
Voiume 31, number 2 CHEMICAL PHYSKS LETI-ERS L hfarch 197.5 

RATE COEFFICIENTS AT 297 K FOR PROTON TRANSFER REAC$NS WIT>H $0. 
COMPARISONS WlTH CLASSICAL THEORIES AND EXOTHERMICITY * 

D. I3ETOWSKI,J.D.PAYZANT,G.I.hiACKAYand D.K,,BOHME 
Dep0m01t of C!hemist~ outi C2me fir Research in Experimentul Space Science, York mh-=iry, 
Downsview, Ontario M3J IP3, Gn~dn 

Received 30 September 1974 

Rate coefficients for proton transfer reactions of the type XI-I+ + Hz0 -t H30+ + X where X = Hz, CH4, CO, Nz, CO2 
and N20 and the type Hz0 + X--, XH + OH- where X= H, NH2 and CzHsNH have been mctsured at 297 K using the 
flowing afterglow technique. The results compare favourabb/ with the predictions of the averag+dipoIe-orientation theory. 
A trend is observed with cuothermicity on a plot of (k,,p/kA~O)a~i X versus -A$,, R. The question is raised whether 
the relatively low probability observed for slightly exothermic proton transfer reactions is 2 consequence of reaction nech- 
anism or results from the presence of a small activation energy barrier. 

1. Introduction 

AS part of a continuing program directed towards 
the systematic assessment of current theories of ion- 
molecule reactions [ 1,2] we have extended our meas- 
urements of reaction rate coefficients for proton 
transfer to a series of reactions with Hz0 mvolvh~g 
both thctmnsfcrofa pTQtQnfrom onion to H20: 

XH+ +. H,O + H,O+ t X (1) 

and the transfer of a proton from Hz0 to an ion: 

H,OtX--+XH+OH-,. (2) 

Comparisons of measured reaction rate coefficients 
with capture (collision) rate coefficients predicted by 
classical models of ion-molecule collisions, viz. the 
Langevin theory [3], the locked-dipole theor- [4,5], 
and the average-dipole-orientation (ADO) theory 
[6,7], provide insight into any natural limitations of 
these models. Upon the assumption that these mod-. 
els adequately predict the collision rate such cornpar: 
isons also allow the identification of the possible pret- 
ence of’energies or entropies of activation. 

* This work was supportd in par? by the National Research 
Council ofcanada. 
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Proton transfer reactions in general also provide a 
unique opportunity to explore the effect OF excess 
energy in the form of reaction exothermicity upon 
the rates for a series of ion-molecule reactions diffeei- 
em in exothermicity but otherwise quite simiIar and 
generally not subject to restrictive activation energy 
or entropy barriers. For reactions (1) and (2) the 
choice avafiabk in practice affords control of reaction 
exotherr+city from 7 to 64 kcz! mole-~_ 

Especially intriguing is the proton transfer reac- 
tion 

H20+H-+Hz+OH-, (3) 

which was the first example reported of a negative 
ion-molecule reaction 181. Stockddr: et al. [9, lo] 
studied this reaction in a pulsed source time-of-flight 
mass spectrometer and reported an unu,sually Iarge 
value for the rate coefficient of (5:2 + 1.6) X 10eT 
cm3 mo!ecule-l s-r (E&(H-) = 0 eV) whereas the 
conventional ion source experiments and double mass 
spectrometer experiments (at 0.6 eV) of Paulson [l l] 
led to values of 4.6 X 10~~ and 1.5 X Lob9 cm3 mol- 
ecule-l s-l, respectively, for the rate coefficient of 
the isotopic arralogue 

D20+D-+D2+OD-. (4) 
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&qJerimentai : I ‘. ‘_ ,. ‘. tiie ionization with ca. 35 eV electrons: H- from ,. 
._ . . . : ‘.‘, CHq; FHj- fioin NH,, and C,H,NH- frqn C,H,~,.. ‘. 

