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A temperature-variable flowing afterglow with an electrostatic Langmuir probe has been used to determine
the rate coefficients,, for the recombination of a series of molecular ions with electrons.dHer O,*,

CHs™, CHs™, and GH;' have been determined at temperatures ranging from 80 to 600 K. Data'faver

the temperature range of 18600 K establish a single-power law dependence, which is consistent with
previous data in this temperature range. The hydrocarbon data show thattteelarge at room temperature,

being 1.1x 10°%, 1.2x 10°%, and 2.4x 106 cm®s ' for CHs", C;Hs", and GH- ", respectively, and exhibit
significant dependencies on temperature consistent with theoretical models based on the direct and indirect
mechanisms. The change between these two dependencies occurs at a temper@Q0eofThe dissociative
recombination of these ions is significant to molecular synthesis in interstellar clouds and the ionosphere of
Titan, which is to be probed by the NASA Huygens-Cassini spacecraft that reaches the Saturnian system in
July 2004. The relevance of the present data to these media is briefly discussed.

Introduction neutral repulsive state G¥f. This state can initially autoionize
back to the reactants, but as the products start to separate along
the repulsive curve, the energy is converted from potential
energy into kinetic energy of separation, soon making autoion-
ization energetically unfavorable and dissociation inevitdble.
The indirect process proceeds through an additional inter-

Dissociative electrorion recombination is the dominant
mechanism for decay of ionization in many plasiElectron-
ion recombination, recently reviewed by Adams and co-
workers, shows that the majority of recombination rate
coefficients (1s) have been obtained at room temperature, and

only in cases such as be Arst, Kro*, Xest, NOF, Np* mediate step corresponding to a radiationless electron capture
HsO*(H,0),, (Wherex = 1-5), NH*(NHa),, (wherex=1-4), N0 & Rydberg level CH, e.g.,

N2+‘N2, CU‘CO, Cd'(CO)z, 02+'02, H3+, Oz+, N2H+, and B +

HCO" has temperature-dependent information been obtairfed. e + CHg = CHg* = CH;** — neutral products (2)

Generally though, this information is not sufficiently detailed
for temperature dependencies to be deduced. This is unfortunatewhere the binding distance between the electron and thg CH
since mechanistic information can be obtained from such data.core is large. This state undergoes a second radiationless
Also temperature-dependent data for hydrocarbon ions aretransition to the same repulsive state as in the direct process,
critical in modeling the chemistry of the interstellar medium  CHs**, which then dissociates. Recently, theoretical effort has
and the Titan ionosphefeTo alleviate these problems, tem-  heen concentrated on calculating potential curves for individual
perature dependencies have been determined for hydrocarborystems and determining the probabilities of transitions at curve
ions of varying complexity (Ckf, C;Hs", and GH/* protonated  crossing€112Note, though, that recent theories have included
benzene). Early theories of Bateand Bardsley'® predicted  quantum tunneling? so that the absence of a curve crossing
temperature dependenciesTaf %> andT-*>for the directand  does not necessarily preclude rapid recombinatiddetailed
indirect processes, respectively, whefg is the electron  approaches can, at present, only be applied to systems with up
temperature. to about four atoms and have not been used for the hydrocarbon
The direct and indirect processes both involve a doubly systems under consideration here. Fortunately, and surprisingly
excited dissociating state of the neutral molecule. The direct jn the present study, the temperature dependencies are consistent

mechanism, which can be represented forsChy with the simpler direct and indirect theoretical approaches as
B N discussed below. The simple mechanistic behavior of these
e + CH; = CHg* — neutral products (1) recombinations has enabled generalizations to be made about

the recombination coefficients and their temperature dependence
proceeds with the electron being captured directly onto a to facilitate the modeling of interstellar molecular clouds and
repulsive, dissociative potential curve of the excited neutralized the Titan ionosphere.
ion. This is a dielectronic capture, where the recombining
electron excites an electron in the ion, and this is resonantly Experiment

captured with the incident electron to form the doubly excited . .
The measurements were made using a variable-temperature

* To whom correspondence should be addressed. Telephone: (706)-542-ﬂ0Wing a_lfterglow apparatus equipped with an axially mov_able
3722. Fax: (706)-542-9454. E-mail: adams@chem.uga.edu. Langmuir probe (VT-FALP). The apparatus has an available
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Figure 1. Mathematica model of the ion chemistry occurring as a .
z (cm)Posmon of Reactant Port

function of distance along the flow tube for generation ofsClitns.

