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Abstract: The relative rates of formation of CsHg* and CsH7™* by reaction of C3Hs™ with ethylene have been studied both in
pure ethylene and in mixtures of ethylene with various bath gases M. From the variation of the ratio [CsH¢*]/[CsH7*] with
pressure of the bath gas, relative collisional stabilization efficiencies of (CsHg*)* by the various monatomic, diatomic, tri-
atomic, and polyatomic bath gases have been determined. The relative stabilization efficiencies are not consistent with a
mechanism where the efficiency of energy transfer is determined by the collision duration, approximated by the ion fly-by
time. Rather the results indicate formation of a long-lived complex similar to that postulated by Rabinovitch for neutral-
neutral systems. In this model deactivation results from energy redistribution involving the transitional modes of the complex
with only minor involvement of the internal vibrational modes of the bath gas.

Energy transfer on collision between vibrationally excited
molecules and ground state molecules has been the subject
of considerable theoretical and experimental investigation.
For diatomics in the low-energy region (one vibrational
quantum), theory predicts2-* that energy transfer is most
efficient for “hard” collisions, with a steep repulsive poten-
tial energy well, where the collision duration is thus compa-
rable to the vibration period. Transition probabilities (v = |
to 0) are predicted to range from 10=3 to 1072 per collision
and to increase with increasing temperature. This is in rea-
sonable agreement with much of the experimental data.?:6
For species (both diatomic and more complex) with consid-
erably higher vibrational excitation, different results are ob-
tained experimentally in that it frequently is observed’-1!
that the efficiency of energy transfer (vibrational — trans-
lational) on collision increases with increasing collision du-
ration reaching a maximum when the vibrational frequency
matches the “frequency” of the collision duration. Detailed
theoretical treatments are not yet available.

Extensive studies of the collisional deactivation of highly
vibrationally excited molecules, such as those arising during
chemical reactions, have been carried out by Rabinovitch
and coworkers.!2-17 These results have been incorporated'®
into a model of vibrational deactivation, based on the
RRKM theory, which assumes that the activated molecule
(termed the substrate) and the (inert) bath gas form a com-
plex in which energy redistribution occurs among the inter-
nal modes of the substrate and the transitional modes of the
complex; the transitional modes are vibrational modes of
the complex correlating with relative translational and rota-
tional motion of the colliding partners. Unrestricted energy
redistribution is not permitted as the allowed energy in
bending modes of the complex is limited by angular mo-
mentum conservation requirements. Implicit in the subse-
quent experimental analysis is the usual Lindemann as-
sumption that only one collision is sufficient for deactiva-
tion. This has been confirmed experimentally. The experi-
mental results are in general agreement with the above
model and demonstrate that vibrational energy of the sub-
strate is converted primarily to translational and rotational
energy of the colliding partners. Three classes of bath gases
can be distinguished, monatomic, linear and diatomic, and
polyatomic, according to the number of transitional modes
available in the complex. Equilibration involving internal
vibrational modes of the bath gas appears to be significant
only for very efficient deactivators and, even in these cases,
represents only a minor contribution to the total collisional
deactivation efficiency.

Further aspects'8:1% of Rabinovitch’s work, using chemi-
cally activated molecules, have involved the study of multi-
step deactivation processes to determine probability distri-
butions for AE, the energy lost from the substrate per colli-
sion. These studies have shown? that inefficient collision
gases do not have a large number of elastic collisions and a
few efficient ones, but rather that most collisions remove
some energy, the average amount removed per collision
being small. Thus, variations in the efficiencies of the sin-
gle-collision stabilization process of Lindemann theory must
be interpreted in terms of variations in the fraction of colli-
sions that remove an energy AE which is equal to or greater
than that necessary for deactivation. This should hold also
for the ion-molecule collisions investigated in this work.

In contrast to the rather extensive studies in neutral sys-
tems there have been very few studies of collisonal energy
transfer processes for vibrationally excited ions. In the low-
energy region Shin2! has used the method of Zener? to pre-
dict that the strong ion-neutral attractive interaction
should result in a “harder” (or shorter duration) collision
and thus increase the probability of energy transfer. In the
high-energy region there have been no extensive systematic
studies similar to the neutral studies of Rabinovitch involv-
ing a wide variety of collision gases with differing proper-
ties. Such studies would have the distinct advantage that
the collision rate for nonpolar bath gases can be estimated
accurately from the Langevin ion-induced dipole coliision
model.??

To our knowledge there have been only two systematic
investigations of energy transfer in gaseous ionic systems.?"
Gill, Inel, and Meisels?6 have studied the collisionai deacti-
vation of (C4Hg*)* by various inert gases in the radiolysis
of ethylene. They invoked a series of successive deactivating
collisions with the third body to reduce the internal energy
and interpreted the observed product distributions in this
light. They concluded that energy transfer in nonreactive
ion-molecule collisions is considerably less that anticipated
on the basis of formation of an intermediate complex where
all the internal degrees of freedom are active.

