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Kate constants for proton-transfer reactions of the ty$e XH+ + CHsNO* +CHsNO*H+ 
+X(l) where X = Hz, D2, Ns, C02, CQ, N20, CO, H20, HCN, CH3CHCH2, and 
CHsO& and of the type CHsNOa + X- + XH + CHaNO, (2) where X E NH*, H, D, OH, 
CH30, &HsO, GH, CHsCOCHs, and CHsS have been measured at 297 k-2 K using the 
flowing afterglow technique with vahaes ranging from 0-l to 1.3 X lo-’ cm3 moleculeWf 
s -I_ Kate constant and equilibrium ion concentration measurements for proton transfer 
ftom C3H7’ to CH3NO2, from CHsNOzH+ to CHsOH, and from CH3NO2 to CH3S_pro- 
vided values for equilibrium constants of 3 f 1.1.3 i 0.4 and 1.9 f -0.3, res&ctively, from 
which vaiues for PA~~~(CH~NOZ) = PA~,J~(CH~OH) = 181 r 3 kcal mol-’ and 
PA2ss(CH2N02) = 357.6 ? 2.8 kcal mol-’ were deduced. Several of the more exoth&mic 
members of reactions of type (1) appeared to proceed, at least in part; by dissociative 
proton transfer to produce NO* and CHsNO+_ In ‘&e case of reactions-of type (2),-proton 
transfer predominated over exotherrnic NO; displacement- The measured rate constants 
are compared with the predictions of the Laugevin. average-dipole-orientation and lock&d- 
dipole theories of ion-molecule collisions. The average-dipoIe-orientation theory provides 
the most realistic collision rates for these reactions although these appear to be under- 
estimated on average by ca_ 10% and ea. 5% for reactions of type (1) and (2), respec- 
tiveiy_ The observed variations of reaction efficiency withexothermicity are discussed in 
terms of current models of the mechanism for proton transfer_ 

DZL’KODUCTION 

Extensive rate measurements have been made in our flowing afterglow 
laboratory during the past few years for a large number of exothermic reac- 
tions involving the transfer of a proton either from an ion to a molecule _ 

xH++Y+YH++x - (1) . _ 
or from a molecule to an ion 

~_ . 
YH+X_+-xH+Y_ - - 

_ _ _-- 
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For such reactions involving simple molecular systems in which Y and YH 
are polar molecules, these measurements have indicated large room-tempera- 
ture rate constants sp arming a range in values from O-1 to 1.5 X IO-’ cm3 
molecule-1 s-l which can generally be accounted for, within experimental 
error, by the average-dipole-orientation (ADO) collision theory when proton 
transfer is assumed to proceed on every encounter [l-33. However, some of 
these measurements, measurements of momentum-transfer collision hequen- 
ties [43, and other theoretical approaches [ 5 J have indicated that the ADO 
theory, in its present form, may actually underestimate the collision rate. 
The assumption of unit probability for proton transfer has also come into 
question 161, especitiy for more complex molecular systems involving 
charge-delocalized ions f?]. Attention has been drawn to a number of short- 
comings of the ADO collision model, which contiues to be extended and 
refined [S J _ Theoretical aspects of proton-transfer reaction probability have 
largely remained obscure, although valuable qualitative models are beginning 
to be developed [7] _ To provide further experimental insight and support 
data for future developments in proton-transfer collision and reaction theo- 
ries, we report here rate and equilibrium-constant measurements for reac- 
tions of types (1) and (2) with CH3N02, a highly polar molecule (pn = 
3.46 D) with a large poIarizabili@ (0~ = 5.2 It3)_ The relatively high proton 
affinity of CH3N02 and low proton affinity of CH,NOP allowed the choice 
of a wide variety of XH’ ions with X = Hz, D,, Nz, CO1, CI&, NzO, CO, 
H,O, HCN, C3Hs, and CH,OH, as well as X- ions with X = NH*, H, D, OH, 
CHSO, CzH*O, CzH, CH&OCH2, and CH& 

EXPERBIENTAL 

The experiments were carried out in a flowing plasma mass-specizometer 
(flowing afterglow) system in the usual manner IS]_ Positive ions XIF’, where 
X = Nz, CO=, CH,, N,O, CO, HzO, HCN, CH&HCH2, and CH,OH, were gen- 
erated according to the proton-transfer reaction 

G+X+XH++H, (3) 

by introducing the appropriate gas, X, upstream of the reaction region into a 
pure hydrogen afterglow in which Hz is the dominant ion, Df was established 
by the fast reaction 

D’:+D,+D;+D (4) 

upon the addition of Dz into a helium plasma_ The negative ions were gener- 
ated in both helium and hydrogen carrier gas either by electron impact on 
the approptiate neutral reagent - H-, NH, (NH,), OH- (H,O), CH,O- 
(CH,OH), CzH50- (C2HSOH) - or by proton transfer to OH- from C2H2. 
CH3COCH3, CH,SH, and CH3N02 according to the reaction 

