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Abstract

The dependences of the effective binary rate coefficleptfor the reactions of X¥ and Q** with CH;CN were studied by the SIFDT
method over in wide ranges of translational energy and buffer gas pressure. The energy dependences indicate a change of the prevailing
pathway of the reactions. It is shown that charge transfer changes the three-body association channel while translational energy is increased
The elaborated procedure of the experimental data processing is described. The energy dependences of the parameters characterizing tt
association process, which have been determined using this procedure, are presented and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction energy. The rapid association rate may be a result of the for-
mation of “slightly endothermic” complexes in the collisions
Reactions of @** and Xe™* with acetonitrile are good  of the reactants. It is known that the production of such type
model systems to study the effect of ion/dipole interaction of intermediates results in a significant enhance of lifetimes
on reaction dynamics. Each of the reactions has two parallelof collisional complexe$2,3]. For the above mentioned re-
channels—the association and charge transfer: actants, the endothermicity of the charge transfer is small
enough and the production of “long-lived” intermediates may

o+ o+
02"" + CHCN(+M) = O2*"CH3CN(+M) (1a) be expected. A significant anisotropy of the interaction be-
0,*" + CH3CN = CH3CN°*t + 0O, (1b) tween the reacting particles may also result in an increase of
- - the decay time of the complexgy.
Xe*™ + CH3CN(+M) = Xe*"CH3CN(+M) (2a) It is known that a relation between the rates of the decay
Xe*+ + CHsCN = CH3CN** + Xe (2b) and stabilization defines the pressure range, where the depen-

dence of the association rate becomes non-linear. When the

The charge transfer channel@llf) and (2b)) are slightly pressure dependence is non-linear, it is possible to determine

endothermic—by 0.13 and 0.07 eV, respectively the (ioniza- the values of the parameters, which characterize the associ-

tion energy of acetonitrile is taken as 12.190.005 eV[1]). ation process. For the reactions studied in the present work

The rate constants for the association channels, which havethe dependences are non-linear at low energy.

not been measured up to date, are expected to be large atlow The ratio between the association and charge transfer

channels for the reactions should depend on energy. At low
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slow (due to a decrease of the complex lifetime) while the 7
. . - o o p=010Tor x p=071Tom*
endoergic channel is expected to be prevailing. £ = p=024Tow & p=0.42Torr™ 5
The goals of the present work are: S| 5 oomeran T e .
(1) To study the change of the prevailing mechanism of the sanil oy . °
reactions from (la) and (2a)) to ((1b) and (2b)) as a | 2" * L
function of translational energy increase. o, % -
(2) To study the energy dependences of the parameters, "*’ »x x xS
- i iati 0 Wy iet © | Xe' + CHLN
which characterize the association process. 0”8 afD
1E410 : :
0,03 0,1 1 7
2. Experimental Ecm [eV]

All experiments were carried out using the Innsbruck Fig- 1. Energy dependencesiaf for the Xe* + CHsCN system at various

SIEDT machine as described elsewhyré] in the pressure pressures. Asterisks indicate data, when the fraction of the excitdddtes
! P is 5%. For the rest of the curves the fraction is 15%.