Very recently Anicich and Bowers?? have measured abso-
lute third-order rate coefficients for formation of the dimers
(CH,CF,*.CH,CF>) and (C¢Hg™*C(Hsg) in mixtures of the
respective parent gases, CH,CF; or C¢Hs, with nonreactive
bath gases. From these rate coefficients they estimated rela-
tive stabilization efficiencies per collision for the rarc gases,
N3, CO, and the parent gases. Except for CqHj stabiliza-
tion of (CeHg*-CgHs) they observed a linear dependence of
the collision efficiency on u!/2 (x4 = reduced mass of collid-
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ing pair), which they interpreted as indicating vibrational-
translational energy transfer with the probability depending
on the collision duration.

As an initial study of energy transfer in ionic systems we
have chosen to study the collisional deactivation of the ex-
cited ion (CsHg*)* produced in ethylene. The ionic chemis-
try of ethylene has been studied extensively28-3! and there is
general agreement as to the reactions occurring. The rele-
vant reaction sequence for this work is that initiated by the
molecular ion, as summarized in Scheme 1. Other minor
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ions, notably C3H4*, form less than 2% of the total product
yield3! from reaction of C;H4* and will be neglected in this
study. The secondary ion CsH-* is formed in about 8%
yield and does not appear to react further,3!

The detailed mechanism for formation of CsH,;* and
CsHot is apparently quite complicated. Both ions result
from reaction of Cs;Hs™ with C,;Hy4 to form an excited
species, (CsHg*)*, which can either decompose back to
reactants,?®32 decompose to CsH;™ + Hj, or be collisional-
ly deactivated to form stable CsHg*.2932 The observation?®
that, in the reaction of C3Hs* with C,D4 in a tandem mass
spectrometer, there is considerable production of
C3(H,D)s™ ions indicates the formation of a relatively long-
lived collision complex. The simplest mechanism3° to de-
scribe the formation of CsH7* and CsHy*, and the one we
will employ in this work, is outlined in Scheme I, where M

Scheme I1

\ CH" + H,
ki
CH' + GH, — (GEH* AM, cr* + g
e k,[M]
CoH, "

is any third body. This mechanism differs from most simple
termolecular schemes?423 by including both a unimolecular
and a collision-induced route for formation of the CsH,*
product. Both are necessary to rationalize the pressure de-
pendence of the ion abundances in ethylene, although other,
still more complex, mechanisms can also be invoked and
lead to essentially the same predictions as Scheme Il in the
low-pressure region.

From Scheme II we may derive the kinetic expression in
(1) for R, the observed ratio [CsHo%]/[CsHs*], in
mixtures of ethylene with a second gas M. Equation | pre-

_ [GHy')

R — Ry CoHy |

[CsH'] ~ %y + B CoH,] + ky1M]
k4’[M] (1)
Ry + kJ CoH,yl + ky'[M]

+

dicts that, in pure ethylene, R should initially increase lin-
early with [C,H4] (k3[CyH4] « k3) with a slope k4/k2.33
In mixtures of ethylene with an inert third body at constant
(low) values of [C,H4], R should initially increase linearly
with [M] with a limiting slope given by k4'/k2. The present
work involved the determination of the ratio k4'/K; for a
variety of bath gases, and, thus, the determination of rela-
tive collisional stabilization efficiencies. (Note that the col-
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lision-induced decomposition processes (k3 and k3’) are un-
important when initial slopes are employed.) The experi-
mental results are compared with similar results for neutral
systems obtained by Rabinovitch et al. and are compared
with theories developed for neutral systems.

Experimental Section

The experimental work was carried out using the mass spec-
trometer and ion-trapping techniques described previously.?! In
this technique, ions are produced during a short (5 usec) pulse of
electrons of suitable energy and are trapped in the negative space
charge of a continuous electron beam of energy insufficient to
cause ionization. A positive voltage pulse applied to the repeller
electrode a known and variable time after the ionizing pulse re-
moves the ions for mass analysis in a conventional magnetic deflec-
tion mass spectrometer. Delay times between the ionizing and
withdrawal pulses (and, hence, reaction times) of up to 4 msec may
be used. In the present work two types of studies were made. In
pure ethylene and in mixtures with various third bodies, the ion in-
tensities were observed as a function of reaction time at constant
source pressures to determine the products of reaction and the rele-
vant rate constants. In addition, runs were carried out at a constant
reaction time (usually 1.0 msec) by varying the pressure of ethyl-
ene or added third body to permit measurement of relative collisio-
nal stabilization rate constants by use of eq !.

Source concentrations were not measured directly but were re-
lated to the gas pressures in each of two sample inlet systems. Tests
showed that the source concentration was a linear function of the
sample pressure in either inlet system and was independent of the
identity of the gas. Two-component mixtures in the ion source were
obtained by using known pressures of the two gases separately in
the two inlet systems. For each inlet system the relation between
source concentration and inlet pressure was established by observa-
tion of the CH,* + CH, reaction in pure methane; all rate coeffi-
cients are therefore relative to the value3* of 1.20 X 10~ cm? mol-
ecule™' sec™! for this reaction. In all experiments the source tem-
perature was approximately 100°.

All unlabeled compounds were commercially available and
showed no detectable impurities in their mass spectra. Methane-d,
and ethane-dg were obtained from Merck Sharp and Dohme,
Montreal.