YH+OH-+-H,O+Y- (5) 
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The D- ion was produced by the proton-transfer reaction of NH; with I& in 
a helium plasma only. -Typical operating conditions in these experiments 
encompassed total gas pressures,P,intherange 0.29-0.514Torr,gasve1oci- 
ties, F, iu the range '7.2-8.1 X 10' cm s?, and reaction lengths, L, of 60 and 
85 cm. At the end of the reaction region the plasma was sampled with a 
quadrupoIe~spectrometer~ough asmdorifice mountedatthetipof 
a sampling nose cone. The observed variations in the reactant and product 
ion signals as a function of reactant gas addition at a Fixed addition of back- 
reactant gas provided the raw data from which the rate and equilibrium con- 
stants were derived. 

The gases used were helium (Linde, Prepurifikd G&de, 99.995% He), 
hydrogen (Linde, Very Dry Grade, 99.95% HZ). deuterium (Matbeson, C.P. 
Grade, 99.5% (atom)), nitrogen (Matheson, Prepurified Grade, 99.998% N2), 
carbon monoxide (Matheson, C-P. Grade, 99.5% CO), carbon dioxide 
(Matheson, Coleman Grade, 99.99% CO& nitrous oxide (Matheson, 98.0% 
N,O), methane (Matheson, Ultra High Purity, 99.9% CH& propene 
(Matheson C.P. Grade, 99.0% C3H6 (liquid phase)), ammonia (Matheson, 
anhydrous, 99.99% NH3), boiled distilled water, methanol (BDH, Analytical 
Reagent), ethanol (Consolidated Chemicals, Absolute, 10% mixture of 
C2HSOH vapour in He), acetylene (_Matheson, Prepurified Grade, 99.6% 
&HZ), nitromethane (Fisher Scientific Company, Spectranalyzed Grade, 
10% mixture of CH3N02 ;Jz He). The HCN was prepared by the action of sul- 
phuric acid on an aqueous solution of KCN [lo], dried by passing it over 
anhydrous CaCl3, and further purified by distillation in vacua. 

RFSULT’S ANDDISCUSSION 

The proton affirtity of nitromethane 
Several years ago Kriemler and Butrill [ill reported the observation in 

their ion cyclotron resonance spectrometer of a number of proton-transfer 
reactions involving &romethsne. Negative double resonance signals were 
recorded for the transfer of a proton from H3S+, C3H,, and CH3Os to 
CH3NOZ, and from CH3N02H to CH3COCH3, CH3CH0, and CH30H. These 
observations established the order of proton affinities H#, CH3CHCH3 < - 
CH30H = CH,NO_, < CH3CH0. CH,COCH, and led to au estimated value for 
PA(CH,NO,) of ca. 180 kcal mol-l when reference was made to proton 
affinities available at that time. When reference is made to the proton affini- 
ties recently reported by Yamdagni and Kebarle [12], this order leads to a 
value for PA(CHsN02) of ca. 182 kcal mol-‘. With this order as a guide and 
in an attempt to establish the accuracy of these estimates of PA(CHsNO& 
we have reinvestigated the proton-transfer reactions 

C3H, + CH3NO+ = CH3N03H* + C,Hs (6j 

CH3N02H+ + CH3OH * CH30G + CH3NO+ F (7) 

Both directions of e&h reaction were studied in separate expe.r@nents.:Pro- 
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ton transfer was observed to be rapid in each case with k, = (2-3 f O-8) X 
ZO-‘_ k+ = (9.6 + 2-4) X 10-x0* k7 = (l-7 f O-4) X IO-‘, and k_, = (l-3 t O-3) 
X lo-lo cm3 molecule-’ s-l_ These results are all consistent with the earlier 
qualitative studies of Rriemler and BufzilI [ll] and provide values for Sr, = 
3-tl,andK,=l_3f0_4at297r2K_ 

The equilibrium constant for reaction (6) establishes that PAzg8(CH3N02) 
--PAzg8(C3Hs) = O-6 i- 0.2 kcal mol-1 with the assumption that 6Gsga = 
mg8 thatPA2g8(CH3N02) = 1812 3 kcal mof-’ when the proton affinitv of 
propene is used as a reference_ PA2g8(CH3CHCH2) can be derived to be 180 2 
2 kcal mol-’ from m_as8(CH3CHCH2) = 4.88 + 0-l kcal mol-’ [13], 
w.sssw) = 367.12 F 0.01 kcal mol-1 1147 and AH&ss(s-C3HG) = 192 f 
2 kcal mol-’ as reported by Los&g and Semeluk [15]_ The difference, 
PAzg8(CH30H) -PA+g8(CH3N02) is only O-16 i- O-05 kcal mol-’ according to 
the value measured for K, and with the assumption that AGzgs = wg8, so 
that PA,,,(CH,OH) = 181 i 3 kcal mol-‘, which agrees, within experimental 
error, with previous determinations Cl6J- Also PAzgs(CH30H) - 
PA2g8(CH3CHCH2) = O-8 kcal mol-I, which compares favourably with the value 
of 1-l kca.l mol-” determined recently by Yamdagni and Kebarle [12] from 
equilibrium constant measurements made with their pulsed electron beam 
high-pressure ion source mass spectrometer_ 