range of the buffer gas (He) 0.12-0.7 Torr at room temper-
ature {T =293 K). Translational energyEtm) was varied in - yas selected to provide the lowest level of the fraction of the
the range of 0.042—4 eV. Primary ions (Xeor 0,**) were excited ions.
produced in a hollow cathode discharge, mass selected by At £, <0.1 eV, the dependences ks significantly di-
the first quadrupple and injected into trle_ drift tube. The mea- verge at various pressures of the buffer gas and show a de-
surement of the ion current of té°Xe®* isotope was used  ¢rease with energy. The curves become independent on pres-
to evaluate the total intensity of the primary ions in the ex- gyre aE,, > 0.7 eV, and they increase wilam. The behavior
periments with Xe. The length of the reaction region (the of the curves demonstrates a significant contribution of the
distance between the inlet port of acetonitrile and the nose 5ssociation channel to the reaction rate at low energy, while
cone, which samples ions for a mass analysis by the seconghe charge transfer becomes prevailing only at high enough
quadrupole) was 62.5 cm. energy.
_ Afraction of primary ions was produced inthe ion source A detailed information on the association processes may
in excited states. The presence of excited ions may play anpe gbtained from the pressure dependences of the rate con-
important role and many affect the behavior of the kinetic giants, Sets of such dependencigs,(< 100 meV) are shown
dependencies (ion current versus flow of acetonitrile). A pro- j, Figs. 3 and 4At Ecm> 100 meV, the curves are practically
cedure using COS as a monitor d&gwas applied to esti-  |inear and have not been treated.
mate a fraction of X&' ions in the excitedqPy,) state. The For the treatment of the experimental curkeg is pre-
estimation is based on a difference in the rate constants of regapted as:
action of X& + COS for the?Ps, and?Py» ionic states. The
“weights” of the fractions of the states were determined us- ;. — o+ ko = ko + kelks/Ka)M ’
ing a “two exponential decay” fitting function approximating 1+ (ks/Ka) M
kinetic dependences. A fraction of the excited ions depended.
on the discharge conditions (pressure and current) and coul
be varied within the range 5-15%.

While studying the reaction ©* + CH3CN, O, (>0.01%
of the buffer gas flow) was admixed upstream of the inlet port
of the neutral reactant to quench any possible excitation of

©)

.e. by the sum of a charge transfer rate conskgrandk,
given by an expression for the binary rate coefficient of the
association process, which is dependent on the buffer gas
concentratiorM). kg is presented as a function of two pa-
rameterskc and the ratidks/Kg. ke is the rate constant for

0Ot
1E-9
4 p=0.25Torr °
3. Results and discussion = p=031Tor B
SE10 | %, . ° p=065Tor | =

The values of the effective binary rate coefficikgt have z .o -
been determined from the plots of the ion current logarithm _S. - 0 e 2
(for the &** and Xe™* ions) versus the flow of acetonitrile. x °o. ot
Figs. 1 and Xhow the dependences ki on the relative - . N
translational energltcm (in the center of mass system) of the E10 _ -
reactants. . - 0,03 0.1 1 2 3

It follows from the figures that the curves are very similar E..[eV]

for the studied systems. The difference in a fraction of the
excited Xe™ ions does not practically affect the behavior of Fig. 2. Energy dependences d¢ at different pressures for the
the curves. Nevertheless the operation mode of the discharge,** + CH3CN system.
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the formation of a complex, which can either undergo a re-
verse decay with a characteristic timeé<d/or can be sta-
bilized by collision with He ks is the rate constant of the
corresponding stabilization process. While expresé®is
based on a simplified Lindeman—Hinshelwood model, it al- He is significantly less than for acetonitrile. The energy of
lows the presentation of the parameters in a simpler way the stabilizing collisions is estimated close to thermal en-
than the sophisticated models based on phase space theor§gy, which is defined by the bath gas temperature. It is valid

[7.8].

stantkcp. The comparison okc andkco can give a factor
Pc =kclkco, whose value may indicate, that not all the colli-
sional complexes make equal contributions to the association
rate. The approach can be applied only for non-linear pressure
dependences, when the transition from the third to the second
order of the association reaction takes place. In the course of
the treatment an attempt has been made to determine simul-
taneously all the parametetg:( ks/Kq andkp) from each of
the experimental curvegs(P) presented irFigs. 3 and 4
The fitting function is given by expressi@8). The number
of parameters is rather large to expect a good accuracy of
their estimation and the results may be used only for pre-
liminary analysis. The results of the treatment are shown in
Tables 1 and 2

It follows from Tables 1 and 2hat k¢ is smaller than
the collisional rate constaritcg and increases with en-
ergy. The value okco can be evaluated using the ADO
model, which takes into account the interactions of perma-
nent and induced dipoles with iorf8,10]. An estimated
value ofkcg (at Ecma20.04 eV) is about & 102 cm?3/s for
the Q** + CH3CN collisions. Thus, the probability factor
Pc =kc/keo is significantly less than unity. The calculated
value ofkegg for the collisions of X&* with CH3CN does
not differ much from the previous estimation (being about
3 x 10~2cm?/s) and the probability factd®c is also small.