The average kinetic energy of primary ions in the ion trap has
previously been determined3' 10 be approximately 0.4 eV. This ki-
netic energy is related to the ion-trap potential well depth, which is
predicted3 to be proportional to 7./ E.'/2, where I is the electron
current and E. is the electron energv. It was not possible to verify
this dependence experimentally as trapping efficiencies rapidly
deteriorated as /. and E. were altered from their optimum values.
The day-to-day fluctuations in the optimum value of /. were not
great (£20%) and are thus expected to have little effect on the
rates of processes that are relatively insensitive to ion kinetic ener-
gy. However, the lifetime of the (CsHgt)* collision complex may
be quite sensitive to ion kinetic energy and variation of this energy
may be the cause of some of the experimental scatter observed,
particularly for absolute termolecular rate constants.

Results and Discussion

A. Pure Ethylene. The rather complex mechanism of
Scheme IT is cumbersome for kinetic analysis and, for pure
ethylene, its main features can be represented by reactions
2-4. From a steady-state analysis on (CsHo™)* (Scheme I1)

&

CqHs" + 2C,H, — C:Hg* + CHy (2)
Ry

C,H;* + C,H, — C.H,* = H, 3)

k
CHs' + 2GH; — CH* + (H, + CH,) (4)

we may derive the following relationships between the over-
all rate coefficients, k,, k»,, and K., and those used in
Scheme I1.
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Figure 1. Time dependence of ionic abundances in ethylene, low elec-
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Figure 2. Determination of absolute bimolecular and termolecuiar rate
constants for reaction of C3Hst in pure ethylene (see text). The
straight line represents a least-squares fit of the experimental points.

_ kiky ~ FiRy
ka = By + ky + Ry CoHyl + R CoH,J kg (5)
_ kyky ~ kiFo
Fo = By + ky + Ry CoH,] + R CH,] By ®)
k. L ~ Bh o)

T &y + By T R CyH] + R CH,J kg

The approximate relationships will be shown below to be
valid for the low-pressure conditions (<103 Torr) em-
ployed in this work.

For the overall reactions 2-4 we may derive the following
expression for the disappearance of C3Hs™ at reaction times
greater than that necessary for complete reaction of C;Hat.

2.303 log [CyH,*) = — (B[ CoH, P + R CH,] +
kCH, )¢ + constant (8)

It is convenient to define an apparent bimolecular rate coef-
ficient, kapp!?), for disappearance of C3Hs*, which is relat-
ed to the slope of the plot of log [C3Hs%] vs. ¢ at constant
C,H4 concentration by

kay®) = 2.303 slope/[ C,H,] ©)

o] 1.0 20 3.0 4.0 5.0
[CoHe1x 107 (motecutes cm™3)

Figure 3. Concentration dependence of R = [CsHo*]/[CsH,*] in pure
ethylene. Reaction time = 1.0 msec.
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Figure 4. Variation of 1/R with 1/[CyH,4] in pure ethylene, data from
Figure 3. The straight line is a least-squares fit of all experimental data
except two points at low pressures (high 1/[{C>Ha]) which are subject
to large error. Inclusion of these two points changes intercept and slope
by less than 10%.

and is related to the rate coefficients of eq 8 in eq 10. A plot
of kapp!? vs. [C;H,] should yield a straight line of slope &,
+ k. and intercept kp.

kapp(Z) = (ka + kc)[CZH4] + Ry (10)
In addition, the ratio [CsHo*]/[CsH,*] is given by
_[CsHg'l R CoHY]
R =ICHET ~ &y + RIGH, (1)

and a plot of R vs. [C,H4] should have a maximum limiting
slope at low [C,H4] of ka/ks = Ka/k2 (k[CoH4] <K ky).
Alternatively, a plot of 1/R vs. 1/[C;Hy] should be a
straight line with a slope Kv/k, (=k»/k4)and anintercept
ke/ka (=k3/ks).

Typical experimental results for pure ethylene are shown
in Figures 1-4. Figure | is a standard ion abundance (loga-
rithmic scale) vs. reaction time plot and is our typical ex-
perimental data. Only the five ion intensities shown were
monitored. At high pressures and long reaction times a
maximum of 3% of higher order products (CeH,*, C;H,™)
was observed; these were not investigated further. The rate
coefficient kap,(?) is determined directly from the slope of
the C3Hs* disappearance curve at times where its forma-
tion from C,H;* is negligible. Figure 2 shows a plot of
kapp'® vs. [C2H4] (eq 10). A least-squares analysis gives k,
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+ ke =222 05X 1072 cm® molecule=2 sec™! and ki, =
3.7 £ 0.7 X 107! cm3 molecule™! sec™!. The scatter in the
data may arise, in part, from small day-to-day changes in
the optimum ion trapping conditions (see Experimental
Section). The magnitudes of the rate coefficients depend
critically on the lifetime (1/(k—-; + k3)) of (CsHg*)* which
is determined, in part, by the internal energy of the species,
which in turn depends on the kinetic energy of the C3Hs*
precursor.