The inset box is where GH recombination occurs and is where the : . . .
Figure 2. Plot of 1/[e"] vs distanceg, for the electror-ion recombina-

measurements of electron density (Figure 2) are performed to determine’. 4 > N L
0 Theae value for H+ recombination used in the model was 110 tion of CHs™ used to determine the recombination rate coefficieg) (

1077 cnP s % larger or smaller literature values of this controversial N conjunction with eq 7. The reactant port, where the hydrocarbons

recombination only slightly affect the ionization density at point where ©€Nnter the flow, is identified by the vertical dotted line, and the arrows
the hydrocarbons are added to the figw. point to the regions where eithegHor CHs* ions dominate. The inset

[e7] vs distance shows the Infgvariation along the length of the flow

TABLE 1: Literature Rate Coefficients (in cm3 st and cm? tube.
s1 for the Termolecular Reactions) Used in the Kinetic

Mode|l7,18,34

The hydrocarbon gases and vapors {CE&Hs, and GHg)
were introduced individually into the flow through one of several

reactant reaCtarl‘t product rea‘:t'onggéeifoemc'e”t injector ports positioned along the flow tube. The model (Figure
on neutra on ( ) 1) confirms that the hydrocarbons were added wheyewhs

Eei :eJF He :? i-ggx igi the dominant cation. &t is known to react rapidly with these

Hor H'; (lr7% ) 100 10-13 neutral hydrocarbons by the proton transfers (dissociative in the

(83%) H case of the gHg reaction)!®

Hem Ar Art 7.04x 1071 N N

He* Ar Ar+ 2.00x 1071 Hgy" 4+ CH,—~CH;" +H, 3)

Hey" Ha HeH*t 5.30x 10710

Ar* Ha ArH* 8.90x 10710 H," 4+ C,Hg— C,Hs" + 2H, (4)

Ho* Ar ArH* 2.10x 1&29 . .

H*t H, + He + 1.50x 10~ .

Hz* Hs E} 2.00x 10°° Hy o CoHe = GeHy ™ 41, ©)

ﬁg:; Eg Ezi gggi }giﬁ and then the product ions begin to recombine with electrons.

Hst CHa CHs* 2.30% 10-9 Secondary reactions in these systems such as three-body

CHs" CH;+ CH,;  CHs"CH, 8.00x 1073 association of the type

Hs* CzHs CoHs* 2.40x 107°

CHst  CoHs products 4.00¢ 1071 CHs" + CH, + CH,— CH;"-CH, + CH, (6)

Hs* CeHs CeH7" 3.00x 10°

(H%';'?+ ngG mﬁa 1'“{8\ 10 were also included in the modeling to confirm that only the
3 . X

aN/A indicates not available.

recombining ion of interest was present. The electron density,
[e7], was determined as a function of position along the flow
tube, using a Langmuir probe (2Bn diameter, 4 mm long)

temperature range of 800 K. This type of technique has  operating in the orbital limited regio¥. Pressures were used
been described in detail previouSly® and will therefore be  that were high enough to inhibit diffusion, thus making
only briefly described here. A microwave discharge was used recombination the only significant loss process. This allowed a

to create ionization in a flowing helium carrier gas (at about 2 sjmple analysi with a dependence of ¢ on axial position
Torr) generating helium cations Kghelium metastables He (2) of the form

and electrons. At this pressure, helium cations are converting
to He,* by ternary associatioH. Hydrogen was then injected - —q
into the afterglow of the discharge, and this reacted witb™He el, el

and Hé" to give Kt as the dominant ion. The ion chemistry ’