The decrease of the association rate with energy is a re-
sult of the decrease of tHg/Ky parameter. It is reasonable
to assume thaks is not dependent on energy. When the
ions are drifting in the electric field, the translational energy
(in the center of mass system) of the stabilizing collisions
(O2**CH3CN + He and X&*CH3CN +He) is significantly
less than that for the collisions of the respective precursor
ions with acetonitrile. The reduced mass for collisions with

when the energy of the collisions of the precursor ions with

The main advantage of the presentation of the associationacetonitrile is less than 0.1 eV.
rate coefficient by(3) is the following. It is not necessary
to assume thatc is strictly equal to the collision rate con-

Table 1

Thus, the energy dependence of thkgKy parameter
should correspond to a behavior of the complex lifetime. It

Values of parameters involved in express{@hfor O,** + CH3;CN (+M) reaction at various translational energies

Ecm (€V) ke (10~ 1%cmd/s) ks/Kq ko (10~ 0cm/s)
Torr1 10~ cmd

0.041 7.4£0.24 3.0+ 0.7 0.86+ 0.2 0.05+ 0.36*

0.042 6.8-0.5 40+ 0.7 1,14+ 0.2 ob

0.047 57413 1.5+ 0.8 0.43+ 0.23 1.7+0.3

0.049 9.2+2.5 0.65+ 0.3 0.19+ 0.08 2.0+0.2

0.049 12+ 3.07 0.63+ 0.2 0.185+ 0.06* 1.3+0.4

0.058 13. 1 1.4 0.47+ 0.08 0.13+ 0.02 1.2+0.42

0.061 19+ 42 0.24+ 0.08 0.069+ 0.01% 1.6

0.075 23 0.18+ 0.0 0.052+ 0.003 1.4+0.12

0.087 21+ 52 0.194+ 0.04 0.054+ 0.012 0.93+0.3

0.101 28 0.11+ 0.0 0,03+ 0.003 0.87+0.42

2 The error limits correspond to the fitting procedure only.
b The indicated value is set fixed in a fitting procedure.



138 P.S. Vinogradov et al. / International Journal of Mass Spectrometry 243 (2005) 135-140

Table 2
Values of parameters involved in express{@hfor Xe** + CH3CN (+M) reaction at various translational energies
Ecm (€V) ke (10-1%¢cmd/s) ks/Kg ko (10~10cm/s)
Torr 1 10 8¢cn?

0.045 7.9+ 0.8 1.844+ 0.7 0.53+ 0.02 0.06+0.36"
0.050 11.1+ 2.4 0.86* + 0.34 0.25+ 0.0 0.33+0.2
0.075 15+ 5.8 0.3 4+ 0.18 0.1+ 0.005 0.49+0.08"

@ The error limits correspond to the fitting procedure only.
is not possible to determirle in the present experiment di- In the present work the independent evaluatiorig bfave
rectly. So the subsequent estimation of the lifetinrel/Ky been made from kinetic dependences of;CN** produc-

requires a “guess” for the magnitudelgf. For the present  tion. The ratio of the ion currents (product over precursor)
estimation the probability is taken to amount to Cu—30% for the Q** + CH3CN system is given by the expression:
per collision. As the rate constant for collisions of the ion

complexes with helium is about tBcn/s, the “guess” 141 _ _fa1/32ko {1 — exp[—(kp — kem)[Al1]} . (4)
value forks will be taken equal to 0.3 109 cmd/s. The iz2  (kp — kef) P

values ofks/Kq are presented iffables 1 and an Torr1

and 1016 cm® (reciprocal concentration) units. The lifetimes
7 =1/Kq at various energy may be evaluated taking into ac-
count that, wherks/Kg=1Torr 1, 1 ~0.8410 7 s. The rea-
son for high lifetime values will be discussed below. It should
be noted that a semi-empirical calculation (HyperChem Pro-
gram, PM3) gives a binding energy of about 40 kcal/mol for
the Q**CH3CN complex.

