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Kinetics of the reaction of O with CH , from 500 to 1400 K:
A case for state specific chemistry

Itzhak Dotan® and A. A. Viggiano®
Air Force Research Laboratory, Space Vehicles Directorate, 29 Randolph Road, Hanscom AFB,
Massachusetts 01731-3010

(Received 1 September 2000; accepted 9 January)2001

Rate constants and branching ratios have been measured for the reactom@h@H, over the
temperature range from 500 to 1400 K. The rate constants increase dramatically over this
temperature range, in good agreement with a previous study from our laboratory. A complex
chemistry was found. The main product at low temperature,GzH", disappears almost
completely at high temperature, in part due to thermal dissociation. The main products at high
temperature are CHand HCO'; the latter ion has not been observed previously. Also prominent

at high temperature are;8" and CH; . A small amount of CHO™ is observed at all temperatures.
H,O" is observed in small quantities at high temperature. Branching ratios for the reactign of O
with CD, are also reported, confirming the ion assignments. Comparison to drift tube and beam
results indicates that vibrational excitation of the g#lomotes several of these channels more than
other forms of energy. Channels which proceed through t#@H,O0H" 2A” intermediate
(described in the accompanying papare probably not strongly dependent on the form of energy,
although uncertainties prevent a definitive conclusion. The charge-transfer channel and the channels
requiring substantial rearrangement are greatly enhanced by vibrational excitation. Thus, specific
channels do appear to be governed by vibrational excitation.20@1 American Institute of
Physics. [DOI: 10.1063/1.1352033

INTRODUCTION secondary products from 13 individual processes. Several of
the channels involve breaking and forming up to four chemi-

The reaction of @ with CH, was first observed by cal bonds. In this paper, temperature dependent rate con-

Franklin and Munson in 1965Since that time, there have stants and branching ratios are presented from 500 to 1400 K

been numerous studies of this reactfofft making it one of  for the reaction of @ with CH, and branching ratio only

the most studied ion—molecule reactions. The main produafata for the @ reaction with CQ}. By comparing to previ-

at low temperature and kinetic energy is €HH".*?!  ous studies, the influence on vibrational excitation in the

Studies as a function of translational energy have shown thatH, reactant is derived. Details of the potential-energy sur-

increased translational energy promotes new channels suéfice are presented in the accompanying p&per.

as CH and CH; .1®%!In addition, we have found that vi-

brational excitation in Cl increases the overall reactivity ExXPERIMENT

dramatically???3In the previous experiments, it was not pos-

sible to test whether the GHibrational excitation increased ) > ! A -
flowing afterglow, which has been described in detail

the reactivity uniformly over all channels or specific chan- ! 25 28 29 ) -
nels were the cause of the increase. However, our highRreviously=>=>=Only details pertinent to the present study

temperature flowing afterglowHTFA) has been recently € given here. An industrial grade quartz flow tube was
modified to allow measurements of branching ratios up tdnserted into a three-zone commercial furnace. While the fur-

1400 K 2525 By making measurements as a function of tem-"ace can reach temperatures up to 1800 K, the quartz flow
fube limited the present measurements to 1400 K. An elec-

The measurements were made in the high-temperature

perature and then comparing to data previous drift tube o ) i X
beam results, it is possible to examine whether vibrationa]l©n impact ion source was located in the upstream end of the
excitation promotes specific channéls. flow tube_. The helium carrier gas was |(_)n|zed _ang i®
We have previously reported results for this reaction"’}dded sI|g+htIy downstream of the ionization region. Reac-
taken at 1400 K and these results were exceptionally sur-tions of He" and Hé produced O and g : H<+)wever, suf-
prising. Based on past drift tube wolkonly three different  ficient O, was added to convert all the’Go O, before the
product ions were expected. Instead, a rich chemistry wa§Hs Or CD; was added further downstream. Th¢ Gignal
observed, including seven primary product ions, and twit temperatureg of 500 K and above was very clean. At_lower
temperatures, impurities such asfrom the outgassing
firebrick used in the furnace resulted in,®" and NO
INRC Senior Research Associate, Permanent address: The Open Univers'E)yéing present. Thus, branching measurements were difficult
of Israel, Ramat Aviv, Tel Aviv, Israel. PR . o .
bAuthor to whom correspondence should be addressed. Electronic maiP€low 500 K. g ions comprise over 99_/0 of all ions at 500
albert.viggiano@hanscom.af.mil K and above, except for alkali ions emitted thermally from
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the hot flow tube walls. The alkalis were nonreactive andTABLE I. Possible reaction channels for thg @lus CH, or CD, systems
therefore. did not interfere with the measurements. An exyvith O, present. lon masses are listed both as actual mass and those ob-

| f h b h | Herh served in the experiment after secondary chemistry has occurred as de-
ample of a spectrum has been shown else rene scribed in the text. Thermodynamic data are taken from the NIST Webbook

branching ratios were independent of the €ncentration, (Ref. 31, from Van Doreret al. (Ref. 13, and from Fisher and Armentrout

except that the charge transfer channel is scavenged by tef. 22.