was verified with a downstream quadrupole mass spectrometer,wherev is the ion velocity ana is the axial position along the
and supported by detailed models (Figure 1) of the ion chemistry flow tube. This method of analysis was used for all cases
involving numerically solving the differential rate equations of presented in this study; an example of data for the recombination
these systems. The reaction rate coefficients used in the model®f CHs" is presented in Figure 2. In the inset, the slow decay
are given in Table 178 Argon was often added upstream to of electron density upstream of the hydrocarbon addition point
destroy the helium metastables, and through this process severatan be attributed to a combination of ambipolar diffusion of
intermediate ions are created. These ions correspond to the conelectrons and bkt to the walls of the flow tube and slow
centrations, in Figure 1, that become negligible g5 becomes recombination of H" ions. The upward curvature of the 17]e
dominant. The K" concentration then tracks the electron density data, after the recombination regime, occurs because at lower
until the point at which, in this case, Ght added. electron densities diffusion dominates recombination as the
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Figure 3. In—In plot of ae vs temperature for & dissociative Figure 4. In—In plot of a. vs temperature for CH recombination

recombination with electrons. The circles indicate the present data, andwith the circles indicating the present data, and the sqiariasgles3®
the square&diamonds’® and triangle¥ represent previous data inthe  hexagons! and star® representing previous data.

literature.
X107

TABLE 2: Measured Recombination Coefficients of Q+ 30

lons with Electrons; x Is the Power Law Index for the
Temperature DependenceT >

oe(cm’s™)

at 300 K X temp (K) method ref 2
2.24+03x 107 0.7 106-500 FALP present data g
1.95+£0.2x 107 0.7 300-1200 uWA-MS? 5 et 0
1.95x 107 0.7 200-600 FALP 35 31
1.95x 1077 0.66 206-5000 trap 23

a Microwave Afterglow-Mass Spectrometérlon trap.
. . . 5 L L L 1

process for.[e] decay.. By performing a !lnegr Igast-sqluares fit 100 200 300 400 500 600
on this plot in the region where recombination is dominant, the T(K)

recombinatior_1 ra_te Coefﬁ_Ci_ean can be evaluated USing_eq Figure 5. In—In plot of a. vs temperature for £is* recombination
73 All recombination coefficients are accurate at 300 K to within - with the circles indicating the present experimental data, and the square,
+15%, and+20% at all other temperatures. triangles®® diamond” representing previous 300 K data.

Results and Discussion 3><10-f>

The temperature dependence of thetQecombination
(shown in Figure 3) was determined to validate the technique
since this recombination has been studied previously in
detail 5212335 Measurements were made at a series of temper-
atures ranging from 80 to 500 K to establish the temperature
dependence. Table 2 lists the present and previgas 300 K
and the power of the temperature dependence. Figure 3 also
shows these data for the recombination of Owhich estab-
lished an overall temperature dependence. The agreement gives
confidence in our technique since the magnitudes of the dif-
ference between the various data are within experimental error. 1

Temperature dependencies for thesCHC,Hs", and GH7* 300 400 T 500 600
recombinations are plotted in Figures @, respectively. Data &)
for the recombination of hydrocarbon ions was obtained over Figure 6. In—In plot of c. vs temperature for &47".
the same temperature range as for @xcept for GH;" for precursor ion or cluster ion recombination were occurring to
which studies were not possible at temperatures below 300 K g5 16 degree. This was not the case with the present data. Al

due_ o con_densatlon of benzene. The h_yf:lrocarbon I0NS aré Nyata (see Figures-45) show similar behavior with higher slopes
their vibrational ground states from collisional relaxation due 4. |,—|n plots at high temperatures and lower slopes at low

o, (cm’/s)

to the symmetrical proton transfer. temperature. The exponents for these power law dependencies
N N and thea, at 300 K are listed in Table 3. The values for the
CH;™* + CH,—~ CH,* + CH; 8 low temperature region are somewhat above that generally

suggested for direct process and that for the high-temperature
The CH' and GHs™ plots (Figures 4 and 5) show previoos region are approaching that for the indirect process. This is not
data at 300 K that are greater than th&5% error mentioned  unexpected since there can be a contribution of the indirect
earlier. However, for CE, o data falls neatly within the range  mechanism at low temperatures and the direct mechanism at
of the previous data. To our knowledge, detailed modeling of high temperatures, enhancing and depressing the exponent,
these systems was not conducted in the previous studies, andespectively. Note in Table 3 that for GHand GHs" the
the hydrocarbon concentrations used may have been such thathange-over between the two mechanisms occurs around 300
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TABLE 3: Present Measured Recombination Coefficients x106
and Temperature Dependencies in the Low and High 10
Temperature Regimes for CH*, C,Hs™, and C¢H7" lons;

Power Law Index (x) in the T~ Temperature Dependence Is

Also Indicated

T

power law index change over

T
'

