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Rate constants and product ion distributions have been determined for thermal energy reactions of CO;"
with n-C4Hyo and +C4Hio by using an ion-beam apparatus. The total rate constants are (9.842.0)x107%°
and (1.040.2)x10~% cm®s™?! for n-C4Hio and -C4Hyo, respectively. These values amount to about 75% of the
collision rate constants estimated from the Langevin theory. C4HZ, C3H7, (n=5—7), and CoHf, (n=3—5) are
produced from n-C4Hio with branching ratios of 6, 56, and 38%, while C4Hg and C3Hj, (n=5—T7) are formed
from ~C4H;o with branching ratios of 7 and 93%, respectively. The lack of CoH}; fragments from i-CqHio is
attributed to a low probability of significant rearrangement of chemical bonds for the formation of the CoH7
fragments. The product ion distribution in the COF /n-C4H1o reaction is in good agreement with that predicted
from the fragmentation pattern of n-C4HY, at 13.78 eV, indicating that the COZ /n-C4Hio reaction proceeds
through a near-resonant charge transfer without momentum transfer.

We have recently developed a new type of ion-beam
apparatus for studying ion-molecule reactions at ther-
mal energy.l? A flowing-afterglow apparatus was used
as a reactant ion source. One advantage of our beam
apparatus is that the reactant ion is completely ther-
malized at room temperature in the ion source before
entering the reaction zone. The other one is that the
operating pressure is much lower than those in the con-
ventional flowing-afterglow and selected-ion-flow-tube
(SIFT) methods used for studying thermal ion-molecule
reactions. Therefore, more reliable kinetic data can be
obtained without influence of secondary collisions with
the buffer gas. More recently, our beam apparatus has
been successfully applied to the study of charge-trans-
fer (CT) reactions of Ar™ with n-C4H;o and -CgHig
at thermal energy.® The total reaction rate constants
were determined to be (7.942.8)x10710 cm®s~! and
(8.6£3.1)x1071% cm®s~! for n-C4H;o and +-C4Hyg, re-
spectively. These values amount to about 60% of calcu-
lated values from the Langevin theory. Major product
ions were CoHZ (36%), CoHy (32%), and C3HF (22%)
for n-C4Hyo, while CoHI (46%) and C3HF (42%) for
-C4Hj9. A comparison of the observed product ion
distribution with a reported breakdown scheme of n-
C4H{, indicated that the Art/n-C4H;o reaction occurs
through near-resonant CT.

Since the discovery of a large amount of the COZ
ion in the Martian and Venus atmospheres,*® there
has been continuous interest in ion-molecule reactions
of COJ with simple molecules.®” We study here ther-
mal CT reactions of CO§F with n-C4Hy19 and -~C4H1g
by using the thermal ion-beam apparatus. The rate
constants and product ion distributions are determined.
The CT process of COF /n-C4H;y is discussed by refer-
ence to reported breakdown curves of the parent cation.
The results obtained are compared with those for the
Art/C4H;g reactions to obtain information on the dif-

ference in reactivity between the molecular ion and the
atomic one.

Experimental

The thermal ion-beam apparatus used in the present
study was similar to that used for the Art/CsHio
reactions® except for the addition of a CO. inlet in a
reactant ion source. In brief, a mixture of the ground-
state Art(*P3/2,1/2) ions, high energy metastable (Arh)*
ions, and the metastable Ar(*P2,) atoms were generated
by a microwave discharge of high purity Ar gas in a quartz
flow tube.®) The metastable (Ar*)* ions were more rapidly
quenched than Ar*(*P;/5/2) while flowing in a quartz
tube. Therefore, a long distance of about 30—40 cm be-
tween the microwave discharge and the CO2 gas inlet was
used to isolate Ar+(2P3/2,1 s2)- There are two spin-orbit
states, Art(®P3/2) and Art(*Py;), with recombination en-
ergies of 15.76 and 15.92 eV, respectively. The lack of the
upper Art(*P;/;) component in the Ar flowing afterglow
was confirmed by observing ArF(B-X,D-X) excimers result-
ing from the spin-orbit state selective Art(*P3/s,1/2)/SFg
ionic-recombination reaction.®*® The metastable Ar(*P2,0)
atoms were completely quenched by the addition of COa.
The COF (X) ions were produced by the thermal energy CT
reaction of Art with CO,:

Ar*(®Ps;;) + CO; £4 COF (X) + Ar, (1)
ki = (5.6 +£1.3) x 107*° cm®s™1.1012)

After being completely thermalized by collisions with the
buffer Ar gas, COF ions were expanded into a low pressure
chamber through a molybdenum nozzle centered on the flow
tube. The vibrational frequency of 1 mode in COF (X) is
1280 cm™1,'® and hence less than 0.2% of COF (X) would
be populated in the vibrational excited state at 300 K. It
is therefore expected that the contribution of vibrationally
excited COF (X) was negligibly small under the present ex-
perimental condition.

The sample gas was kept at a constant mass flow and
injected from a stainless steel orifice placed 5 cm down-



October, 1993]

stream from the nozzle. The reactant and product ions were
sampled through a molybdenum orifice placed 3 cm further
downstream and analyzed using a quadrupole mass spec-
trometer. The mass spectra were averaged using a digital
storage oscilloscope and stored in a microcomputer. Operat-
ing pressures were (0.5—0.7) Torr (1 Torr=133.3 Pa) in the
ion-source chamber, (2.0—4.0)x10~3 Torr in the reaction
chamber, and (0.8—2.4)x107° Torr in the mass analyzing
chamber.

Results and Discussion

Rate Constants. Figure 1 shows semilogarithmic
plots of COJ ion current vs. a reagent flow rate. Total
rate constants kc,u,, are determined from the decay of
CO3F, which is governed by the pseudo-first-order rate
law,

I(COF) = Io(CO3 ) exp (—kc,H,, [CaHio]t). (2)

Here, I(CO3) represents the initial COJ ion current
and t is the reaction time. Because of the difficulty
in evaluating the accurate t value, the kc,u,, values
are evaluated with reference to the rate constant of the
COZ /CH, reaction (kcn,), which has been well estab-
lished as (1.04£0.1)x10710 ¢cm3s~1,'V)

In {I(CO;)/IO(CO;—)}C‘;PHO [CH4]
In {I(COF)/Io(COF)}cn, [CaHio]’

The decay of COF with the addition of CH4 under the
same experimental conditions is also shown in Fig. 1.
The rate constants obtained from slopes in Fig. 1 are
summarized in Table 1. The accuracies of the present
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Fig. 1. The variation of the reactant ion current

with the sample gas flow for the COJ /n-C4H1o and
COZ /i-C4Hyp reactions. As a reference the decay of
COF with the addition of CHs under the same ex-
perimental conditions is shown.
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Table 1. Observed and Calculated Reaction Rate
Constants of the COF /C4H1o Reactions at Ther-
mal Energy

Reactions kobsd kcalcda) kobsd/ kcalcd

107° cm®s™!

COF+n-C4Hio  0.98+0.20 1.3 0.7540.15

COF +i-C4Hio 1.040.2 1.3 0.7740.15

a) Calculated from Langevin theory.

kinetic data are estimated by summing up an experi-
mental error of kc,n,, and uncertainties of the reported
kcu, values (£10%). In Table 1 are also given the
calculated collision rate constants from the Langevin
theory,'®

kcalcd = 27re(a/u)1/2, (4)

where o and p are polarizability of C4H1'® and a re-
duced mass of the reactant system, respectively. The
observed kc,H,, values amount to 75—77% of the cal-
culated values.