Kinetics of reactions of XH’ with niiromethane 
The rate constanfs for reactions of type (1) were measured from the decay 

of XH’ in the usual manner and are s ummarized in Table I_ The behaviour of 
positive ions observed upon the addition of CH3N02 into a pure H2 plasma is 
shown in Fig, 1, At Ieast three channels appeared to be available for the reac- 
tion of H; with CH3N02: 

H; + CH3NOz --f CHaO,H+ + H2 (8a) 
+ NO’ + (CH30H f H,) (8b) 
+ CH,NO’ + (OH + Hz) (8~) 

The choice of the combination of neutral products for channels (8b) and 
(8~) reflects the dissociative proton-transfer model which wilt be invoked 

‘below to account for the observations made for these reactions_ CH3NO’ 
reacts -further with CHsNOi, apparently by proton and methyl-cation trans- 
fer [ll] according to 

CH3NO+ +- CH,NO, + CHJVO,H+ + CH,NO (9a) 
+ C2H6NOf f NO (9h) 

Notwithstanding the uncertainties introduced by this further reaction of 
CH$JO* and mass discrimin ation, we estimated branching ratios for reaction 
(8) of CH,NO,H’ (550/o), NO* (44%), and CH3NO+ (1%). Similar observations 
were recorded for the reaction of D3 with CH,NO,_ Channel (8b) was also 
observed for the reactions with N&Xi, CO&+, CH& N,OH’, and 1130* but in 
considerably diminished amounts - viz approximately O-5, 0.3, 0.07,0.06. 
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TABLE 1 
Rate constants at 297 + 2 R (in units of 10mg cm3 mole&e-f s-l) for reactions of the 
type XH’ + CH3NOl --t CHSN02H* + X 

xH* k-P 
kAD0 

H; 8.03 i O_lO [4] 7-74 

*+3 5-s 20-6 [3] 5.60 
CH‘; 4.13 + 0.37 [4] 3.59 
H30+ 4-11 -F O-24 [4] 3.44 
H&N+ 3-75 t O-23 [3] 2.99 
HCO+ 3.33 f 0.09 [3] 2.95 
N2H+ 3-29 i O-12 [3] 2.95 
CH30H; l-32 i O-04 [33 2-83 
C3H3 d 2.3 + O-3 131 2-60 
CO*H* 2.82 F O-05 [4 ] 2-57 
&OH’ 2-70 ZE 0.02 [3] 2.57 

1.04 
l-04 
1.15 
l-19 
l-25 
l-13 
l-12 
O-47 
0.88 
l-10 
1.05 

80 +4 
80 +4 
50 *5 
15 f5 
10 +5 
38 +4 
64 24 

-0.16 f 0.05 e 
0.6 20.2 e 

52 25 
43 f5 

a The mean value and the precision of the measure me&s_ The accuracy is estimated to be 
better than 225%. The number of measurements is given in brackets_ 
b The ccl&Son rate constant cahxdated using the average-dipole-orientation theory (the 
cos 6 model) with C = 0.243 1171. 
c Proton affiiities adopted for the determiuation of AI&& are given in Table 2_ 
d Rotonated propene. 
e Based on the equilibrium constant determined in this study with the assumption that 

*G%s = 49% 

and O.Ol%, respectively_ The data for the H,O’ reaction is shown in Fig_ 2, 
Complications introduced by the 13C isotope prevented a determination of 
this branching ratio in the case of the HCO’ reaction_ Of the ions above, only 
N,W produced a measura ble amount of CH3NO’, viz. channel (&),-and 
again in much smaller quantities, viz. ca. 0.01%. Proton transfer was the only 
observed channel for the reactions of H&N’, &S& and CH,OH~ with 
CH&IOz_ 

These observed trends in the branching ratios a& reminiscent of the obser- 
vations made by F’utrell and co-workers [l&19] in their systematic measure- 
ments of product distributions for-proton-transfer reactions, particularly the 
reactions of W;, O,H’ and various protonated rare gases with C3&, GlS, and 
CtH6. They report a dependence of the observed product distrib_utitions on 
excess energy in. the form of internal energy in the reactant ion and/o; Over- 
all reaction exothermicity and suggest a general di&ct~mech&i.sm for pr&& 
transfer, possibly resembling a stripping prcGss_ In terms of this mechanism. 
excess ener& is deposited not only as intemal~energy of the pr&onated 
prod_uct but also, to a considerable e&tent, as relativ_e translational knee of 
the products. Accordingly, proton transfer will not z necessarily be com- 
pletely dissociative even when the exce& energy exceeds that r&quired for 



