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RATE COEFFICIENTS AT 297 K FOR PROTON TRANSFE.R'-REACTION.S WITH H,0.
COMPARISONS WITH CLASSICAL THEORIES AND EXOTHERMIC[TY*
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Rate coefficients for.proton transfer reactions of the type XH + H,0 — Ha0" + X where X = H,, CHg, CQ, N3, CO,
and N0 and the type H,0 + X~ — XH + OH~ where X = H, NH; and CzHsNH have been measured at 297 K using the
flowing afterglow technique. The results compare favourably with the predictions of the average-dipole-orentation theory.
A trend is observed with exothermicity on a plot of (kexp {kADO)208 K Versus —ad 2y, K- The question is raised whether
the relatively low probability ebserved for slightly exothermu: proton transfer reactions is a consequence of reaction mech-
anism or results f:om the pres=nce of a small act.\vat.mn energy barrier.

1. ln_trdduction _

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 H,0 involving
Dot the transter of @ proton from zn ion to H,O:

XH" 4+ H0~H,0"+X o
~and the transfer of a proton from H,0 to an jon:.
H,0+X™>XH+O0H . @

- 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 theory [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 mbd
els adequately predict the collision rate such compar

“isons also allow the identification of the possible pre'=--

‘ence of energies or entroples of actlvauon

Thxs work was supponed in part by the N:mon:d Research
Councﬂ ot‘Camda. ’

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 rezctions differ-

ent in exothermicity but otherwise quite similar and
generally not subject to restrictive activation energy
Or entropy barriers. For reactions (1) and (2) the
choice avajlable in practice affords control of reaction

“exothermicity from 7 to 64 keal mole—1.

Especially intriguing is the proton transfer reac-
tion : '
H,0+H™~H,+OH™, (3)

‘which was the first example reported of a negative

ion—molecule reaction [8]. Stockdale et ak. [9,10]

" studied this reaction in a pulsed source time-of-flight

mass spectremeter and reported an unusually large
value for the rate caefficient of (5.1 + 1.6} X 10~7
cm3 molecule—!s—! (Eyp(H) =~ 0 eV) whereas the
conventional ion source experiments and double mass
spectrometer experiments (at 0.6 eV) of Paulson [11]
led to values of 4.6 X 10~2 and 1.5 X 10~? ¢m? mot-

ecule~! s~1, respectively, for the rate coefficient of

the isotopic analogue

DO+D">D,+0D". . @
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The ekpenments were performed wrth a ﬂowmg
. afterg_ow system [12] in which the ions are allowed -

‘to thermahze by, collision wrth the carrier gas mole- -

“cules to the ambient temperature of 297 2K nnor
to theu entry into the reaction region. In the studies .

of. reacnons of type (1) 2nd (2) hydrogen and hehum -

were used as the carrier gas, ‘respectively. Total gas .
_ pressures were in the range 0.24 to 0.67 torr. The ef- -
- fective length of the reaction region had values of 59 -
-and 85 cm. The proton donoraXH CHS, HCO+

'ANzH N20H+ and COzh were gﬂnerated by protOn D

‘ ,‘transfer reactions of the type

'}H £X>XH +H, e ‘» 5}

as a résult of the dOWﬂStI’EaIn addmon of the approp-

" -riate gas X intoa hydrogen plasma in which H3 was

“initially the dommant ion: H3 is formed by the fast
e reactlon - :

HI+H, -;H++H R t o (6) .
: than+10%

“ B The proton acceptors X"‘ were generated by dlssccxa-

Table 1
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: ’A‘"twe 1omzatron wrth ca, 35 eV electrons H" from =
) CH4, th from NH3, and CzHSNH from CszNHz-, .

HQO was added into the reaction region asa ca.

* 10% mixture of H;0 vapor ift helium. The mixtures
C o were prepared by allowing’ the H,0 vapor toequili-
brate in the gasinlet system to the ambient room tem- -

peratuire (at a pressure < 0.8 of the vapor. pressure) . . .
and subsequent!y adding the hehum ‘The viscosity of -

- the mixture was determined by comparing its flow
.th:oug,h a capﬂlary with the flow of pure helium.

The gases used were helium (Linde, Prepurified

: Grade 99.995% He), hydrogen (Linde, 99.95% H,),

methzne (Matheson, Ultra High Purity, 99.97% CHy),

- 'mtrooen (Liquid Carbonic, High Purity, 99.995% N,), : )
- carbon monoxide (Matheson, C.P. grade, 99.5% CO),
- ammonia (Matheson, anhydrous, 99.99% NH3) mo-

noethyl amine (Matheson, 98.5% C;HsNH,), nitrous’
oxide (Matheson, 98.0% N,0), and carbon dioxide '

o (Matheson, Colernan Grade, 99. 99% CO,).

~ The rate coefficients were measured in the usual

‘manrer [12]. The absolute acciracy is estimated to .

be £25% and the prec:rsron was observed to be better

- Rafe constnnts in umts of 10'9 cm3 mo]ecule“ s" at 297 2 K ror reactions cf the type xu* + qu )L, u30+ +X and -

. H0+ X"~ OH  +XH.