O, as described below.
CH, or CD, was added about 30 cm downstream of the

ion source, 50 cm from the sampling orifice. Signals were

recorded as a function of the GHlow. Normally, one ex- ~ Frimaries observed
(1) OF +CH,—CH,0,H* +H+22 kcal/mol 47500  47(50)

Actual Observed
Reaction mass HD) mass HD)

trapolates product branching fractions to zero reactant flovyz) O +CH,CH + HO.— 0.4 keal/mol 15(18) 29(34)
. . N . . 2 M 27 Y.

to obtain the primary branching ratios. However, the primarys) o + cH,—CH; +0,—12.45 kcal/imol 16(20) 17(22)

reaction was quite slow and some of the secondary chemistry) o; +CH,—H,0" +HCO+113 kcal/mol 19(22) 19(22)

was fast, making the zero extrapolation difficult to interpret.[5(&)] O; +CH;—~HCO" +H+H,0+69 kcal/mol ~ 29(30) 29(30)

Extrapolations to infinite flow were also used. Nevertheless[gbgj’gﬁozﬁgfH(23+H547"§i'/”:/°' | SV
5) O; +CH;—~CH;0" +OH+ cal/mol
all channels could only be separated at 1400 K. The separ ) O +CH, - H,0" +CH,0+53 kcalimol 1820) 18

tion is possible at high temperature because the overall rate
constant is considerably larger, resulting in less,Qiging  Primaries not observed

. . . . —+ +
added, which in turn makes secondary chemistry less impot® Oz +CH;—CO; +2H,+37 kcal/mol a4
tant (9) O; +CHy+M—0} (CH)+M 48(52)
: . . . (10) O3 +CH;—CH,0" +H,0+95 kcal/mol 28(30)
The mass spectrometer in the HTFA has little mass dist11) o +cH,.CH,0; +2H—9.5 kcalimol 46(48)

crimination when using low-mass resolution and most of the

data was taken under these conditions. For channels 1 AM§econdary chemistry

+ +

apart, thg low .resolution dqta were divided into individual (ig gﬂgigijg&f‘m 29“24)

peaks using higher resolution data. The rate constants are —C,H3 +2H, 27(30)

accurate to 25%, and relative errors are 13%he branch- (14 CH;} +CH,—CH;Z +CH, 17(22)

ing ratios are accurate to 25% except where ndted. (15) HCO" +CH,—CH; +CO 1722
(16) CH40; +He(CH,)—products ?

17) H,0" +CH,—H30" +CH 1922

RESULTS AND DISCUSSION §1§§ H.CO" + CH, ~CH,O" +CH, 3?34;

Table | lists all the processes and potential processes that —CoHs0"+H 45(50)