H3++ CH3 N02- 

H30’+ CH3N02-Cf+V+H’+H@ 
- __ 
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CH3NQ. FLOW/fmolecufes s -‘SiO’+ 

Fig_ I- The variation of major positive ion signals observed upon the addition of CHsNOz 
into an Hz pfasma in which H$ is initially a dominant ion_ The decay of Hf provides a 
rate constant of 8-O X 10mg cm3 molecule-’ s-l_ 
IO3 cm s-l, and L = 85 cm_ 

T = 295 K, P = O-365 Torr, U = 7.7 x 

Fig. 2_ The variation of major positive ion signals observed upon the addition of CH3N02 
into an E&O-Hz plasma in which H30* is initially a dominant ion. The decay of H30’ 
provides a rate constant of 4.1 x 10sg cm3 molecuie-’ 
V=?.?X 103cms-L,andL=85cm_ 

s-l_ T=298 K, P=OAOO Torr, 

the dissociation of the protonated product. 
The minimum excess energy required for the dissociation of CH,NO,H’ 

into NO* and CH3NO* is 21 and 32 kcal mol-‘, respectively, according to 

CH,NO,W * NO* + CH30H - 21 kcal mol-’ 

+ CH3NO* + OH - 32 kcal mol-’ 
PW 

(lob) 

For reactions of type (1) involving relaxed XH+ ions, this amount of excess 
energy is available in the form of reaction exothermicity when PA(X) 5 161 
and 150 kcaI mol-‘, respectively_ For this calculation the heats of formation 
of CH3N02 and CH,NO’ were taken from the compilation of Franklin et al- 
[20], those of H’, OH, and NO’ from the JANAF’ Tables [14], and that for 
CH30H from the compilation of Benson et al- 1131, The proton affinities 
adopted in this work are given in TabIe 2 from which it is apparent that, of 
the reactions investigated in this study, those involving HCO’, N,OH’, CG, 
CO&l+, N,W, and Hf (Df) have the excess energy required for both dissoci- 
ative proton-transfer channels (incgeeingly so in that order), whereas the 



333 

TABLE2 . . . 

Proton affinities (in kcal moI-I) adopted in the determination of AI$,, -_ 

X PA298 Ref. x-- - __ PA298 Ref_ _. 

H2.332 101+1 21 H-,D- . 400fl 1-4 
N2 117&l 22 NH: 4042 1 25 
CO, 12922 22 OH- 341 14 
C% 131t-2 22 CHsO- 38l-c2 26 
N20 13822 22 GP5‘3’ 378,3 26 
co 143?1 23 C2H- 37823 26 
H20 166&Z 24 CH&OCH,- 36621 27 
HCN 171+2 24 CHBS- 8 . 357f2 

CH,C!HCH2 18OC2 a CH2N0,- 35823 a 
CH3N02 18123 a 

CH30H IsIr a 

= This work, see text. 

reactions involving CH30H& C3H;, H,CN’, and H,O‘ do not. Although the 
NO* and CHINO’ branching ratios observed in these experiments do not 
necessarily represent initial product distributions (the extent of collisional 
stabilization of excited CH&O,H’ at the pressures employed in these exper- 
iments is unknown), their trends are consistent with what is expected in 
terms of this model on the basis of the corresponding excess energies. The 
reactions of CHsOG, C,H‘,, and H,CN’ were observed to proceed solely by 
proton transfer_ The ion H30* appeared to produce trace amounts of NO*, 
probably because this channel is only slightly endothermic. For the other 
ions there was a defkite trend in NO+ production which increase dwith 
increasing reaction exothermicity- The CH&O* ion production was observed 
only for the very exothermk reactions of NzW and s (Dz), again in rela- 
tively larger amounts for the more exothermic case, The sum total produc- 
tion of NO’ and CH3NO‘ never exceeded ca- 45% which is qualitativ&y in 
agreement with the model mechanism according to which a significant frac- 
tion of the excess energy becomes unavailable for internal product-ion exci- 
tation as it is partitioned into relative translational energy, 

The prcfon affinity of ffie niiromefhyl anion 
Proton abstraction from nitromethane was first investigated by Bohme et 

al, [28] in their early fLowing afterglow studies of &siphase acidities_ These 
authors reported the observation at 300 K of proton transfer from CH,NO, 
to n-C.$igS, &HI, -and CCi-;; and the- gas-phase aciety order n-C&ZgSH-> 
CH;NO, 5 C,H, Z CM& > CQCOCH3. With this order aS__ti g+deand ti_ari 
attempt to provide a-quantitative _meas&for f?A$CH2NO;), we investigated 
the kinetics and equilibrium for the reaction- _ . . _ - -, I 