Figure 3 shows a plot of R vs. [C;Hy4] (eq 11) at constant
reaction time (1 msec). As predicted, this is not linear but
shows a decreasing slope with increasing [C2Hy4] due to the
influence of the k;[C,H4] term in the denominator of eq 1 1.
From the initial slope we obtain k,/ky, = 1.3 £ 0.2 X 10713
cm? molecule™. In terms of Scheme II this ratio equals
ka/k,. Figure 4 shows a plot of 1/R vs. 1/[C,H,] for the
same data. This yields a linear plot from which we derive
from the slope ka/ky = 1.4 X 10713 cm? molecule~!, and
from the intercept k,/kc (=ka4/k3) = 5. This latter value is
in good agreement with the value of ~6.5 estimated by
Bowers, et al.,’0 from an analysis of the experimental data
of Myher and Harrison.2® The value k,/ky, = 1.4 X 10713
cm3 molecule™! is very close to the value of 1.3 X 10713
cm? molecule™! derived from the initial slope of Figure 3,
but is considerably higher than the value of ~4.7 X 10714
cm3 molecule™! which may be derived from the slope and
intercept of Figure 2 (assuming k. = 0.2k,). The uncertain-
ty in the latter value for k,/k; is large, however. We thus
conclude that the following approximate rate coefficients
are appropriate for the ethylene system under our experi-
mental conditions: k, = 3 X 10724 cm® molecule™2 sec™!;
ky ~ 3 X 1071 ¢cm3 molecule™! sec™!; ke = 6 X 10725 cm®
molecule=2 sec™!. The present value of k, is somewhat
higher than the values of 0.4 to 1.4 X 10724 cm% molecule™?
sec™! reported by Harrison and Herod.3? This may result
from differences in the ion kinetic energy distributions in
the two experiments.3¢

Assuming a steady state in (CsHo™)*, eq 12 represents
kapp'? in terms of the rate coefficients in Scheme II. If ki,

b _ ( ko + ki CoHy] + B[CH,y] )(12)
Ew "\k.y + By + R[CoH,] + B C,H,]

the rate coefficient for reactive collision between C;Hs*t
and C;Hg, is assumed to be comparable to the Langevin
collision rate, we observe from Figure 2 that kapp'® is only
3-8% of ky. This low value must imply that k_; > k, +
k3[CoHa] + k4[C,H4] at the source concentrations em-
ployed in the present work. Thus the approximations used
in eq 5-7 are justified.

B. Mixtures of Ethylene with a Second Bath Gas. Addi-
tion of an inert bath gas to the ethylene system introduces
an additional reaction resulting in collisional stabilization of
(CsHo1)*, as well as an additional reaction leading to colli-
sion-induced dissociation to CsH7* + Ha. The system be-
comes extremely complex for a complete kinetic analysis;
however, in the present work we are most interested in the
collisional stabilization process. For Scheme 11 the ratio R
is given by eq 1. We have shown above that at low ethylene
concentrations k3[C;H4] << k,. Thus at constant low ethyl-
ene concentration the plot of R vs. [M] should have an ini-
tial slope given by k4’/ k> (i.e., k3y’'[M] « k3).

We have thus obtained relative values of k4'/k, from the
initial slopes of such plots for various bath gases M. Typical
results are shown in Figure 5 for a reaction time of 1.0
msec, greater than that necessary for reaction of primary
C,H4*. Approximately the same ethylene concentration
(~6 X 1012 molecules cm™3) was used in each run and the
electron energy was maintained below the ionization poten-
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Figure 5, Variation of R = [CsHo*]/[CsH+*] with concentration of
collision gas M. [C3H4] =~ 6 X 1012 molecules cm™3. Reaction time =
1.0 msec.

tial of the bath gas. No products of ion-molecule reactions
involving M were detected except for the C;Hg and C,Dg
systems which will be discussed in greater detail below.

The plots of R vs. [M] show initial linear regions fol-
lowed by downward curvature at higher values of [M] as
the slower collision-induced decomposition to CsH,*
(k3'[M]) becomes a significant contributor to the total
CsHyt yield. However, reasonably accurate values of k4’/
k, may be determined from the initial slopes. The changes
in the initial slopes as the bath gas is changed are assumed
to be due to variations in k4’, the collisional stabilization
rate coefficient. These are reported in Table I as k,’ relative
to the value of k,(ks/k>) obtained from the similar plot in
pure ethylene (Figure 3). The numbers in Table I, column
2, thus represent relative collisional stabilization rate coeffi-
cients for the various gases M. The absolute value of the
termolecular rate coefficient, k,’, for the process

k.
CiH* + GH, + M — CHy* + M (13)

can be obtained for any M from the absolute value of k, for
pure ethylene reported above.

C. lon-Molecule Reactions in C;H,-C;H¢ Mixtures. As
mentioned previously, side reactions were observed in this
study in ethylene-ethane mixtures. A detailed analysis of
these reactions is beyond the scope of this paper; however, it
is important to ascertain if there are any additional reac-
tions leading to CsH>* or CsHot. Such reactions, if of suf-
ficient importance, could obscure any inferences derived
from a plot of R vs. [C;Hg] concerning collisional stabiliza-
tion by C,He.