can occur in this system involving,Q O,, and CH,. The
thermodynamic data for all reactions listed are taken from
the NIST WebbooK! from Van Dorenet al,'® and from  perature by neglecting contributions from thermal dissocia-
Fisher and Armentrouft: Reactions(1)—(7) are the primary tion, i.e., the reported branching ratios are lower limits.
channels observed in the present experiments. Reactions CH; reacts rapidly with Chito produce GH. [reaction
(5)—(7) have not been observed elsewhere, but HQ@s  (13)]3 which has the same mass as HCG\ small amount
been reported as a charge injection deviC&) product of  of C,H; is also observed at 1400 K from the reaction of
CH,O,H" dissociation:>**Reaction8) and(11) have been  CH; with CH,. It became clear that the mass 29 AMU
observed previously at high-kinetic enetgnd reaction(9) signal is due to both HCO and GH, only after studying
at low temperaturé‘.‘ Thus, of all the pOSSible channels, Only the CD‘ reaction. In a previous flow tube stué?,it was
reaction(10) has never been observed. We made a carefubssumed that the signal at 29 AMU was due only W?-
search for this channel and cannot rule out a small signal aghe fast secondary chemistry of €H coupled with the
high temperature. However, reactit#8) and a mass coinci- - small primary reaction rate constant, prevents the FiG@d
dence with H’CO* and C°CH; prevented a definitive de- cH. channels from being separated. The sum of the two
termination. One might expect a small amount of0®"  channels s, therefore, reported, except at 1400 K, where the
since it is related to the 0" channel by charge location qyerall primary reaction is fast enough to use an extrapola-
and to the CHOH" channel by proton transfer. tion to zero CH flow. Limits can also be placed on the two
Many of the channels have mass coincidences, and se¢hannels at 1200 K. The overall rate constant at 1400 K is
eral of the primary products react with either Cldr O, gver ten times faster than the 500 K rate constant. Additional
making quantification by normal means difficult. For ex- complications are that two potential sets of neutral products
ample, CHO,H" thermally decomposes above 1000 K. Thecan accompany HCO production and that HCO has two
evidence for the thermal decomposition is a decrease in thggmeric forms. We list the ion as HCObecause CID has
branching fraction at higher GHlows. The large extent of shown that CHO,H™ dissociates into HCO not HOC" al-
reaction at large Clflows results in an increase in the ef- though we have no evidence as to which ion is forrifadie
fective reaction time for secondary chemistry since more ofaye no information concerning which of the two neutral
the product is formed upstream. The primary reaction timeproduct sets is formed either.
is, of course, invariant. At all temperatures, the branching The charge-transfer channel is obscured at lowy G
fraction for this channel is reported from the extrapolation topecause of the back reaction with the @urce gas, reaction
zero flow, corrected for products not detected at low f|0W-(12). At very large CH flows, the rate for reactiofild) is
This underestimates the nascent branching ratio at high temnuch faster than that for reactida?), and CH{ is much
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) FIG. 2. Comparison of the percent branching for the reactions;ofad@h
FIG. 1. Percent product vs temperature for the reaction pfud@h CH,. CH, and CD, vs temperature. Several channels are summed together. The
The CH; and HCO' points at 1200 K are shown as limits. percentage of C) was assumed to be equal to that for CHsee text.

more likely to end up as CHthan G; . The CH; branching the CH; and HCO channels, is the second most abundant
fraction is taken as the GHfraction at large CH flows.  signal. This sum increases to 46% of the reactivity at high
Other channels, for which the zero flow extrapolation istemperature. At 1400 K, the two channels can be separated,
used, are corrected for the charge-transfer channel obtaineshd HCO' is twice as abundant as the ¢Hhannel. A drift

in this manner. tube study of the collisional dissociation of @B,H™ found

Determining the HO™ channel is straightforward except that this ratio was 1.5 over an extended energy rdhde.
that under most conditions any,8* produced converts to previous work, the HCO channel had not been reported as
H;O", due to reactiori17). At high temperatur¢=1000 K),  a primary ion:®?'all ions at mass 29 were assumed to result
we observe a small amount of,&" at very low CH, flows.  from reaction(13). The HCO" channel is significantly exo-
While this signal is difficult to quantify we estimate it to be thermic while the CH channel is approximately thermoneu-
10%-20% of the O™ fraction. At lower temperatures the tral.
small signals in these channels and the fast secondary chem- Charge transfer is 12.45 kcal/mol endothermic and the
istry prevents a meaningful search from being conducted. profile is consistent with an endothermic channel, i.e., in-

Finally, low mass resolution settings obscure the;GH  creases rapidly with increasing temperature. At temperatures
channel, i.e., it is hidden in the large;Gsignal one AMU  =1000 K, CH; is the most abundant channel, with a branch-
higher. The peak clearly stands out at large,@Bws where  ing fraction leveling off near 40%. This channel has been
the O} is depleted, under higher resolution settings, or in theobserved previously at high-kinetic energtés!

CD, experiments,. We report values taken at high depletions. The percentage of the GB™ channel is roughly con-
Corrections to the data taken at low flow are made for thistant at 3%—5%. This channel has not been observed else-
channel in the same way as for the £hannel. We believe where. We believe that is because of the mass overlap with
that previous studies probably missed this channel since wie large primary peak as explained above. Th®Hchan-
observe it at all temperatures. nel is 2% at 500 K and rises to 14% at 1400 K. The reported

Similar logic is used to unravel the Glata. However, value includes a small contribution from,8", which is
the mass coincidences are different, and we were restricted &stimated to be-10%—-20% of the total mass 19 signal at
low flows due to the cost of CP A typical run with high temperatures=1000 K. HHO" has been observed previously
flows uses several liters of GH and the CI) rate is even in lower abundance in the guided ion beam experiment and
slower!! Therefore, less information is obtained for the £D also as a product of collisional dissociation of the OsH*
reaction, which is used mainly to confirm the £kesults. ion in a drift tube3?