_- 
CHsS- + CH3NO2 == CH2N0, + CHjSH (11) 



- Q+-+CH3tW2 - CH2Nc&ii-Ch$iH 

I 

10 ;0 3’0 
f3N02 Fc_ow/fnafzcubzs s -‘x~O’~J 

Fig. 3. The observed variation of anion signals upon the addition of CHsNOa into a 
CHaSH-H*O-He plasma in which CHsS is initial& a dominant ion. The solid line drawn 
through the CH*- decay is a fit which provides the values kf = 9-O x lo-r0 cm3 mole- 
ctie-’ s-r, kr = 5.5 x 1O-‘O cm3 molecule-’ s-l, and kf/k, = 1.6 for the proton transfer 
to CHsS_ T = 296 K, P = O-452 Torr,U = 7.9 X lo3 cm s-I_ and L = 85 cm_ 

C~S--~ - C?-@Af+-- CQSH 

60 CH3SH FiOW=97ild6~~C 5 -I 

K=,7 
50 

0 IO 20 30 40 
CH3A’+ FLOW/CmolecuIes 5 -I rld7J 

Fig_ 4, The observed variation of the product-to-reactant ion signal ratio (corrected for 
mass dixrimination) with the ffow of neutral reactant, CHsNOa, at constant flow of neu- 
tral back-&a&ant, CHaSH, The inital curvature represents the approach to equilibrium. 
K is determined from the slope of the linear region at high CHsNOa flows. The insert 
ihustrates the determination of the mass-disc - - 
Torr,?i = 7-9 x lo3 cm s-r- and L = 85 cm. 

tion factor, m. T = 296 K, P = 0.452 



- - - _ - .- _ - 
-- - -. _ .- .- 

Fig_ 5_ 3%~ observed variation of anion signals upon the addition of C&sH into -a 
CH~NO~-H20%H& plasma in which CH,NOF is initially a do 
drawn through the decay of CH2NO- - 

minant ion. The soIid line 

cm3 molecuie’l 
2 IS a fit which provides the values kg =.5.6 xx 1O-1o 

s-l, k,- = 9.5 X lo-lo cm3 moleculevl s-l, 
ton trsnsfer ti CH2NOz_ 

and-k@, = 0.53 for the pro- 

85cm. 
T=296K, I-‘=0449 Torr;T=77;9x lO”cm S-I, and L= 

--- --_ _ 

: -_ 
C+ ST-l fL0w~~rnol~~res. I -1 x IOmal .:_ _- _ _- 

Fig- 6. The-observed ,vzuiation- of the_pmduct-to-&a&ant ion-signal-r&o (con-ectdi‘for 
~pag d- - - tkg) with. the flow of neutral reac&t, CHsSH,- at constant flow of neg- 
tralback-~a&+; CH3XO2'. Theini_t;alcuivatuni&preseIi tsi&e~a~pr&cEi~~e&libii~~+_ 
K is determined -from‘the slope of the linear x-e&on at%@ CHgSEJ fId& The~ins&t &I& 
trates th& determinatioti of-the mass-d‘ xsc&%i%tio&factor, m. T = 296 R=p = 0.449. To&, 
r=7_9X 163-s-1,~d~135_&i -- : I .-_-f f’ . _:_ ., - -_f---;,?‘mEw_- _-I-:___ 
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TABLE 3 

Smrmxq7 of the measured values of kf/k, and K at 297 f 2 K for the reaction CHsS + 

m3N02 = CH*NO, + CH3SH 

Direction 

studied 
Na kdkr b Accumc;r N K-c Accuracy 

Forward 3 1.9t0.2d ?30% 3 1.8 t 0.2 f30% 
REtVerSe 3 1.9 r O-1 +25Tzo 3 l-9 t o-1 +3096 

a IV represents the number of measurements. 
b Determined from a fit to the decay of the reactant ion (Analysis B [9]). 
c Determined from the sIope of the ratio plot corrected for mass discrimination (Analysis 
c PI)- 
d Best estimate of the precision_ 

Equilibrium was approached from both directions of reaction (11) as shown 
iu Figs, 3-6, The measured values for kIl/k--ll and RI1 are summarized in 
Table 3 and provided a best estimate of the -true value for the equilibrium 
constant at 297 -t 2 K of 1.9 with a standard error of 20.3 [29]_ The reac- 
tion was observed to be rapid in both directions with kIl = (9.4 + 2-4) X 
IO-‘” arid k- 11 = (4.9 2 1.5) X 1O-1o cm3 molecule-’ s-l. No serious compli- 
cations were introduced into the data analysis by competing reaction chan- 
nels and clustering reactions. There was some evidence for a minor channel 
(ca- 5%) to the reverse direc’;ion of reaction (II), corresponding to the dis- 
placement reaction 