In a 2:1 mixture of C;Hg and C; Hy (total source concen-
tration = 1.4 X 1013 molecules cm™3), at an electron energy
nominally below the ionization potential of C,Hg, approxi-
mately 2% C,;H¢t was observed at short trapping times
while about 2% C3;H;t was observed at | msec. trapping
time. No other products not observed in pure ethylene were
detected. In a similar C,D¢-C,Hs mixture under the same
conditions, a considerable variety of additional product ions
was observed, as reported in Table II. The ions of m/e 71 to
73 are of greatest interest since they may represent
Cs(H,D)7* or Cs(H,D,)o" ions formed by a route addition-
al to that given in Scheme II. However, for the sake of com-
pleteness we list in the Appendix the other reactions that
appear to occur in this system. These reactions do not inter-
fere with the collisional stabilization studies of this paper.

Ions of m/e 71-73 probably arise from reactions 14 to 16,
although it is possible that m/e 73 could be CsHsD4*. Thus
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Tablel. Relative Collisional Stabilization Rate Coefficients and Efficiencies®
—k,'[kip, EV———

M ko’ ko' lkiang 0.4 0.3 0.2 Thermal Best value
C,H;, (1.00) (1.00) (1.00)
He 0.097 0.19 0.19
Ne 0.073 0.21 0.21
Ar 0.127 0.235 0.235
Kr 0.103 0.19 0.19
H, 0.23 0.165 0.165
D, 0.22 0.22 0.22
N 0.205 0.325 0.325
CO, 0.365 0.53 0.53
CH, 0.54 0.57 0.57
CD. 0.51 0.58 0.58
CF, 0.44 0.76 0.76
SFg 0.545 0.83 0.83
C:Hg 1.02 1.02 1.02
C.Dg 0.90 0.98 0.98
CcO 0.255 0.38 0.34 0.33 0.33 0.30 0.33
N:O 0.44 0.62 0.54 0.53 0.52 0.30 0.53
SO; 0.96 1.33 0.65 0.60 0.54 0.31 0.62
CHF 1.16 1.61 0.59 0.54 0.48 0.30 0.57
CHF. 1.26 1.96 0.75 0.68 0.61 0.35 0.71
CF.Cl, 0.60 0.74 0.60 0.58 0.56 0.41 0.59

e See text for discussion of calculation of relative stabilization efficiencies.

Tablell. Peaks Observed ina 2:1 C,De—C,H, Mixtures-
%% total
Mass range  Identification ioniz Remarks
32 C.D,+ 3 Short trapping times
36 C.D¢" 2 Short trapping times
42-44 C;H.D*, C;H;:D.", 8 Long trapping times
C3H2D3+
46-49 C;H.D;*, C;H;D,*, 2 Long trapping times
C;H:D;*, C;HD¢*
58,59 CiH.D;*, C.H;D 0.3  Long trapping times
71-73 See text 0.4 Long trapping times

o Experimental conditions given in text. ® Peaks observed in
pure C:H. are not reported.

C,H;* + C,D; — C;HD,* + 2H, m/e 13 (14)
CyH* = D, — CyH,D:* + HD + H, m/e 72 (15)
C3H5* + CQDG I C5H3D4* + Z(H,D)Q 'Wl/e 71 (16)

formation of CsH7* (and, possibly, CsHg*) by reaction of
C3H;s* with C,Hg does occur. The extent of these reactions
is sufficiently small (m/e 71-73 intensities about 5% of total
CsH5* + CsHy™ intensities) that a negligible influence will
be exerted on R and thus on the relative collisional stabili-
zation rate coefficient derived for C,Hg. This conclusion is
supported by the good agreement of the results for C2Heg
and C2D6.

D. Relative Stabilization Efficiencies. The experimental
data recorded in column 2 of Table I represent relative col-
lisional stabilization rate coefficients. For meaningful com-
parisons these rate coefficients must be normalized by di-
viding by the relative collision rate constants to obtain rela-
tive stabilization efficiencies per collision. For nonpolar
bath gases the collision rate constant was calculated from
the Langevin model,?2 i.e.

am

where « is the angle-averaged polarizability of the neutral,
e is the electronic charge, and u is the reduced mass of the
colliding pair. The relative stabilization efficiencies so cal-
culated are given in column 3. This approach assumes that
the rate of collision is determined by ion-induced dipole in-
teractions. For polar bath molecules there is an additional
ion-dipole interaction and there are no simple formulations
that yield exact expressions for the collision rate constant.

Frane = 27@(0!/#)1/2

Accordingly three different approaches have been used. The
first of these neglects the effect of ion-dipole interactions
and employs eq 17 to calculate collision rate coefficients.
These represent lower limits to the collision rate coefficients
and, correspondingly, the relative stabilization efficiencies
for polar molecules listed in column 3 of Table | represent
upper limits.