According to an ion cyclotron resonance (ICR) study
by Laudenslager et al.,*®'” the thermal CT reactions of
rare gas ions with simple molecules are fast when there
is an energy resonant state with favorable Franck-Con-
don factors (FCFs) for ionization. On the other hand,
valid information about the importance of FCFs could
not be obtained from the rate constants of the reactions
of molecular OF , NJ, CO*, and COJ ions with CHy in
an ICR study of Ausloos et al.'® In order to determine
the relative importance of the FCF's in the present sys-
tems, the reported photoelectron spectra (PES) of n-
C4H10 and +~C4H;( are compared with the recombina-
tion energy of the reactant COJ ion (13.78 V) in Fig. 2.
Energy resonant states with favorable FCF's are present
for both molecules. On the basis of the SIFT study of
Rakshit and Warneck® and our recent beam study,?”
the reaction rate constant for the COF /CoH reaction is
also large (5.6 or 7.3x1071% cm®s~1), even though res-
onant state is absent. These values correspond to 51 or
66% of the kcajcq values. It may therefore be reasonable
to assume that the existence of favorable FCFs is not
the appropriate criterion for assessing the magnitude of
the thermal CT reactions of CO§ with hydrocarbons.
Our finding is consistent with that of Ausloos et al.'®

Product Ion Distributions. Typical mass spec-
tra obtained in the COJ /n-C4Hyo and COZ /i-C4Hypo
reactions are shown in Figs. 3(a) and 3(b), respec-
tively. In both spectra, C3H} (n=5—7) and C,H{
are found. In addition, CoH} (n=3—5) are detected
at low mass numbers in the COJ /n-C4H;o spectrum.
Although CO.H™T ion resulting from hydrogen atom
transfer has been obtained for the COF /CH, reaction
as a major product,®”2% it could not be detected in the
COZ /n-C4H;o and COZ /i-C4Hyg reactions. Some pri-
mary product ions further react with reagent C4H;( gas
to yield secondary ions at high gas flow rates. In order
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Fig. 2. Photoelectron spectra of n-C4H10 and C4Ho.
The broken line indicates the recombination energy
of COJF. Adopted from Ref. 19. n-C4H;o: Peak 1
(IPy=11.09 eV, 14a’, occ), 2 (11.66 eV, 3a”, mcon,),
3 (12.3 eV, 133/, occ), 4 (12.74 eV, 22", 7cn,), 5
(13.2 eV, 1228/, 0cc), 6 (14.2 eV, 12", mcny,), 7 (14.59
eV, 11a’, mcn,), 8 (15.0 eV, 10a’, occ), and 9 (15.99
eV, 9a’, mcH, ), and +-CsHio: Peak 1 (IP,=11.13 €V,
6a1, ocu+occ), 2 (11.70 eV, 5e, occ), 3 (12.1 eV,
5e, occ), 4 (12.85 eV, lag, mcH,), 5 (13.52 eV, 4e,
TCHy ), 6 (13.9 eV, 4e, mcH, ), 7 (14.86 eV, 3e, mony),
8 (15.3 eV, 3e, mcH;), and 9 (15.95 eV, bay, 7cH,)-

to determine the contribution of such secondary reac-
tions, the dependence of branching ratios of each prod-
uct ion on the C4H;¢ flow rate is measured, as shown
in Figs. 4 and 5. With increasing the n-CyH; flow
rate, the branching ratios of CgH}F and C4H{ increase,
while those of C3HZ, CoHF, CoHY, C3HE, and CoHF
decrease. This indicates that the secondary reactions
of the latter ions with n-C4H;¢ take part in the forma-
tion of the former ions. With increasing the +-C4H;o
flow rate, the branching ratios of C3HZ and C4Hg de-
creases and increases, respectively, indicating that the
C3HF /i-C4H;p reaction participates in the formation
of C4HJ. The branching ratios of C3H7 and C,Hg
are essentially independent of the C4H;o flow rate.
Combining above findings and the known reactions of
the hydrocarbon system,'!) the reaction scheme of the
COJ /n-C4H1o and COJ /i-C4H;o CT is summarized as
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Fig. 3. Typical mass spectra resulting from the (a)

CO7F /n-C4Hio and (b) COF/#-CsHyo reactions at
thermal energy. The spectra are uncorrected for the
relative sensitivity.
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Fig. 4. The variation of the branching fractions of

the ionic products with n-C4Hip flow for the COJ/
n-C4Hio reaction.

follows:

CO; +n-C4Hip — C4H3- + H+ COg, (5a)
— C3H¥ + CH; + COq, (5b)
— C3Hg- + CH4 + COso, (5¢)
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Fig. 5. The variation of the branching fractions of
the ionic products with i-C4Hio flow for the COF /4
C4Hjo reaction.