CH2N0, + CH3SH - SH- f C2HsN02 

and a slow displacement (k 5 lO-'2 cm3 molecule-l s-l) of the type 

CH3S- -I- CH3SH + SH- f CH3SCH3 

Both of these reactions are ca. 13 kcal mol-’ exothermic, 

(12) 

(13) 

The equilibrium coustant determin ed for reaction (11) establishes a stan- 
dard free energy change for this reaction at 298 K of -0-4 & O-1 kcal mol-I. 
The standard entropy change was estimated to be +3 B 2 e-u_ from 
S”(CH,SH) = 60.96 e-u. 1131, S”(CH,S) = sO(CH,Cl) = 55-99 e-u_ [14], and 
S”(CH&O,) -S”(CH2N02-) = 2 f 2 e-u., which was arrived at from a com- 
parison with similar dlffereuces for the acids CHS = CH3CH0, CH3COCH3, 
and CH3CN for which entropies for the isoelectronic neutraJ.s of the corre- 
sponding conjugate bases were available [13]. This value for AS& leads to a 
value for AEZ& = PA298(CH2NO;) --PA(CH,S) = O-5 f 0.7 kcal mol-’ and 
a value for PA,,,(CH,NO;) = 357-6 f 2-8 kcal mol-1 when reference is made 
to the value of 357-I + 2-l kcal mol-’ for PA2&CH3S-) which can be 
derived from EAo(CH3S) = 42-P + 0.9 kcal molWz [30] corrected to 298 K, 
m.298(CH3S) = 28-O it- LO kc& mol-’ C311, A%.z&H+) C141, and 
A@29S(CH3SH) = -5_46? 02 kcal mol-l [13]_ 
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The value for PA2&CH2NO$) derived in this study should refer to pro- 
tonation at carbon rather Sxzn oxygen,-a second site of fitbtiation-which 
arises Tom resonance stabilization in CE&NOi. Protonation in the reverse 
direction of reaction (11) must occur at the carbon site in our experinhents 
given the large value for k- zx and a proton affinity for the oxygen site ca. 
6 kcal mol-’ lower than that for the carbon -site 132-j. 

The value for PA&CH2NO;) Ieads to a value for A@.298(CH1NO;) = 
-27.5 a 3.0 kcal mol-’ with ~_298(CH3N02) = -17.9 t 0,2 kcal mol-’ 
[13] which in turn provides a value for J??TA~~~(CH,NO,) = 48 f: 13 kc&l 
mol-’ with AEJ&~~(CH~NO~) = 20 i- lo lrcal mol-l which WAS estimated 
assuming a bond strength Dggs (H--cH,NO,)= 90 i- 10 kcal mol-’ by com- 
parison with other known values for D&(H--CHzX). In separate experi- 
ments we have observed the charge-transfer reaction 

CH,NO, i- NO* * NO, + CH,NO, (14) 

to be rapid, k14 = (6 i- 2) X 10-l’ cm3 molecule-l s-l, which establishes that 
EA2&CH+NO;) < EA2ss(N02) = 56.4 i 1.4 kcal mol-’ [33]. 

Kinetics of reaciions of X- with nitromethane 
The rate constants measured for reactions of X- with CH3N02 are sum- 

marized in Table 4, Their determination from the decay of X- was straight- 
forward. Figure 7 shows typical resuIts for the reactions of C,H- and 
CH3COCHi. Proton mfer was observed to be t&e dominant (~a. >95%) 
reaction channel for all of the reactions investigated. Apparently proton 

TABLE 4 

Rate constants at 297 * 2 K (in units of IO? cnx3 molecule-x s-l) for reactions of the 
type X- + CH3N02 + CH,NO? + XH 

X- k a e@ 
b k,Do k =P --hi = 

kAD0 (kcal mol-‘) 

H- 12-S & O-8 [3] 13.2 0.98 42 C4 
D- S-6 El] 9.41 1.02 - 42 24 - 
NH,- 4.85 f 0.46 [3] 3.68 l-32 46 f4 
OH- 3.80 f O-45 [4] 3-59 l-06 33 -+3 
GH- 2.51 f O-16 [3] 3.11 0.81 20 +6 
CH30- 3.19 t O-14 [2] 2.89 . 1.10 2325 _ 
GzH&- 2.81 i o-11 [Z] 2.57 - l-09 20 +6 
CH3S- O-94 * 0.01 [4] 2.54 O-37. :_ -0.5 f O-7 d 
CH3COCH, 1.39 * o-11 [3] 2.41 0.58 8 -24 