Theoretical treatments that include the effect of ion-di-
pole interactions frequently employ the “locked-dipole”
model where the dipole is assumed to remain aligned with
the charged ion throughout the collision. This model results
in the following expression3” for the collision raté coeffi-

cient
v\ 172
R = 27e ——-)
LD (

where E is the relative kinetic energy of the colliding pair
and p is the dipole moment of the polar neutral species. The
upper limit to the collision rate coefficient occurs at thermal
energies where eq 18 becomes34

1/2 2,,\1/2
¥ H
kBip = 27e <E) + 2wep<k—T>

where T is the temperature and k is Boltzmann’s constant,
This represents an upper limit to the collision rate coeffi-
cient and, hence, the relative stabilization efficiencies listed
in column 7 of Table I for polar molecules represent lower
limits.

Undoubtedly the actual situation is somewhere between
the two extremes represented by eq 17 and 19. It has been
observed?383? that rate constants for highly exothermic pro-
ton transfer reactions to polar molecules (expected to have
nearly unit collisional efficiency) measured by the trapped
ion technique generally are in good agreement with collision
rate coefficients calculated by eq 18 using an ion kinetic en-
ergy (laboratory scale) of 0.2 to 0.4 eV and thermal kinetic
energies for the neutral molecule. While this result has no
theoretical significance, it does suggest that, in the present
work, collision rate coefficients for polar bath gases can be
estimated in the same manner. The resulting relative stabi-
lization efficiencies are listed in columns 4 to 6 of Table |
for each of the assumed ion kinetic energies 0.4, 0.3, and 0.2
eVv.

Assuming that the differences in stabilization efficiencies
in the series CH, (p = 0), CH3F (p = 1.9 D), CHyF, (p =

2nep

GED (18)

(19)
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1.9 D), and CF, (p = 0) follow a systematic trend, it can be
seen from Table I that the thermal “locked-dipole” expres-
sion overestimates the effect of ion-dipole interactions
while neglect of ion-dipole interactions by using the Lange-
vin expression also is unable to reproduce the expected
trend. On the other hand using the “locked-dipole” expres-
sion (eq 18) at an ion kinetic energy of 0.3-0.4 eV to calcu-
late the collision rate coefficients results in relative stabili-
zation efficiencies which adequately reproduce the expected
trend. Further, one might expect the three triatomic bath
gases CO;, N,O, and SO, to have similar stabilization ef-
ficiencies and this is found only if the collision rate coeffi-
cients for the polar gases N2O and SO, are calculated as-
suming ion kinetic energies of 0.3-0.4 e¢V. Thus we con-
clude that, for ion-polar molecule collisions in the trapped
ion technique, the effect of ion-dipole interactions on the
collision rate can be approximated reasonably accurately
using eq 18 at an ion kinetic energy of 0.3-0.4 eV, The pres-
ent results are therefore in agreement with previous re-
sults3839 for reactions involving other than primary ions.*°

The final column in Table I presents our “best” values
for the relative stabilization efficiencies per collision for the
bath gases used. These numbers will be employed in the re-
mainder of the discussion.

E. Comparison with Previous Results and Theories. 1.
Tonic Systems. In view of the results of Shin?! concerning
the effect of the strong ion-neutral interaction on the
“hardness” of the collision, and thus the efficiency of ener-
gy transfer, an investigation of the dependence of the stabi-
lization efficiency on —(aV/ar), the steepness of the repul-
sive wall, is of interest. For a nonpolar molecule the poten-

tial energy is given by
o \12 o\8
() - (3))

where ¢ is the molecular polarizability and ¢ and o are the
Lennard-Jones coefficients for the colliding pair. The values
of ¢ and ¢ and the combining rules listed in ref 13 were
used. For CsHo* ¢ was taken as 4.3 X 1074 erg and ¢ as
5.65 A, comparable to the coefficients appropriate for
CsHjg or CsHg. The derivative was evaluated at V(r) = 0,
corresponding to a collision with near-thermal kinetic ener-
gy, and at ¥(r) = 0.4 eV and 0.4 u/m; eV (m; = ion mass),
corresponding to nonthermal kinetic energies. No correla-
tion of the stabilization efficiencies with —(a¥/or) was
found at any of these energies, in agreement with the find-
ings of Rabinovitch, er al.,13 for neutral systems. Our re-
sults for ¥(r) = 0 are shown in Figure 6 for illustrative pur-
poses.

The dependence of the stabilization efficiency on polari-
zability, dipole moment, and boiling point was also investi-
gated. The estimation of the collision rates in polar systems
has adequately accounted for the effect of the dipole mo-
ment and hence no correlation with dipole moment exists. A
general trend of increasing stabilization efficiency with in-
creasing polarizability or increasing boiling point was
noted. As will be shown below, this is primarily a result of
the dependence of the stabilization efficiency on molecular
complexity.

Qualitative inferences concerning relative collisional sta-
bilization efficiencies of simple gases have been obtained
from the study of termolecular ion-molecule reactions. In
these studies?*23 the relative order He < Ar < N has in-
variably been found. Our results are in agreement.