— C3HZ + (CH4 + H, CH3 + Hz) + CO2,

(5d)
— CoHY + (C2Hs, C2Hy + H) + CO2,(5e)
— C2HI + C2Hs + COo, (5£)
— CoHi + CH4 + CH3 + COs. (5g)

C2HF + n-CaHio — CsHF + CsHe + 1.14 eV.  (6)

C2H} + n-CsHio — C4HF + CoHs + 0.02 eV,
— CsH}F + C3H7 — 0.06 eV.

(Ta)
(7b)
C2HF +n-CqHio — C4HF + CoHe +0.22eV.  (8)
C3HY +n-C4Hio — C4HF + C3He — 0.41 eV. (9)

COF +4-C4H1p — C4HY + H + CO2, (10a)
— C3Hi + CH3 + COo, (10b)
— CsHF + CH4 + COg, (10c)

— CgH:r,'- + (CH4 + H,CH;s + Hs) + COs.
(10d)

(11)

Here, the A H values are calculated from reported ther-
mochemical data.?”) Processes (7b), (9), and (11) are
endoergic. The reactant CoHf and C3HF ions pro-
duced in primary reactions (5d), (5f), and (10d) are
expected to maintain some internal and/or kinetic en-
ergies because of low operating pressures. Thus, these
endoergic secondary reactions become possible under
the present experiment. The rate constants of processes
(6), (7), (8), (9), and (11) have been estimated to be

CsH7 +i-C4Hio — C4HZ + C3Hg — 0.41 eV.
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(8.5+£1.0)x10719, (1.14+0.13)x 1072, (8.4+0.2)x 10710,
(5.0£0.6)x107 1%, and (5.840.4)x1071° cm®s™1, re-
spectively, though the product ions have not been
identified.'V

By extrapolating the percentages of each product ion
to zero C4H;j¢ flow, the initial branching ratios in pri-
mary reactions (5) and (10) are determined. The results
obtained are given in Table 2. The CoH} (n=3—5),
C3HY (n=5—7), and C4H{ fragments occupy 38, 56,
and 6% of the total product ions for n-C4H;q, respec-
tively. On the other hand, the CsH} (n=5—T7) and
C4H{ fragments occupy 93 and 7% of the total prod-
uct ions for -C4H;g, respectively. It should be noted
that CoH;} fragments are absent for +-C4H;o. The CoH}
fragments can be easily formed from n-C4H7, by cleav-
age of C-C and C-H bonds without significant rear-
rangement of chemical bonds. Meanwhile, cleavage of
two skeletal C—C bonds followed by creation of a new
C-C bond is required for the formation of the CoH
fragments from #-C4HJ,. Thus, the lack of the CoH;
fragments in -C4H can be attributed to a low proba-
bility of significant rearrangement of chemical bonds in
the dissociation of +-C4H7,.