a The mean value and the precision of the measurements_ The accuracy~is e&&&d to be 
better than f25%. The number of measurements is given in brack@s_ 
b The collision rate constani calculated &sing the average-dipole-orientatidn theory <the 
cos 0 model) with C = 0.243 [17 3. 
e Proton affinities adopted for the de&&nation of q,, are given in Table 2_ 
d Based oti the equilibrium constan+determined in this study. . _ 
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Fig_ 7_ The variation of major negative ion signals observed upon the addition of <=H#Oz 
into a G-HZ-H*O-He plasma in which C2H- is initially a dominant ion_ The CH&OCHs 
arises from the reaction of OH- and to a Iesser extent the reaction of C2H- with the 
acetone impurity in the acetylene_ The decays of C2H- and CH&OCHz provide rat-e con- 
stants of 2-4 X IO* and 1.3 x lo4 cm3 moleculeS1 s-l, respectively_ 2” = 296 R, P = 
0.403 Torr,F = 7.7 x lo3 cm s-l, and L = 60 cm. 

transfer dominates at room temperature eve, r nucleophilic displacement of 
the type 

X- + CH&T02 + CH& -I- NO, U5a) 

which is exothermic for all the anions investigated_ The NO, signals moni- 
tored at large reagent addition indicated that this channel never exceeded 
ca. 5%. These results are re miniscent of our previous studies of reactions of 
anions with CH&N for which CN- displacement also did not compete effec- 
tively with proton transfer [34] _ Furthermore, there was again no evidence 
for displacement of the type 

X- -f- CH,NO, + X CH,NO, -t- H- 05b) 

This channel is athermal for X- = H- and could not be identified in this case 
since the mass spectrometer cannot distinguish between reactant and prod- 
uct H- ions, However, -the experiments with D- in which H--was monitored 
showed no evidence for its occurrence_ 

The extent to which the proton transfer is dissociative for these reactions 
is, of course, unknown since the neutral products are not monitored. Disso- 
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ciative proton tzansfff~is exothermic for several reactions of X-,-e-g: for the 
reaction -. _ 

._ 
_ . 

&H,& + &NO2 + CH,NO, i C,H,OH- 
_ _ _ -__ 

. . -L .- (Is) 

sufficient excess-energy is availabIe in the form of reaction exothermicity, 
AH& = -20 f 6 kcal mol- ',to bringaboutthedissociation ofC2H~OHinto 
C;H, and H,O, which requires 11 kcal mol-‘. 

Comparisons wi# ciassicaZ coliision theories and exothermicity -- - . -. . 
Included-in Tables I and 4 is a comparison of the measured proton-trans- 

fer rate constants with the collision rate constants predicted by the ADO 
theory of Su and Bowers [8,1’7] according to the wression - _ .- 

_ - 
k,, = (27rqfjP2) [aY2 + C&,(2/lrkT)“2] (17) 

where q is the charge on the ion, P is the reduced mass of the reactants, a is 
the polarizabilitg, and & the p ermanent -dipole moment of the neutral. The 
“dipole locking ‘constant”, C, has been parameterized to have a value 
between 0 and 1, according to the magnitude of in/&“‘_ Expression (17) 
reduces to the locked&pole limit, k L13r when C = 1 [35,36]_-The Langevin 
eXgmZSSiOn, kL, results whenpn= 0 [37]_Allthreeclassicaltheoriesdefine 
straight Lines on a plot of k vs_p --y2 for series ofhomologous reactions of 
types (1)and (2)forwhichtheneutraIsubstrateremainsunchanged.Thisis 
illustratedinFig.8inwhichthemeasuredrateconstantsforprotontransfer 
with GE&NO2 are compared with the collision rateconstants predicted by 
these three theories. The permanent dipole moment for CHBN02,- PD = 
3-46 D, was taken fiorn the compilation of Nelson et al_ [38]_ The polariza- 

-C.-+%.+-e XH 

_- . 

Fig_ 8,A comparison bf, niea&red rat.6 constads for prpton transfL involving &ro- 
methanewithmpturerateconstantspredictedbyvarious~~theori~ofi0p-m - ole- 
cuIe~col&ions_ The solid barsrepresenttheest5mHted & tzcur&y~(e25%) of the nieasu% 
~mentswhichare summariiedinTablesland 4; ._ : 
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bility of CEisN02 was estimated to be 5.2 h 0.3 A3 from the bond pohiriza- 
bilities ofC-H and C-Nandtbe NO,-grouppoIerizabiIitywhicbwasesti- 
matedfromthepoIarizabiIity ofnitrobenzenewiththepheny&rouppoIar- 
izabihty derived from benzene,toIuene,and benzylchloride [39]1 The un- 
certainty in cr(CH,NO,) introduces as uncertainty of ca. 2% into the value 
derived fork,o_ 

