylamine > 
methylamine > ammonia is consistent with 
that first determined by Brauman and Blair (2) 
with their ion cyclotron resonance and pulsed 
double-resonance spectroscopy techniques. 
However, the absolute magnitudes of the 
differences in acidity show an unexpected pat- 
tern. The acidity increase from NH, to CH,NH, 
is only 0.4 kcal mol-' while the corresponding 
increase from CH,NH, to (CH,),NH is 6.5 
kcal mol-'. Furthermore there is a rather large 
increase of 4.0 kcal mol-' from CH,NH2 to 
C2H5NH2.  

The observed order of increasing acidity of 
the amines with increasing alkyl substitution 

FIG. 16. Scale of intrinsic acidities. The measured 
relative acidities of pairs of Brdnsted acids are repre- 
sented by the brackets shown on the right hand side. 
The scale is set by the well established value of the acidity 
of H,. The shaded rectangles indicate the experimental 
uncertainty in acidity relative to the acidity of Hz. The 
uncertainty in the absolute acidity is indicated for H, and 
H 2 0  which is included for comparison. 

has been rationalized bv Brauman and Blair 
(2) in terms of a model in which the charge 
localized on the N atom of the conjugate base 
is stabilized by the alkyl group acting as a 
polarizable medium. Such a model has also been 
invoked to explain the acidity orders observed 
for aliphatic alcohols (14) and monosubstituted 
carboxylic acids (IS), acetylenes (16), and 
phenols (17). However, a 'first member anomaly' 
is observed in the latter groups of acids (except 
o-substituted phenols) in the sense that formic 
acid, acetylene, and phenol have acidities which 
are unexpectedly large relative to the acidities 
of the other members of their homologous 
series. For the acidities of the amines reported in 
this study the small difference in acidity between 
NH, and CH,NH, compared to the larger 
differences between CH,NH, and (CH,),NH 
as well as between CH,NH, and C,H5NH2 
may also reflect a similar anomaly in that the 
acidity of NH, can be regarded to be un- 
expectedly large. The first member anomaly has 
been explained qualitatively in the case of the 
acetylenes and carboxylic acids in terms of a 
superimposition in the conjugate base of intrinsic 
permanent dipole and intramolecular induced 
dipole effects which act to localize and de- 
localize respectively the charge on the site in the 
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TABLE 5. A comparison of experimental and calculated proton affinities (in kcal mol-I) ofanions 

Calculatedb 
-- 

R- Measured" Hopkinson et a/. (5) Radom (4) Hehre and Pople (3) 

"PA = AHo,,, for the reaction R H  * R -  + H * .  
hPA = AE. 
'AE corrected for zero point vibration. 

TABLE 6. Standard heats of formation of amide ions, the electron affinities of the corresponding 
radicals, and pertinent thermochemical information in kcal mol-'. Values determined in this study are 

underlined 

RH AH0,.,98(RH) AH0,,298(R) AH0f,2w(R-) EA(R) 

- 

"Calculated from Do,,,(C,H,N H-H) 2 D0,,,(CH,NH-H) = 101 

anion from which the proton was removed. It is 
questionable whether a similar explanation is 
also appropriate in the case of the amines. 
Further measurements of acidities of other 
homologous series should provide a more con>- 
plete and quantitative appreciation of all the 
factors which influence gas-phase acidity. The 
only quantitative assessment which is possible 
at this time is provided by quantum mechanical 
calculations of proton removal energies. 

A number ofquantum mechanical calculations 
of proton removal energies have recently been 
attempted for amines. Table 5 includes the 
results of ab itiitio molecular orbital studies 
reported by Hopkinson er a/. (5), Radon1 . (4). 
and Hehre and Pople (3). Although the calcula- 
tions differ appreciably in quality according to 
the choice of the basis sets, they all correctly 
reproduce the observed order of proton affinity 
of the amide ions in the gas phase. However, 
the calculated absolute energies for proton 
removal are consistently higher than the experi- 
mental values by as much as -35%. Better 
agreement (within - 10%) is obtained with the 
more extensive basis sets. Differences in intrinsic 
acidities also appear to be reproduced more 
accurately with the extensive sets. For example, 
the measured proton affinity difference of 

+ ? kcal mol-' (2) .  

3.8 + 2.0 kcal mol-' for PA(CH,NH-)- 
PA(C2HsNH-) compares more favourably (in 
fact remarkably well) with the value of 3.5 
kcal mol-' obtained by Radom (4) with the 
extended 4-31G set than the value of 1.3 kcal 
mol-I obtained with the minimal STO-3G set. 

The experimentally determined values of 
AH0,,, given in Table 3 for reactions of types 
[2] and [3] provide a measure of AH0,,,,, 
(R ,  R,N-), EA(R, R2N), and PA(R, R2N-) ac- 
cording to the relations 

where R = H o r  NH2. The heats of formation 
of the amide ions and the electron affinities 
obtained in this manner are given in Table 6 
and the proton affinities of the amide ions are 
summarized in Table 5. The trend in electron 
affinity with alkyl substitution of the amino 
radical also supports the notion that polarizable 
alkyl groups disperse negative charge from a 
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charged centre and that larger alkyl groups do must await measurements of the temperature 
so more effectively (2, 4). dependence of the rate constants and detailed 
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