Product branching percentages for the GElaction are Figure 2 shows the branching percentages for thg CD
shown in Fig. 1 as a function of temperature. At low tem-reaction compared to the GHeaction. As stated earlier, less
perature, CHO,H™ approaches 100% of the reactivity al- information was obtained for the GDreaction, due to the
though four or five other channels are observed in smalprohibitive cost of using large flows of GD The main im-
abundance. The C/@,H" channel decreases substantially atpetus for the CR experiments was to check the identities of
high temperature; only 2% is found at 1400 K, partly as athe previously unidentified products. In fact, only by per-
result of thermal decomposition. GEL,H" was the main forming the CD) experiments were the GB* and HCO
product observed in previous experiments, at least at lowhannels found. No estimate of the amount of,QRoduced
temperature or kinetic energy>132! could be made. Therefore, we assumed that the percentage of

At low temperature, the mass 29 signal, i.e., the sum otharge transfer in the CDreaction was the same as that
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O," + CH, — products

found in the CH reaction. Although this is probably not
accurate, it seems to be the best way to compare the tw
reactions. The two isotopic data sets show similar trends
however, some differences are observed. Less@GD" is = 101 L
observed at low temperatures and more of the sum of th¢e
CD; , DCO" and CDO" channels is found. Slightly less
D;O" is observed. While the rate constants for the,GB-
actions were not measured, previous measurements sho

Rate Constant (cm

that they are significantly less than those for Cat low 10" .
temperatures® Due to the quality of these data, it is hard to
make any definitive judgements except to say that they con O OR.O.H" Beam
firm the trends and mass assignments found for thg CH —_—cH: ---~CH,’ Beam
reaction. ——cH, -~0=-GH," Beam
We have previously measured the rate constants for thi 107 . X \ 3
0 0.2 0.4 0.6 0.8 1

overall reaction up to 1400 R~2*The present results are in
good agreement with those results. Total rate constants ris_ Total Energy (eV)
rap!dly throth.OUt the entire temperature range in this eXf:IG. 3. Rate constants for the three main channels in the reactior of O
periment. Previous results show the rate constants have vikh CH, as a function of total energy. HTFA points are shown as solid
minimum at about 300 K and increase at low temperatdfe. symbols, and the GIB data from Fisher and Armentrout are shown as open
Comparing temperature data and kinetic-energy data showsgmbols(Ref. 2]). The drift tube data from Durup-Fergusenal. are simi-
that the rate constants as a function of temperature increa to the GIB datdRef. 10. The CH; point at 1200 K is shown as a limit.
more dramatically than when kinetic energy is increased. At
1400 K, the total rate constant is twice as large as that found
in the guided ion beam at the same total energy. This showsf decomposition cannot be determined. In any case, after
that CH, vibrations promote reactivity more effectively than taking thermal dissociation into account, the difference be-
does translational energg?® tween the data sets is smaller than what is found for several
The main goal of the present study was to determineof the other channels and may in fact be approximately the
whether the increased reactivity was due to specific channelsame. This indicates that internal and translational energy
The best way to test for this is to plot the rate constants foaffect the rate constant for this channel approximately
specific channels when temperature is increased compared @gually. A small difference cannot be excluded.
when translational energy is increased. Plotting the data as Charge transfer is endothermic by 12.45 kcal/mol. Both
total energy(defined as the sum of the average rotationaldata sets show this channel increases with energy, as ex-
translational, and vibrational energy of the reactants, excludpected for an endothermic channel. However, the HTFA re-
ing zero-point energyallows one to easily compare whether sults are larger than the translational energy results over the
different forms of energy behave similarly. Overlapping dataentire energy range showing that vibrational energy pro-
indicate that all forms of energy behave similarly. motes this channel. In other studies of this type, we have
Figure 3 shows the rate constants for the ,OfH™, found that vibrational energy often promotes charge
CHJ , and CH channels as a function of total energy. Also transfer?’*"*Since this becomes the major channel at high
shown are the data of Fisher and Armentfbuaken in a temperatures, it contributes significantly to the fact that the
guided ion bean{GIB). The GIB data are approximated by overall rate constant is greater when temperature is raised
taking several points from there graph and are similar to théhan when only translational energy is increased. There is
drift tube results of Durup-Ferguscet al,'® which are not only one overlapping point for the GHchannel, and all data
shown for clarity. Both of these studies refer to translationalsets are in good agreement for that point.
excitation, although in the drift tube the internal temperature ~ Figure 4 shows the rate constants for the rest of the
of the O, is raised slightly through the collisions with the product channels. Included in this figure are the rate con-
buffer gas>*~3¢ The lowest energy point500 K) for the  stants for the sum of the HCOand CH channels, which
CH,O,H* channel agrees with the translational energy re-are considerably higher than the Ctonly channel in either
sults. The next HTFA point750 K) is slightly higher than of the kinetic-energy experiments. In the drift tube experi-
the translational energy point. At higher temperatures thenent, the secondary chemistry is similar to that found in the
reverse is found, i.e., the translational energy points aréiTFA; thus the channel that had been reported as due to
larger by a considerable amount. However, the higher temenly CH; is really the sum of the two channels. The guided
perature points include thermal dissociation of OsH" by  ion beam experiment should not suffer from this problem
the helium buffer and, therefore, underestimate the nascesince no secondary chemistry occurs. Therefore, the good
population. Due to the secondary chemistry it is not possiblegreement between the drift tube and GIB data for thg CH
to accurately estimate the influence of this channel. It woulcchannel indicate that little HCOis formed at elevated trans-
require approximately about a factor of 3.5, 2.5, and 1.H9ational energies in the drift tube experiment. This implies
increase in this channel to bring the two data sets into agreenost of the HCO formed in the HFTA experiments is a
ment at 1400, 1200, and 1000 K, respectively. This is on theesult of internal excitation, presumably GHribrations.
order of what we might estimate, although the exact amoun§ince this is also a major channel at high temperature, it
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on this channel. CED" is found to increase substantially
_____ with increasing energy. The calculations shown in the ac-
companying paper indicate that this ion probably has a