.. ne, experiments wemp~erfomkd with k flowing H$I was added into the reaction region as a ca. 
afterglow system [12] in which the ions are allowed I 10% mixture~of’HzO vapor in helium. The mixtures 
tp thermalize’by collisio$ &th.thk carrier gas mole- .’ were prepared by,allowing’the H&Fvapor, to equih- 
c&es to’ the ambient temperature of 297 2.2 K prior ‘, ‘bratein the &sir@ system to the ambient room tem- 
tb their entry into the reaction’region‘. In the, studies perature (at a pressure 5 0.8 of thevapor.pressure) 
of reactions of type (1) and,(z) hydrogen and helium and subsequently adding the helium. The viscosity of 
were used as the carrier gas, respectively. Total gai ‘. the mixture’was’detetiined by comparing its flow 
pressures’were in the range 0.24 to, 0.67 tort. The kf- ‘. throu$~ a capillary With the flow of-pure helium. 
fective length of the reaction region had values of 59 .Th: gases used were helium (Linde, Prepurified 
and 85 km. Tik proton donors XH+ 5 CH’& HCOT, Grade, 99.995% He>, hydrogen (Linde, 99.95% Hz),. 
N2H+, N,OH+,and CO$? were generated by proton ‘methane (Matheson, Ultra High Purity, 99.97% CH,); _‘. 
transfer reactions of the type nitrogen (Liquid Carbonic, High Purity, 99.995% Nz)> ~ 

~H;+.XWH+t$ ‘, (5); ‘. ‘. 
carbon monoxide (Matheson, C.P. grade, 99.5% CO), 
ammonia (Math_eson, anhydrous, 99.99% NH,), mo- 

ai a result of the dowrktream addition of the approp- noethyl amink @Latheson, 98.5% CzH,NHz), nitrous 
-,riate gas X int0.a hydrogen plasma iri which H; was oxide ~a~eson, 98.0% N20); and carbon dioxide 
initially the dominant ion. H$ is formed by the fast.- “: (Matbeson; Coleman Grade, 99.99% CO,). 

.-reaction ‘. : The rate coefficients were measured in the usual (. 
H;+fft+H;+H~. :’ 

manner [ 121. The absolute accuracy is estimated to 
‘? . be +25% and the precision was observed to be better ‘. 

The proton acceptors X- were genersted by dissocia- than +lW. 

TC3ble.i 
Raie constants in units of 10”g_cm3 mblecule-’ sss’at 297 2 2 K for re8ctjons of the type x~* + H,o i)LL H,O+ cx md 
HtO+X-- OR-+XH _. 

xH+orx- k,p kLC) kL,,d) kkOe) ‘k clip -A%98 K fI ,’ 

kADO 
(kcal mole-‘) 

: this w;;kb) others, 

H; e-3 (2) 1.76 12.4 4.39 0.98 64 
‘. CHf 3.7 (3) 0.954 6.71 238 ; 1.6’ 37 

.’ HCO+ : .3.2 (9) ‘, 0.846 5.95 2.11 1.5 26.. 
‘N2H+, 2.6 (4). ‘gg) ” 0.846 5.95 2.11 1.2 51 ” 

_’ 2.52 g.ihf 
N20HS' .' 2:il (5) 0~789. 5.53 1.96. 1.4 29 

:’ co,-Ei+ 3.0 (3) : 0.789 5.53 1.96 ,- 1.5 38 : : 
‘H-: 3.7(4) So.osi>’ 2.90 20.4 7.23 0.51 a: ‘_ ‘. (5.4 -L 1.5)x lo23 -. 

NH; .2.6 (2) .2o.osi) 0.969 ‘6.81 242. 1.1 12, 
C2H5”- 2.4[2)-.“‘- : 0.789 555 1.97 1.2 8.. 

4 CL = 1.45 A3, &=,i.a4D;ref. [13f: 
b, The a&ur;lcy of the mcasmements is estimated to be be&r than *2S%. The number bf measurements is given,& parenthes& 
c, Lang&n tl;eory; .. 
d) Locked-&pole”&eo&.. 