The subscripts forare matching thevzvalues of the ion
currentsfay/32is afactor, which takes into account a detection
efficiency of the ions. It is related with the “discrimination
effects”, which arise, when ions are sampled and detected
by the quadrupole mass analyzdy] [s the concentration of
acetonitrile and is the reaction timek;, is the rate constant
of the loss of the secondary molecular ions of acetonitrile in
the reaction CHCN®* + CH3CN — CH3CNH" + CH,CNe®.

As has been mentioned, the reliability of the estimation
’ : The value ofk,=210"°cm®/s was taken fronj12,13} kg
of the parametersig, ke andks/Kg) is not good because is significantly higher tharkesr, SO theias/iz, ratio should

three parameters are determined simultaneously from Onereach its steady level at a moderately small flow of acetoni-
experimental curve by the fitting procedure. The values of y y

ko, which have been determined in the fitting procedure, may trile. The values of the steady level ¢4) (be'ng equal 0

. . " . -~ T41/3Ko0/(Kp — Keff)) were determined from the kinetic depen-
characterize rather an optimal position for the intersection dences of thiw.fi ratio on the flow of acetonitrile at various
of the fit curve with theY-axis rather than the real value of €11/132

ko. The reliability of the estimations may be improved, if the pressures and energies. Egcould be easily calculated. The

number of variable parameters is reduced. factorf4llgzwas estimated about. 1.1. The valuekgfwere '
The accuracy of the determination laf is critically de- deterr_nlned frqm the “exponential _decay curves” of the pri-

pendent on the accuracy of the experimental points at low mary ions, which were measured in parallel. The results of

pressure (seBigs. 3 and 4 It is known that at buffer gas estimations okg at various pressures are showrFig. 5.

pressure below 0.2 Torr the accuracy of the measurements O[jeV\é:?jgr?cneaslyozfl?r?etgzcrsr?(ljjgrs ?S;irT:Q?rz fg;gr:?t% lﬂge;fre
rate constants by the drift tube method is not good. Usually P Y P

such measurements give overestimated vallas The rea- that the “scale of the reaction time” for the primary and sec-
son for this is an effect of the admission of a reactant gas on

the “effective ion mobility” in the gas mixture, which may 0,"*+CH,CN system. E__=0.049 eV
result in an increase of the reaction time. So, the data indi- 7 Sl O kg ® k; & kpx10
cated in the last columikg) in Tables 1 and thay refer to the & 51 I g
best-fit values rather than to the rate constant of the charge ) | I o I
transfer reaction. % 47 l I . e

The reliability of the estimations of the parameters may E" 3 é Ex’? r'y i I
be improved ifkg is determined by an independent way. One g g ea 1 [
way is an estimation of rate constant at very low pressure, £ 2] o .
when the contribution of the association channel is negligible. 2w & k. =82+08
A preliminary estimation was made by one of the authors by § 5 ) ke /K 4=17£03 Torr™
using the ICR technigue. Another estimation was based on an il = o o

analysis of kinetic dependence for the §HN°** product. The
measurements were made by the flowing afterglow technique
(FA) In He'lllt TT?sS been found, that the Vallfles are about 7 Fig. 5. Pressure dependences of contributions of charge trakgfeand
and 4x 10~ -*cnm/s (for ICR and FA reSpeCt'VeIY) at room associationky) rate constants tkeg at translational energy 0.049 eV. The
temperature. dashed line is the best-fit curve fiay. ke units are169cm3 s,

He pressure, Torr
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Fig. 7. Dependence &t on translational energy for the;©+ CH3CN sys-
Fig. 6. Energy dependences of the effective binary rate coeffikigrand tem.
the contribution of the association rate constarat a pressure of the buffer
gas 0.31 Torr for the @ + CH;CN system. from theigs/iz2 ratio for the extended energy range (up to

0.2eV).

ondary ions is the same. When the method of evaluations The approach (dem_onstratedlﬁg. 5) has been applied to

of ko from the steady level of the ratio is used, the result the treatment of expgnmental data at energy below 0.1 eV (to
does not depend on a characteristic time to reach the level COect the results given ifable J). The corrected values of