O," + CH, — products

el -11
W F 3 CH,OH" structure.
5 Figure 5 shows an Arrhenius plot for the ¢HH;O™,
- Y Ay i . e and CHO™ channels. For all three channels the data are
% e approximately linear although some scatter is observed. The
o 0%y i 3 activation energies are 9.9, 7.0, and 4.6 kcal/mol, respec-
2 "0 —8=CH 4 HOO' tively. The CH; activation energy is slightly lower than the
—¥—t0O" =emH 0" Beam endothermicity of 12.45 kcal/mol, indicating the efficiency
\—@—cH 0" =Or=CH,' Beam for this channel is high once enough energy is available. This
10" ' t L L . is reinforced by the pre-exponential factor being approxi-
0 0.2 0.4 0.6 0.8 1 mately equal to the collision rate constant of 1.15
Total Energy (eV) x 10" % cmPs 1. The other two channels are exothermic, and

FIG. 4. Rate constants for the minor channels in the reactionjofn@h the Arrhenius-type behavior mdlcates,the ,pre,sence of pam_
CH, as a function of total energy. HTFA points are shown as solid symbols,ers- The_ nature of several of the barriers is discussed in the
and the GIB data from Fisher and Armentrout are shown as open triangle€ompanion paper. The sum of the HC@nd CH; channels

with a dashed-dotted lingRef. 21). The HCO point at 1200 K is shown as rough|y para”e]s the EDJr channel Ea: 6 kca|/mo|), a fur-

a limit. ther indication that these channels are related.

contributes significantly to the overall increase in the rateCONCLUSIONS

constant compared to translational energy only. )
The HO"+HCO channel has the charge location re- The present results show a much more varied story than

versed from the HCO channel, and the rate constant is 5—7has previously b.een found for _this reagtion._The reaction
times faster in the HTFA than in the GIB. Again, this is an Pathway shown in the companion _pa%?ers quite convo-
indication that vibrational energy promotes this channellutéd. For the formation of the primary low-temperature
Thus, both channels that form an HCO moiélCO and product, CHO,H™, all barnerg are below the energy of the
HCO") are enhanced by vibrational excitation. These chanféactants. However, the barrier to formation of a chemical
nels require breaking three C—H bonds and théo@nd. It is intermediate is quite tight, i.e., restrictive. Thls_ results in the
not surprising that vibrational excitation would promote suchOverall rate being very slow. An ion-induced dipole complex
extensive bond rearrangement. The HCGhannel is ap- IS €asily lfi)rmed, and this complex has been detected
proximately a factor of 2 greater than the®f channel at previously.” After passing this t|g_ht barrier, the complex
1400 K, the only temperature where the HC@hannel can  90€S through another more easily accessed four-member