. . _. 

‘: ., +&I30 the&, C= 0,248. ‘. 
..’ 

: f) The values of dHqgg are bhxd tobereliat;lc.to within &&o%im&:r i.5 kcal &ole”. PA(H# = 165 i 3 kcal molt”, reE 
_ ,’ 

‘: ’ [ 14). P.+(H2) 7 101 kc& mole-’ , !ef. [IS]. PA(C&,‘CO,:N~; NzO, COs) werp detetiined in this laboratory. ref. [ 21 and unpub-, 
i&h& muU:is pAfOH_) = g92.1 * 0.3 k&mole?. PA(H-) = 400.4 f 0.5 @al mole_-l. PA(NH$C2H$H~) were determined ,,‘, ‘. 

‘. ig this Iaboiatori, ref. [ 161 and unpublished res+. ’ .. ‘. ‘. . . 
I ‘.-...g’ P&f; [y. h) Ref. [18]. i) Ref. [19]. j) Refs. [9;iO]. _:; ‘, .-‘; ,:’ ‘(, ‘. .,‘. ’ I’ 
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3. Red ts and discussion 

The measured rate coefficients for 6 reactions of 
& with Hz0 and 3 reactions of Hz0 with X- are 
summarized in table 1. Proton transfer was observed 
to be the dominant (> 90%) charnel in each case. Th‘e 
rate coefficient for the reaction of N,H+ with Hz0 is 
in excellent agreement with the value determined re- 
cently by Bolden et al. [18] with their flowing after- 
glow apparatus. The results for the reactions of H- 
and Nl-l~ with Hz0 are consistent with the lower 
limits reported previously by Young et al. [ 191. Our 
result for reaction (3) does not corroborate the large 
value reported by Stockdale et al. [9, lo] which ex- 
ceeds the capture rate coefficient predicted by the 
“locked-dipole” theory [4,5] by more than an order 
of magnitude. The result obtained by Paulson [ 1 l] 
for reaction (4) appears more plausible. 

Fig. 1. R compxison of experimentd reaction rate coeiR 
cients for proton transfer with Hz0 with cofision rate caef- 
ficients predicted by recent classical theories of ion-mole- 
cule collision The solid bars represent the estirnatcd accur- 
acy ji2.58) of the measurements 

Table 1 includes the capture rate coefficients de- 
duced from the three classical models of ion-mole- 
cuie collisions according to which the capture rate co- 
efficient can be expressed as 

k = 2i~(&)‘~* + C(2~re~,//.r)(2y/akr)l~~, 
C (7) 

where e is the charge on the ion, ,U the reduced mass 
of the collidants, CL is the polarizability and .u~ is the 

permanent dipole moment of the neutral molecule. 
Eq. (7) is composed of the familiar Langevm term [3] 
and a “correction” term reflecting the ion-perma- 
nent dipole interaction. In the ADO theory [6,7] C is 
a measure of the extent to which the dipole is orien- 
tated with respect to the direction of the approaching 
ion, For C = 1, eq. (7) reduces to the “locked-dipole” 
limit [4,5]. For a series of reactions of type (1) and 
(2) for which the neutral reactant remains fured,-the 
three classical theories define three straight lines on a 
plot of k versus p -li2 as shown in fig. 1. A compari- 
son of the measured reaction rate coefficients with the 
capture rate coefficients predicted by the three theo- 
ries indicates that the ADO model is the most realistic 
whereas the “locked-dipole” model clearly overesti- 
mates the effect of the dipole. The low experimental 
value of the rate coefficients for reaction (3) may re- 
flect the presence of a small activation energy barrier 
for this reaction which should m-difest itself in meas- 
urements of the rate coefficient as a function of tem- 
perature or translational energy of H- at low eneigies 
@lab < 1 eV). The low reactivity of H_ could, how- 
ever, be rationalized in another manner. 