The most extensive study comparable to this work has
been the recent study by Anicich and Bowers?’ of the col-
lisional stabilization of (CH,CF,-CH,CF;,%)* and (C¢Hg-
C¢Hg™)* by the rare gases, N,, and CO. They found that

(20)
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Figure 6. Dependence of relative collisional stabilization efficiencies on
—{(aV/ar) (see text).

the stabilization efficiencies increased linearly with the
square root of the reduced mass of the colliding pair. This
was taken as evidence that the probability of energy trans-
fer depended on the duration of the collision, defined by the
ion-neutral fly-by time which is proportional to the relative
velocity (and, hence, u!/?). Despite a 20-fold change in
mass, our data exhibit little change in stabilization efficien-
cies for the rare gases, while N, and CO have stabilization
efficiencies which are considerably higher. Thus the model
used by Anicich and Bowers does not appear to be applica-
ble to our system. The collision duration model implies that
a long-lived complex (i.e., with a lifetime considerably long-
er than the fly-by time) is not formed. The lack of agree-
ment of our results with this model suggests the possibility
that a long-lived complex may be formed in our system.
This is supported by the comparison with the results of Ra-
binovitch and colleagues, discussed below.

No definitive reasons can be ascribed to the marked dis-
crepancy between the present study and that of Anicich and
Bowers, although there certainly are substantial differences
in the type of reaction investigated as well as in the experi-
mental conditions.

2. Neutral Systems. Table III presents a comparison of

Table III. Relative Collisional Stabilization Efficiencies in
Ionic and Neutral Systemse

——Relative stabilization efficiency for-——

M (C:HgH* (CH;NC)*?  (C,HNC)* ¢
He 0.19 0.24 0.27
Ne 0.21 0.28 0.30
Ar 0.235 0.28 0.39
Kr 0.19 0.24 0.46
H, 0.165 0.24 0.26
D, 0.22 0.26
N: 0.325 0.38 0.45
CcO 0.33 0.46
CO, 0.53 0.55 0.70
SO, 0.62 0.82
CH, 0.57 0.61 <0.70
CD, 0.58 0.57
CF. 0.76 >0.60
CH:F 0.57 0.68
CH,F, 0.71 0.66
SFs 0.83 0.65
C.H, (1.00) 0.76 1.00
CH;NC (1.00)

C.H;NC (1.00)
C.He 1.02 0.76 1.00
GDs 0.98 0.69

C3Hg 0.79 0.99
CiHio 1.00 0.95
CsHi. 1.01 0.98
CiHi 0.99 1.02

e For each column numbers are relative to unity for the value given
in parentheses. ® Measured at 281°, ¢ Measured at 231°,
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our results with the relative stabilization efficiencies ob-
tained by Rabinovitch and colleagues for the deactivation of
(CH;3NC)* 13 and (C,HsNC)*.14 1t should be noted that
the monatomic gases are more efficient stabilizers for
(CoHsNC)* than for (CH3NC)* when compared to more
complex bath gases. This has been attributed,!4 at least in
part, to improved matching of moments of inertia and light-
ening of the angular momentum restrictions in the
(C2HsNC)* case, since both systems have nearly the same
average excitation energy and threshold energy for decom-
position.

The above example illustrates the difficulties of making
meaningful quantitative comparisons of data obtained from
different systems when a collision complex model is used to
interpret the results. Quantitative comparisons of the pres-
ent data for collisional deactivation of (CsHg™)* with the
neutral system results are made even more difficult by the
fact that we know neither the excitation energy nor the crit-
ical decomposition energy for the ionic system. In addition,
nothing can be said about angular momentum restrictions
since the structure of CsHo™ is unknown.

Nevertheless we feel that the comparison in Table III
provides qualitative evidence that similar deactivation
mechanisms are operative in the ionic and neutral systems.
The total range in efficiencies is approximately the same
and, more importantly, the general trend of increasing effi-
ciency with increasing molecular complexity (until a maxi-
mum efficiency is reached) is evident in both the ionic and
neutral systems. This leads us to the conclusion that the col-
lisional deactivation of (CsHg*)* is best described by the
collision complex model of Lin and Rabinovitch.! In terms
of this model, the fact that substitution of D for H in both
methane and ethane has practically no effect on the colli-
sion efficiencies indicates that very little energy redistribu-
tion occurs involving the vibrational modes of the bath gas
but that the major energy redistribution process involves the
transitional modes of the collision complex.

It can be seen from Table III that monatomic and dia-
tomic collision gases are less efficient stabilizers relative to
polyatomic species than they are in the neutral systems.
Current and Rabinovitch!”7 have shown that inefficient col-
lision gases (such as the rare gases) become even less effec-
tive compared to efficient collision gases (complex poly-
atomic species) as the energy which has to be removed for
collisional stabilization increases. This excess energy is ap-
proximately 3 kcal mol~! in the isocyanide systems and is
unknown, but is probaly larger, for the ionic system. If we
assume that CsH7* has the most stable cyclopentenyl struc-
ture (AH; = 200 kcal mol=145), the reaction of C3Hs*
(AH; = 226 kcal mol~!45) with ethylene produces CsHgo*
ions with 39 kcal mol~! excess energy relative to ground
state CsH;* + Ho. It is unlikely that this amount of energy
must be removed for stabilization of CsHot, suggesting ei-
ther that the CsH>™ product does not have the most stable
structure or that the reverse reaction, addition of M, to
CsH;*, has a significant activation energy. It is likely that
the excess energy is greater in the ionic system than in the
neutral system; however, it is this uncertainty which makes
more quantitative discussion of the present results impossi-
ble.