be separated from the GHchannel. More HCO is formed ~ transition state to form the very stabteCH;OOH" ZA”
than HO" even though the latter is considerably more exo-complex. Several of the products observed in this study can

thermic. This may result from the entropy considerationsP® traced to this intermediaie. Cleavage of one of thg CH

given that two neutrals are produced when HCi®formed. ~ hydrogens produces GB,H™, the main low-temperature
The CHO" channel has not been observed elsewhergdroduct. This h+ap2)peqs W|thout_ a barrier. £i$ formed from

We believe this is an experimental artifact, and therefore nghe t-CH;OOH" “A” intermediate by cleavage of the C-O

conclusion can be made about the effect of internal energ§®nd- This channel proceeds through a barrier above the en-
ergy of the reactants. A direct pathway, i.e., one not involv-

ing a complex, from the reactants, with approximately the

- - - - - y T same barrier height as the pathway from th€H;O0H"
0," + CH, — products 2A” intermediate, also leads to GH production. The
t-CH;OOH" 2A” intermediate can also cleave an O-O
bond, leading to CKD™, which continues to rearrange to
CH,OH™. This channel has a slightly larger barrier than that
for the CH; channel. This is consistent with GHbeing
more abundant than the GBIH" channel. A comparison to
activation energies is not possible since the;Gthannel can
only be separated from the HCQchannel at 1400 K. The

\2 activation energy for the C}OH" channel is in substantially
w0 | ,_,: HO' [771.626-10 © (:3.52x) smaller than the calculated barri@4.7 and 4.6 kcal/mol for

CHO™|---2.248-11 * &N(-2.30%) theory and experiment, respectively
P ERT T Y In both the beam and HTFA experiments, the ObH™*
rate constant decreases at high energy with the decrease be-

ing more precipitous in the present experiments. Part or all of
FIG. 5. Arrhenius plot for the CH, H;0", and CHO" channels for the ~ the difference is due to thermal decomposition of the
reaction of @ with CH,. CH,O,H" ion, and it is therefore difficult to really compare

10-11 L

107 |

Rate Constant (cm® s™)

—e—ony | 14369 * eN-4.97%)

1000/T (K)
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107 XY TRy, v=0 ones. Rate constants for individual vibrational modes
_':'_CH: HTFA (KE+RE) | D2 + ©F, = procuc o may be expected to be very different from the average values
- - .CH;LO¢:::’:(KE+RE) o~ p, Cg derived. Increases such as those found fori#hed com-
o 10" || =5 *H.0" Beam - S pared tov=0 are often due to more favorable Franck-—
E e CH * us0 (KE4RE) . / Condon overlap. The CH ion is nonsymmetrical® and
£ Bt HO'V>0 (KEsRE) | Y ; o therefore, asymmetrical vibrations may be expected to en-
et GH * v ;
- | CR >0 (T8) - hance this channel.
g 1072 || ~SHO" v >0 (TE) 7° A |
o 5 ﬂ/ﬂ The other three channels that are observed, namely
g = H,O", HCO", and HO", are related in that they differ
either by the position of the charge or by a proton. These
10" £ 3 channels require substantial rearrangement, a net result of
Yy . ] forming and breaking three or four chemical bonds. The sta-
) tionary points for these channels were not calculated in the
Energy (eV)

accompanying paper. The rate constants for th@Hchan-

FIG. 6. Rate constants for the CHand HO* channels in the reaction of Nel are 3—6 times higher in the present experiments than the
O; with CH, as a function of energy. HTFA points are shown as solid beam experiments at the same total energy. HCa&hd
circles and squares as a function of translational plus rotational energy. Thp|2C)Jr have only been observed in this study. Thus, all three
GIB data from Fisher and Armentrout are shown as open circles and squareg.o substantially enhanced by internal excitation in thQ; CH
as a function of translational plus rotational energy. This also represents the, . .
data vs total energy since no vibrations are excief. 21. Inverted tri-  SINC€ g \gbranpns have n_Ot been observed to promote these
angles and squares with plusses are derived rates#@ as a function of ~channels® Again, we derive rate constants for an average
translational plus rotational energy. Triangles and squares with slashes a{dprational state, which are plotted in Fig. 6. This indicates
derived rates fov>0 as a function of total energy. vibrational excitation enhances this channel a factor of
30—-40 over the =0 rate at the same rotational plus trans-
lational energy. At the same total energy, the rates for vibra-