Charge-Transfer Mechanism. The appear-
ance potentials of each product ion are shown in Ta-
ble 2. In the CT reactions of CO;F with n-C4Hi9 and
+Cy4Hjg, fragment ions with appearance potentials of
10.93—14.55 eV are observed. All of these energies
are lower than the recombination energy of COJ (13.78
eV) except for the appearance potential of C3HZ from
-C4H{;, which has been measured as 14.55 eV under
electron-impact ionization.?? The present observation
of C3H7 from i-C4H;o suggests that the appearance
potential of CgHE,+ from ~-C4H;¢ in the thermal CT reac-
tion must be lower than 13.78 eV. In general, molecular
ions are produced via vertical ionization under high en-
ergy electron-impact ionization, where FCF's for ioniza-
tion dominate the reaction. Therefore, an excess energy
over the dissociation limit is often necessary for the for-
mation of a precursor ionic state with favorable FCFs.
On the other hand, energy-resonance requirement gen-
erally takes precedence over FCFs for ionization in the
thermal CT reaction. Thus, the ionization into a lower
precursor state with poor FCFs becomes possible.

Figure 6 shows breakdown curves of n-C4H{fy ob-
tained by Chupka and Lindholm using various atomic
and molecular ion beams with collisional energies of 5
and 900 eV.?® For comparison, the product ion distri-
bution obtained in the thermal CO;‘ /n-C4Hyp is also
given in Fig. 6 at 13.78 eV. It should be noted that a
good agreement is found between the observed distribu-
tion and the breakdown curves at 13.78 eV. Assuming
that the breakdown curves obtained by the ion-beam
method gives exact fragmentation pattern of n-C4H7,,
this finding leads us to conclude that the COZ /n-C4Hg
reaction proceeds through near-resonant CT. Combin-
ing this result with the relatively large reaction rate
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Table 2. Product Ion Distributions in the CO3 /C4H10 Reactions, Photoionization,
and Electron-Impact Ionization of C4Hig

Reactant  Product ion Appearance Branching ratio (%)
molecule potential (eV)® coy Photoionization Electron impact
13.78 eV 14.0 eV 70 eV
This work® Ref. 24 Ref. 25
CaH{, 10.55 0 10.80 4
CsHY 11.65 6 1.64 0
C4HF 12.51 0 0 0
CsHf 11.19 25 52.75 35
CsHY 11.16 5 6.61 4
n-C4Hio  CsHY 13.40 26 5.87 10
CsHY 14.96 0 0 4
C.HY 12.55 22 10.20 15
CoHf 11.65 13 10.39 11
CoHY 13.66 3 1.07 13
C.HF 13.52 0 0 2
CH} 13.35 0 0 2
Other ions 0 0.68 0
C4HY, 10.57 0 0
CsHY 11.60 7 1
CsHy 15.33 0 1
CsHY 11.23 53 42
CsHf 10.93 9 14
i-CqHio  CsHF 14.55 31 16
CsHY 15.05 0 7
C3H; 0 1
C.HF 13.80 0 3
C.HY 11.65 0 0
C.HY 13.75 0 12
CHF 14.75 0 3
a) Ref. 21. b) Uncertainties £7%.

constant described before, it can be concluded that the
electron jump occurs at long range without momentum
transfer in this reaction system. We have recently found
that the Ar*/n-C4H;o reaction proceeds through a sim-
ilar near-resonant process in which the breakdown of
precursor n—C4Hi"0* ion occurs near the recombination
energy of Art(?P3/2: 15.76 eV). Although internal de-
grees of freedom in n-C4H};* and translational degrees
of freedom in products are acceptable modes of excess
energy in the Ar* reaction, internal (vibrational and ro-
tational) degrees of freedom in CO, become additional
acceptable modes in the COJ reaction:

Art + n-C4Hig — n—C4H1"0* + Ar + AFex,

AE., = RE(Ar") — IP.(n-C4H1o)
= Lint (n'C4HT0*) + Etta.ns (AI‘, ’I'L-C4H-1'.0*). (12b)

(12a)

COF + n-C4Hio — n-C4H{y + CO2 + AE.,, (13a)
AEex = RE(COF) — IPy(n-C4Hio) = Eins(n-C4H{g
+Eint (002) + Etrans(coz, TL-C4H?—O* . (13b)

where RE and IP, stand for the recombination en-

ergy and the adiabatic ionization potential, respectively.
Thus, the possibility of non-resonant CT would be
larger in the COJ reaction. However, the present re-
sult shows that process (13a) occurs almost resonantly.
On the basis of this finding, the reactivity of molecular
COf7 ion is similar to that of atomic Art one in the CT
reactions with n-C4H;o, being independent of degrees
of freedom of the reactant ion.