',.x‘,’féf,x_ Fexp . : “L‘” Ekp® kz{bo'?) kexp At D

L — — . . F (kcalmole ),
,"miswarkb,) others . ADO. i

CHz L a3 : o L76 124 439 098 - 64

CCCHE S 370Gy .. . 0954 . 671 238 . 16 37 - -

JUHCOT Cc32(9 . o 0.846 - 595 211 . L5 . 26 -

CONgH® T 26 0 88 . 0.846 595 211 . ‘12 51

L NGOHY o285y T D 0789 553 196 . 14 . - 29

T COHY . 3.0(3) o ‘ © 0789 553 . 196 15 38 .
H‘ S 37@y >0050 A 204 723 . 051 8

_NH;,, X2 ¢) B '>0051) S 0969 6.81 . 242 Li o1z

. CHsNH™ 24 . - . . 0789 | 585 197 12 . 8.

a)c-14533,p3-1s4n ref, (13} - : .
i B) The accuracy of the mcasurements 1s estr.mated to. be better than 1257: 'I‘he number of measurements is gwen in p;uenthcses.
Y Langevin theory. - . N . .
=.d) Locked-dipole theory..

©)-ADO theory, € ='0.248. AR Co ‘ L ; ‘
) The values of AH395 are beheved to be rehable to wnhm approxn'natelv *5 keal moh:“1 PA(H;O} = 165 +3 kcal mole"‘, rei
o [14] PA(H,) = 101 kcal mole™?, ref. [15]}. PA(CH4, CO, M, N,0, CO,) were determined in this laboratory, ref, {2} and unpub-‘
. lished resuits. PA(OH') 392,12 0.3 keal mole"l PA(H ) 406 4 i 0 5 kcal mole’1 P‘\(NHZ, CQHSNH ) were. deterrnmed

- in this Iaboratory, réf. [16] and unpubhshed results. - v o -

- h) Ref [18] N 0 Ref. [191 . J) Refs. [9 101
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3. Results and discussion -

' The measured rate coefficients fo.r 6 reactions of
XH" with H,0 and 3 reactions of Hy0 with X~ are
summarized in table 1. Proton transfer was observed
to be the dominaat (> 90%) channel in each case. The
rate coefficient for the reaction of N,H™ with H,0 is

" in excellent agreement with the value determined re-
cently by Bolden et al. [18] with their flowing a_fter-

glow apparatus. The results for the reactions of H™

and NH3 with H,O are consistent with the lower.
limits reported previously by Young et al. [19]. Our.
result for reaction (3) does not corroborate the large
value reported by Stockdale et al. [9,10] 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 [11]

~ for reaction (4) appears more plausible.

Table 1 includés 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_=2me(e/ V2 + Cmeup [u) QuimkDY2, (D)

" where e is the charge on the ion, u the reduced mass
of the coilidants, « is the polarizability and up is the
permanent dipole moment of the neutral molecule.
Eq. (7) is composed of the familiar Langevin 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 fixed, the

- three classical theories define three straight lines on a -
plot of & versus u—Y/2 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 manifest itself in meas-
'urements of the rate coefficient as a functlon of tem—

. perature or translational energy of H™ at low’ energies
(E,p<1eV).The low reactivity of H could, how-

“ever, be rat1onahzed in another manner
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Fig. 1. A comparison of experimental reaction rate coeffi-
cients for proton transfer with H,O with collision rate caef-
ficients predicted by recent classical theories of ion—mole-
cule collision. The solid bars represent the estn-natcd accur-
acy (£25%) of the measurements

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 exather-
micity, AHJgg ¢, 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-
1 fcd e Jonan alin L ¢

creases to ca. 40 keal mole—!, and to decrease slightly

at larger exothermicities. The initial trend may be in-
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Fig. 2. A comparison at 300 K of the ratio of the experimen-
tal to the theoretical (ADO) capture rate coefficient with the
exothermicity, 298, for proton transfer :e;ctions wi_th
H,0. IR : :
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‘terpreted in'terrns of areaction mechanism which pro-. -

‘ceeds through a proton-bound intermediate of the -

type (X..H'..H,0) or (OH™..H"...X™) which may

undergo unimolecular decay to products, the proton - ! '

associating with HyO or X~ respectively, or decay
back to reactants, the proton remaining associated-
'with X or OH™ respectively. Decay into the product
“channel is increasingly favoured over.decay back to-
‘reactants as the overall exotherrmc1ty of thé proton
transfer increases. Such a model was invoked by Solka
and Harrison [20] who observed a similar trend with
exothemumty for reacticnas of the type..

CHSH,+Y>YH +CH$SH o '- OF

for a series of polar molecules, Y with permanent di-
_pole moments in the range.1.30 to 2.88 D. The low

probability of reaction (3) which is only 8 kcal

mole—! exothermic may, tnerefcre be a consequence -

of reaction mechanism rather than result from the
_presence of an activation energy barrier. .
-The trend with exothermicity observed for reac-

- tions (1) and (2) contrasts the lack of dependence on

exoth~rm1c1ty of the rate coefficients at 297 K ob-
served previously in this laboratory [1] for proton
transfer reactions with NH;. Similar studies are now
in progress in this laboratory for proton transfer reac-
tions invelving other molecules of large dipole mo-
‘ment, e.g., HCN, CH;CN. E
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