how different forms of energy effect this channel. The CH tionally excited CH are a factor of 6 to 7 times larger than

channel agrees well with the beam data at 1400 K, the onli[}qe rate constants_ for the ground state._

point at which the HTFA results could be completely sepa- . The goal of this study was to determine how much of the
rated. The CHO* product was probably missed in the pre- V|brat|on§1I enhancement in the rate constant for tiere
vious experiments due to incomplete mass separation, so it fetion with CH, was due to specific chapnels. The results
not possible to separate the energy effects in this channddicate tDazt, . for the , channels going through the
Given the present uncertainties in these three channels, it [sCH:OOH" “A” intermediate, all forms of energy may be

possible that they are governed by a total energy effect. Iﬁothly +equiva|ent,_ assuming much OT the _dif_ference in the
any case, the differences appear to be small compared H,O,H™ channel is due to thermal dissociation by the he-

T 4 -
those observed for the other channels. ium buffer gas. In any case, the GBLH™ channel dimin-

Charge transfer is observed to occur readily once suffilshes with vibrational energy, and therefore, the increase in
cient energy is available and, therefore, does not appear e rate constant is due to other channels. The charge-transfer

involve any barriers. More charge transfer is observed at th hannel and the three channels that result frpm the r_nost
same total energy in the HTFA experiments than in th ond rearrangement are all enhanced substantially by vibra-
kinetic-energy experiments, indicating that vibrational exci-tional excitation. Thus, several channels can be described as

tation promotes this channel. This is based on the ob:~:erv£’-_e'r:jg colmplletely_ or mainly ?rodu(;:ecr: by_ vibrationally ex-
tion that rotational energy and translational energy weréted molecules, l.e., state selected chemistry.
found to be equivalent at low temperature in controlling the
fcotal rate constants. The act_ivation energyl0 kcal/mo) iS  ACKNOWLEDGMENTS
in reasonable agreement with the endothermici®.4 kcal/ _ .
mol). Technical support from John Williamson and Paul Mun-

It is possible to derive rate constants for an average vidis is gratefully acknowledged. Helpful discussions with Su-
brational staté’ If one assumes that the low-energy trend ofSan Amnold, Skip Williams, Bob Morris, and Anthony Midey
the equivalency of rotational and translation energy continare gratefully acknowledged. We would like to thank Susan
ues, the best way to derive the vibrational effect is to plot theArnold for a careful proofreading of the manuscript. This
rate constants vs average rotational and translational energigsearch was supported by the Air Force Office of Scientific
Figure 6 shows such a plot for this channel and th@H  Research under Project No. 2303EPA4.
channel. The beam data can be regarded a thé rate
constants and can be considered plotted vs either total energy, | inand M. S. B. Munson. Tenth Interantional Svmposium on
or average rotational and translational energy since little vi- compustion, 1965, p. 561. ’ yme
brational excitation occurs. The derived rate constant® for 2. Dotan, F. C. Fehsenfeld, and D. L. Albritton, J. Chem. PI§8;.5665
>0 at the same average rotational and translation energy ar3é\197{3- _ _
20-50 times Iarger than the=0 rate constantgeam data W. L|?d|n%er, D. L. Albritton, and F. C. Fehsenfeld, J. Chem. PMgs.

. L2 . 2038(1979.
Adding the vibrational energy to the>0 rates results in “E. Alge, H. Villinger, and W. Lindinger, Plasma Chem. Plasma Prodess.
rate constants that are about a factor of 2 to 3 higher than thess (1982.



6118 J. Chem. Phys., Vol. 114, No. 14, 8 April 2001 I. Dotan and A. A. Viggiano

5H. Villinger, A. Saxer, R. Richter, and W. Lindinger, Chem. Phys. Lett. Barreto, J. F. Paulson, H. H. Michels, R. H. Hobbs, and J. Montgomery, J.