In order to compare the reactivity among the ther-
mal CT, photoionization, and fast electron-impact ion-
ization, the product ion distributions in photoionization
at 14.0 eV and in electron-impact ionization at 70 eV
are shown in Table 2. Prominent features in the ioniza-
tion by photons and electrons for n-C4H;o are a high
branching fraction of C3H7 in comparison with those of
CsHY and CQH:,,*' and the appearance of a small amount
of the parent ion. Since the photoionization and the
electron-impact ionization initially populate ionic states .
with favorable FCFs, the n-C4H{, states in the 11—13
eV region will be formed preferentially (see Fig. 2). Ac-
cording to the breakdown curves of n-C4Hy, the parent
C4H7, ion and the daughter C3H7 ion are major prod-
ucts in this energy region, which is in agreement with
the experimental observation. Thus, the different prod-
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Fig. 6. Breakdown diagram of n-CsHY,. Adopted
from Ref. 23. Branching fractions in the COF /n-
C4Hjp reaction is shown at 13.78 eV.

uct ion distribution in the thermal CT reaction from
those in the photoionization and the electron-impact
ionization can be explained by the different ionization
mechanism.

There are nine ionic states of n-C4H{, in the 11—17
eV region based upon PES shown in Fig. 2(a). In the
caption of Fig. 2 are given vertical ionization potentials
(IP,) of each state, molecular orbitals of removed elec-
trons, and their bonding characters reported by Kimura
et al.'® The COF /n-C4H;o reaction initially populates
the parent n-C4Hj, ion near 13.78 eV. Therefore, im-
portant precursor states are expected to be near-reso-
nant states 5 and 6, arising loss of a 12a’ electron with
occ character and a 1a” electron with mcn, character,
respectively. The nature of molecular orbitals of the
removed electrons suggests that the major CoH; frag-
ments dominantly arise from cleavage of a C—C bond in
state 5(12a’~1), while the minor C4H{ fragment arises
from cleavage of a C-H bond in state 6(1a”~1):

CO; +n-C4Hip — 'n-C4H-1+-0 (state 5) + COa,
i

CoH} (n = 3—5), (14a)

Ton-Molecule Reactions of COF with Butanes
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— n-C4HYy (state 6) + COq,
!
n-C4HY. (14b)

Similar ionic states are present for -C4H;q, as shown
in Fig. 2(b). Ionization mechanism is uncertain for the
COJ /i-C4H; reaction because of the lack of breakdown
curve. However, it may be reasonable to assume that
the reaction also proceeds through near-resonant CT.
Possible near-resonant precursor states of i-C4H{; are
states 5 and 6, arising from loss of a 4e electron with
mon, character. Therefore, the major C3H} ions are
probably formed through cleavage of a C-H bond fol-
lowed by a C-C bond dissociation.

Summary

Thermal energy reactions of CO;’ with n-C4Hq9 and
+-C4H1o have been investigated by using an ion-beam
apparatus. The rate constants and product distribu-
tions were determined and summarized in Tables 1 and
2, respectively. The total rate constants correspond to
about 75% of the collision rate constants estimated from
the Langevin theory. For all reactions, only CT prod-
uct channels were observed and no evidence of hydro-
gen atom transfer channels was found. The product ion
distribution led us to conclude that near-resonant CT
occurs in the CO3 /n-C4H;o reaction.

We wish to express their thanks to Professor C.E.
Brion of Univ. British Columbia for his sending a
preprint of Ref. 24. This work was supported by a
Grant-in-Aid for Developmental Scientific Research No.
02555170 from the Ministry of Education, Science, and
Culture, the Asahi Glass Foundation, the Ito Science
Foundation, and the Morino Foundation for molecular
science.
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