A difference in the rate of the loss between the primary and the parameters chr_:lracterlzmg the association process, which
secondary ions due to their diffusion may also affect on the h?\éifbeer; deterr_nmed from thetp;g_ssur;z dedpgndendgs of
accuracy of the estimation. A detailed analysis shows that the? II T]renldegerglesaarhe prﬁsenﬁe Igs. 7-an -
difference does not play any role at pressure above 0.3 Torr. t should be note .t at the efiective rate consta_nt ofthe
For the studied range below 0.3 Torr a contribution of the ef- association channel is rather large at low translational en-
fect does not exceed the error margins, which correspond toS'9Y- The low-pressure limit of the three-body association

the experimental points scatter rate constant (in cAs~1 units) may be expressed as
It has been mentioned that the measurements of the rate ks
constants at pressure below 0.2 Torr give overestimated val-ka0 = kc fd

ues. If the points below 0.2 Torr are not taken into account it .

may be concluded, that the rate constant of the charge trans- N€ evaluation okao for the lowest energy (about 0.042 eV)
fer channel does practically not depend on the he pressure, a§'VeS

it follows from Fig. 5. The value ofko averaged for various ;. ~ (54+2.1) x 1002cmPs L.

energies (seBig. 6) equals to 0.3% 10~ cmd/s.

The dashed curve ifig. 5presents the fitting function for It may be shown that the evaluation of the three-body rate
the effective binary rate constant of the association channelconstant by the expressidao= (keit — ko)[M] gives notice-
(ka=keff — ko), which is given by the second term of expres- ably overestimated values in the studied pressure range at low
sion(3). The optimal values of two parameteks &ndks/Kp) energy.
are given in the figure. They significantly differ from those ~ The large values of rate constants for the studied systems
indicated in the matching line ifiable 1(corresponding to ~ are in agreement with the concept, which predicts long life-
the results of the fits, when three parameters have been detimes, when a slightly endothermic charge transfer may take
termined from the dependenkg; =f(P)).

It should be noted that the reliability of the measure-
ments of rate constants at pressure above 0.6 Torr might "
be not high. The reason is an effect of scattering of ions, -
when they are sampled into the high vacuum section of tg
the apparatus. The effect brings to a low intensity of de- £
tected signals and results in a large scatter of experimental " 044 I I
points. Then it is better not to take such experimental points :w T
into account. While an agreement between the experimen- 1 {
tal point ofky and “the best-fit curve” at the largest pressure -
of He is good for the measurements showrFig. 5, it is 0)54 0,65 0:06 0,'07 0.08 o,'og 0.0
not so for some of the similar measurements at other ener-
gies.

Fig. 6shows the dependence on energy of the contributionsrig. 8. Dependence okg/Ky ratio on translational energy for the
of kg andkg tokesr. The contribution okg has beendetermined  O,* + CH3CN system.

Energy, eV
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place[2,3]. Anisotropy of interaction between the colliding sure at least at low energy and in the pressure range

particles may also result in long lifetimes of the comiglx 0.2-0.6 Torr.
Acetonitrile is a very polar molecule, whose dipole momen- A large rate of the association process at low energy is
tum is about 4 Debye units. a result of a long lifetime of collisional complexes, which

The difference irkc and the rate constant of collisions is is estimated about 13 s. The result is in agreement with
surprisingly large (by a factor about 5). A physical meaning the model predicting long lifetimes of collision complexes,
of the result may be understood if one assumes, that the for-in which slightly endothermic charge transfer may take
mation of a complex, whose lifetime is long (corresponding place.
to the determined value &s/Kq), does not occur in each Atreatment procedure of experimental dependences based
collision. About 80% of the trajectories result in the forma- on a simple model of association processes has been elabo-
tion of the complexes, whose lifetime is small so, that the rated. It has been shown that only 20% of collisions make
contribution of such collisions is of no importance for the the main contribution to the association rate in the studied
rate constant. For the studied system it is so, if the “partial” pressure range at low energy.
three-body rate constant for those 80% of collisions does not
exceed several 168 cm® s~ units.
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