96, 513(1983. Chem. Phys106, 8455(1997.
8H. Villinger, R. Richter, and W. Lindinger, Int. J. Mass Spectr. lon Phys. 24A. A, Viggiano, I. Dotan, and R. A. Morris, J. Am. Chem. Sd@2, 353
51, 25(1983. (2000.
M. Durup-Ferguson, H. Bohringer, D. W. Fahey, and E. E. Ferguson, J255_T. Amold, S. Williams, I. Dotan, A. J. Midey, R. A. Morris, and A. A.
8Chem- Phys79, 265 (1983. Viggiano, J. Phys. Chem. A03 8421(1999.
9T.—K. Ha and M. T. Nguyen, J. Phys. CheB8, 4295(1984. A, J. Midey, S. Williams, S. T. Arnold, I. Dotan, R. A. Morris, and A. A.
B. R. Rowe, G. Dupeyrat, J. B. Marquette, D. Smith, N. G. Adams, and E. Viggiano, Int. J. Mass. Spectrortt95, 327 (2000.

E. Ferguson, J. Chem. Phy&0, 241 (1984. 27A. A. Viggiano and R. A. Morris, J. Phys. Cherh00, 19227(1996.

'M. Durup-Ferguson, H. Bohringer, D. W. Fahey, F. C. Fehsenfeld, and E28g |1je and K. Morokuma, J. Chem. Phykl4 6119 (2003, following
E. Ferguson, J. Chem. Phy&l, 2657(1984. aper.

1N, G. Adams, D. Smith, and E. E. Ferguson, Int. J. Mass Spectrom. Iomgg. M. Hierl. J. E. Eriedman. T. M. Milleet al. Rev. Sci. Instrum67
Processe$7, 67 (1985. 2142(1996)' ' ’ '

12 .
J. L. Holmes, A. A. Mommers, C. DeKoster, W. Heerma, and J. L. Ter-sog 1 Arnold, 1. Dotan, S. Williams, A. A. Viggiano, and R. A. Morris, J.
louw, Chem. Phys. Lettl15 437(1985. Phys. Chem. ALO4 928 (2000

13 H
i.ml\j/IEVaEn Egrrge;s'osl; Ii Eﬁ;lgwcr?@g ZIDY%FZ)T{Q;/QM Bierbaum, I. Dotan, S1W. G. Mallard and P. J. LinstronNIST Standard Reference Database No.
- T ) ’ . 69 (http://webbook.nist.gov/chemistry/, 1988

¥H. Bohringer and F. Arnold, J. Chem. Phyas, 2097(1986. 2 . e
15K, Tanaka, T. Kato, and I. Koyano, J. Chem. Ph§4, 750 (1986. J. Glosik, A. Jordan, V. Skalsky, and W. Lindinger, Int. J. Mass Spectrom.

163, E. Barlow, J. M. Van Doren, C. H. Depwt al,, J. Chem. Phys85, 33Ion Processes29 109 (1993. o

3851(1986. Y. lkezoe, S. Matsuoka, M. Takebe, and A. A. Viggiar®as Phase
173, Troe, Int. J. Mass Spectrom. lon Proces3@sl7 (1987). lon—Molecule Reaction Rate Constants Through 19@@ruzen, Tokyo,
'®B. R. Rowe, J. B. Marquette, and C. Rebrion, J. Chem. Soc., Faraday 1987.

Trans. 285, 1631(1989. “R. A. Dressler, H. Meyer, and S. R. Leone, J. Chem. PBys.6029
9N, J. Kirchner, J. M. Van Doren, and M. T. Bowers, Int. J. Mass Spec-_(1987. ‘ _ _

trom. lon Processe82, 37 (1989. 35C. P. Lauenstein, M. J. Bastian, V. M. Bierbaum, S. M. Penn, and S. R.
20B, G. Lindsay, A. D. Irvine, and C. J. Latimer, Int. J. Mass Spectrom. lon _Leone, J. Chem. Phy84, 7810(1991.

Processe§1, 113(1989. %M. A. Duncan, V. M. Bierbaum, G. B. Ellison, and S. R. Leone, J. Chem.
2E. R. Fisher and P. B. Armentrout, J. Chem. PH4.1150(1991). Phys.79, 5448(1983.
22N, A. Viggiano, R. A. Morris, J. M. Van Doren, and J. F. Paulson, J. 37]. Dotan, A. J. Midey, and A. A. Viggiano, J. Am. Soc. Mass Spectrom.

Chem. Phys96, 275 (1992. 10, 815(1999.

A, A. Viggiano, R. A. Morris, T. M. Miller, J. F. Friedman, M. Menedez- 38A. J. Midey and A. A. Viggiano, J. Chem. Phy&09, 5257(1998.