Finally, we cannot preclude the possibility that the calcu-
lations (section D) resulting in the “best’’ values for the rel-
ative stabilization efficiencies of polar bath gases may have
overestimated the collision rate and that polar molecules do
have higher efficiencies than their nonpolar counterparts.
This could arise if the stronger ion-dipole interactions re-
sulted in a longer lived collision complex in which energy
redistribution involving the vibrational modes of the bath
gas became more important.
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Appendix

The formation of CsH7;* and CsHot type ions by reac-
tion of C3Hs* with C;Hg or C,Dg in ethylene-ethane
mixtures has been discussed in the text. From the data of
Table II, we have inferred the following reactions as also
occurring in these mixtures. With C,Hg only the formation
of C3H7t is experimentally detectable.

(i) C, ions
C,D¢* + CDy — C,Dy* + CyD + Dy (A1)
B~ 1.8 x 107" ¢m® molecule! sec™!
CDy* + CH, —= C,D,* + CH,D, (A2)

C2H4* + C?DG — C2D4* + C?H4D2 (AS)

It
B~ 1,1 x 1071 em?® molecule™! sec!

(ii) Cs(H,D);* ions

C,Dy* + CHy — C4(H,D)s* + C(H,D);  (A4)
(iii) Cy(H, D),* ions

C,H + CDg — C,(H,D);* + C(H,D); (A5)
(iv) C,(H,D);* ions

C;H;* + C;D; — C,(H,D),* + C(H,D);  (AS)

Reaction Al has previously been studied by Blair, et
al.,*” and by Munson, et al.*8 Reaction A3 has been ob-
served by Ausloos, er a/.,** who also reported a reaction
similar to A2 involving C;Hg¢* + C,D4. Finally, the non-
deuterated analog of reaction AS has been studied by Blair,
et al.,*” who report a rate constant of >5 X 107!2 cm3 mol-
ecule™! sec™!,
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Abstract: The '3C nmr spectra have been obtained for three series of w-bonded 1,5-cyclooctadieneplatinum(I1) derivatives of
the type [CODPt(CH3)R], [CODPt(CH3)L]*PFs~, and [CODPtRR’], where R and R’ are anionic substituents and L is a
neutral donor. The 13C shieldings and '3C-'"5Pt coupling constants are discussed and compared with 13C nmr parameters
derived from related platinum(II) complexes containing ¢-bonded carbons. The '3C shielding and coupling constant trends
of the w-bonded carbons are generally found to parallel those trends for the o-bonded carbons.

3C nuclear magnetic resonance investigations3-20 of r-
bonded olefin transition metal complexes are now common-
place. However, there have been only a few reports3.6:16.17
which involve a detailed examination of series of closely re-
lated compounds for which both the olefinic carbon shield-
ings and metal-olefinic carbon coupling constants have
been recorded.

We now wish to report a systematic study of three series
of w-bonded 1,5-cyclooctadiene?! complexes of platinum-
(I) (*9Pt, 34% natural abundance, I = 1)
[CODPt(CH3)R] (1), [CODPt(CH;)L]*PFs~ (II), and
[CODPtRR’] (I1I), where R and R’ are anionic substitu-
ents and L is a neutral donor ligand. For these derivatives,
both the olefinic carbon shieldings and 13C-'9Pt coupling
constants of the COD ligand provide useful information
about the mode of olefin-metal bonding.

We have specifically selected the chelating ligand COD
to eliminate the possibility of rotation about the metal-ole-
fin bond axis, a feature which has been ignored in the ma-
jority of previous studies. The cationic complexes, I1, were
prepared to enable direct comparisons with the 13C nmr pa-
rameters derived from analogous o¢-bonded platinum(II)
complexes of the sort [DIARSPt(CH3)L]*PF¢~ 2223 (A),
where L is a neutral ligand. For both series II and A, we

have intentionally chosen a variety of L donors whose nmr
trans influences24-26 span a wide range.

Experimental Section

All complexes were prepared as previously described.2”-22 The
13C nmr spectra were measured on a Varian XL-100-15 spectro-
meter operating in the Fourier transform mode at 25.2 MHz. All
spectra were determined with noise-modulated proton decoupling.
To identify carbon types, off-resonance decoupled spectra were ob-
tained by offsetting the decoupling single frequency using an offset
of 1 kHz. By offsetting the noise-modulated frequency by ca. 30
kHz from the optimum value, normal 1Jcy values were obtained
from the resulting coupled spectra. The spectra were taken on
chloroform-d, methylene chloride-d,, and acetone-d¢ solutions in
5-mm sample tubes and were calibrated using the solvent resonan-
ces as secondary standards.2?

Results

The shieldings and coupling constants obtained from the
BC nmr spectra of the complexes of series I-1I1 are assem-
bled in Tables I-I1I. The 'H nmr parameters for 1-13 have
already been reported.?’:28 No relative sign determinations
for the coupling constants were made.

For complexes 1-7, the high field resonances of their 13C
nmr spectra were assigned on the basis of their relative in-
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