It is evident from the comparison in Tab&land 4 and Fig-8 that the 
rate constants determin ed in this study are most adequately accounted for 
by the ADOtheory,once again reinforcing ourgeneralobservationthatthe 
ADO theory provides the best prediction for proton-transfer reactions 
invohdngpolarmolecules [40~_TheADOtheoryattributes58%ofthecolli- 
sionrate forthesereactionswith CH3N02toion-permanentdipoleinterac- 
tion, The Langevintheory,whichignoresion-permanentdipoIeinteraction, 
clearly underestimates the cohision rate, whereas thelockeddipole theory 
appearstooverestimatethecoUisionrate_ 

A closer inspection of the values of kexp /kADO obtained in this study sug- 
gests that the ADO theory may slightly underestimate the collision rate, 
again in accord with our previous experience.Notwithstandingtheirexperi- 
mental uncertainty, the rate constants measured for reactions of type (1) 
exceed kADo on average by IO%andas much as25%,whilethosemeasured 
for the reactions ofme (2)exceed km0 onaverageby5%andasmuchas 
32% The reactions of CH,OHi;, CH& and CH&OCH; are not included in 
the averages, The former two reactions are essentiahy thermoneutral and 
appear to proceed with a significantly reduced probability of kerpFADO z 
O-4, This probability appears to increase sharply as the exothermicity 
increases, saturating at ca, 1.1 for exotbermicities 110 kcal mol-’ (see 
Fig-S). Such a trend in reaction probability is consistent with the model 
invoked by SolkaandHarrison 1411 to rationahzeasimilartrend observed 
bythemforreactions ofthetype 

CH,SE+Y- YH++CH$SH (18) 

for a series of polar molecules, Y, with permanent dipole moments in the 
range 1.30-2.88 D. According to this model, these reactions can he viewed 
to proceed through a single proton-bound intermediate of the type 
(X._-H’__.CHsNO,) or of the type (CH,NO,...H’...X-) which may decay into 
reactants or products. Decay into products is increasingly favoured over 
decay back to reactants as the overah exothermicity of the proton transfer 
increases_ When the two decay channels become energetically identical, i-e. 
when PA(X) = PA(CH,NO,) or when PA(CH2NO;) = PA(X-), the reaction 
rate constant should become equal to 3 the collision rate constant. 
Farneth and Brauman [73 have recently argued that such amodelcannot 
account for their observations of proton-transfer reactions of type (2) 
between charge-delocalized anions (enolates, phenoxides, benzyl anion, etc.) 
and a variety of organic neutrals (ketones, phenols, toluene, etc.). Their 
pulsed ion cyclotron resonance measurements of rate constants, especially 



0 XH’-CH3Nr+ - CH3N+ H++X 
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Fig_ 9_ A plot of the ratio of the me asm-edrateconstantforproton transferwithnitro- 
methane to the caIcuIatedcapture(ADO)rateconstantasafunctionofreactionexother- 
micity,-A&98. 

for the essentiaBy thermoneutral deuteron-transferreactions between deIo- 
caIizedanionsandtheirdeuteratedconjugateacids,e.g~ 

T P P T 
CH,C=CH, +CD&CDz+ CH,CCH2D+CD,C =CD2 

indicated values in the range 2 X10-12-lX10-10cm3 molecule-' S-l,much 
lower than 3 the coIIision rate constant assumed by these authors. They 
prefer a three-stepmechanism accordingtowhichtherateofprotontransfer 
is determiqed by the competitive unimolecular decomposition ofachemi- 
callyactivatedintermediate,(~...X)-,backtowards reactantsorovera cen- 
tral barriertoproducts 

YH -I- x-e (Y-H-x)- =+ (Y__Hx)- =+ Y- + XH (20) 
Thecentralbarrierheightisthes~~trate-determining~~rinthis 
model, FarnethandBrauman [7] pointoutthat,withinthecontextoftbis 
mode&several oftheir observed trends in rate constants areconsistentwith 
enthalpy barriers whoseheights aresensitiveto overaIIreactionexothermic- 
ity, decreasing as the exothermicity increases. Unfortunately the ~e@tk 
reported in this study do not indicate a preference for eithermodeI,being 
quahtatively consistent with both of them. Even the~chargedelocahzed 
anion derived by proton removal from acetone was observedto react 
rapidIy with CH,NO& k = 1.4X10-gcm3 moIecuIe-'~-~ with a $robabiIity 
>0.5, in contzast to the observations of Farneth and Erauman [7] who 
report rate constants of 3.2 X 10-l*, 6_4X10TZ2, and 3.6X lO-2o cm3 mole_ 
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cule- ’ SC-’ forthereactionofthisanion(oritsdeuteratedanalogue)wifhthe 
more complex organic molecules acetone&, 2-butanone,3_pentanone,and 
partiallydeuteratedacetylacetone,respectiv~~. 
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