Fig. 2 shows the variation of the measured rate co- 
efficients normalized to the capture rate coefficients 
as calculated from the ADO theory with the exo ther- 
micity, A@98 K, of the proton transfer reaction. The 
probability of proton transfer is seen to increase from 
the low value for reaction (3) as the exothermicity in- 
creases to ca. 40 kcal mole-l, and to decrease sli&tLy 

at larger exothermicities. The initial trend may be in- 

0 XH*rH2O-~~o~+X 
2.2 - 0 n2o.r -YH+OH_ 

I I 1 I I I 
iD w 30 +o 50 so 70 

-di+~K/lkccl mcie-‘J 

Fig 2. A ccmparison at 300 K of the ratio of the experimen- 
tal to the theoretical (ADO) capture rate coefficient with the 
exothermicity, AM&a, for proton transfer reactions with 
H20. 
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terpreted in terms,of a reaction mechanism which pro- ’ 
ceeds through a protonbound intermediate of the 
type (X...@.;.H@) or (OH-...r...X-) which may 
undergo unixnoIecular decay. to products, the proton 
associating with H&l or X- respectively, or decay 
kick to reactants, the proton remaining assdciated- 
.vrith X or OK- respectively. Decay irito the product 
charuiel is increasingly favoured over decay back to 
reactants as the overall exoth&micity of the proton 
transfer increases. Such a model was invoked by Solka 
and Harrjson [20] who observed a similar trend with 
exothermicity for reactions of the type 

[ 21 H.I. Schiff and.D.K. Bohme, Intern I. Mass Sp&om. 
Ion Phys., to be published. 

[3] ,G. Gioumousis and D.P. Stevenson, J. Chem. Phys 29 
(1958) 294. 

14) T.F. Moran and W.H.‘Hamill, J. Cl&+ Phys. 39 (1963) 
141iL 

[5] S.K. Guptz, E.G. Jones, AG. Harrisori~d J-J. Myher, 

can J.‘chem. 45 (19673 3107. 
[6] T. Ssi and MT. Bowers, J, Chem. Phys. 58 (1973) 3027. 
[7] T. SI and M.T. Bowers; Intern J. Mass Spectrom. Ion 

Phyr, 12 (1973) 347. 
[8] E.E. Muschiitz Jr., J. Appl. Phys 28 (1957,) 1414. 
[9] 1.A.D. Stockdale, R.N. Compton and P-W. Reinhardt, 

Phyx Rev. Letters 21 (1968) 664. 
[lo] J;A.D. Stockdale, RN. Compton and P.W. Reinhardt, 

Phy.; Rev. 184 (1969) 81. 
[ll] J.F. Paulson, in: Ion-molecule reactions, Vol. 1, ed. 

J.L. F’ranklin (Plenum Prey New York, 1972) ch. 4. 
[ 121 D.R. Bohme, R.S. Hemsworth, H.W. Rundle and H.I. 

Schff, I. Chem. Phys. 58 (1973) 3504. 
[ 131 E.W. Rothe and R.B. Bernstein,‘J. Chem. Phys. ,31 

(19Li9) 1619. 

c;,sH, + Y -99-P f CH,SH (81 

for a series of polar molecules, Y, with permanent di- 
pole monients in the range 1.30 to 2.88 D. The low 
probability of reaction (3) which is only 8 kcal 
mole-l exothermic may, therefcre, be a consequence 
of reactionmechanismrather than result from the 
presence of an activation energy barrier. 

The trend with exotherrnicity observed’for reac- 
tions (1) and (2) contrasts the lack of dependence on 
exothermjcity of the rate coefficients at 297 K ob- 
served previously in this laboratory [!].for prbton 
transfer reactions with NH,. Similar studies are now 
in progress in this laboratory for proton transfer reac- 
tions involving other molecules of large dipole mo- 
‘ment, e.g., HCN, CHaCN. 
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