)
e (cmBs™) low high temp g1
ion at 300 K temp temp (K) ;;

CHs* 1.14+0.2x 106 0.7 1.5 300

CHs* 1.2+0.2x 106 0.8 12 300
CeH;" 2.4+ 0.4x 10°® N/A2 13 =300

aN/A indicates not available. 0.1 ‘
70 100 300 600
K and that for GH;* is below or at 300 K. Interestingly, no T (K)
such change occurs for,0and a dependency aroufid®’has Figure 7. In—In plot of o vs temperature for C§ (circles), GHs"
always been obtained over the whole temperature range. In(squares), and 8, (triangles) recombination. The Fox and Yelle
examining the combined data, a pattern emerges with powermodel temperature dependence (dotted line), the Molina-Cuberos et
law dependencies of—07 to =08 gt |ow temperatures and al. model temperature depen_dence fdﬂns_h I_ine), and our generic
T-1210-15 gt high temperatures. There is some consistency of temperature dependence (solid line) are indicated.
these rate coefficient data with other hydrocarbon data in the %106
literature on the recombination of8s+ and GH* determined 200
using storage ring&:2> Here cross-sections are actually mea-
sured and converted into rate coefficients by integrating over a
thermal Maxwell Boltzmann speed distribution. For thgig"
recombination, the dependence is similar to the present study
with T~9-84at low temperatures (501000 K) andT—1-38at high
temperatures (100013000 K), with a break at~1000 K,
somewhat higher than the present stétlyor the GH;"
recombinatior?* there is a single dependence from 10 to 1000 1
K of T-968 The bulk of the present and previous data, though,
gives a dependence slightly steeper than the direct mechanism
at low temperatures and slightly less than the indirect mechanism “10 100 600
at high temperature. This discussion assumes that the direct and T (K)
indirect mechanisms are independent; however, they are actuallyrigure 8. In—In plot of ae vs temperature for C# (circles), GHs*
coupled with both being accessed in a single recombination. (squares), and ¢&i;* (triangles) recombination extrapolated to 10 K,
Mixing of these two mechanisms would thus be expected to assuming a change over in mechanism between 100 and 300 K for
result in different power law dependencies in the regions where CeHz". The UMIST*! temperature dependence for €Hdot—dash
they separately dominate, as is observed. In an early géper, 'Ine). CeHs" (dotted line), GH;* (dashed line) extrapolated from

. . St previous, very limited data are included.
Bardsley was not able to determine the relative contributions
of the two processes; however, this is automatically done in ionosphere. Our generic temperature dependences for hydro-
multichannel quantum defect theory MQBTTo our knowl- carbon ions would be (300)°7 below 300 K and (30a)*4
edge, MQDT theory has not been applied to studies involving above 300 K, with 300 K values of 42) x 107% cm?® s71.
hydrocarbon ions. In light of the present data, theoretical Thus, at the lowest temperatures in the Titan atmosphere of
determinations of the temperature dependencies and of thelOO0 K, the models of Fox and Yelle and Molina-Cuberos would
temperature at which the power law dependence changes wouldsuggest (5.26.1) x 1077 cm® st and (8.7-13.9) x 1077 cm?®
be valuable. The overall magnitudeaffor these hydrocarbon s, respectively, with the present data giving {&8) x 107
ions is relatively similar. There is only a slight increase in the cm? s

- —_—
-—
T~
S ——

TR

10

o, (cm?/s)

T

magnitude of ae between CH" and GHs', but as the All of these dependencies are shown in Figure 7 where a
hydrocarbon complexity increases tgHG" the recombination substantial difference is evident. If the power law dependencies
rate increases by about a factor of 2. refer to the direct and indirect mechanisms, then the changeover

The ionosphere of Titan has been modeled in the higher might be expected to be related to the temperature at which
altitude region most recently by Fox and Yéllend at lower there is a significant population of vibrationally excited Rydberg
altitudes by Molina-Cuberos et &.To model the individual states. Note that for £ all the data are in the low-temperature
ion densities and the overall ionization/electron density, knowl- regime not inconsistent with the larger vibrational spacing
edge of the magnitude of the rate coefficients and their relative to the hydrocarbon ions. However, this does not occur
temperature dependencies is required. Fox and Yelle assumedfor all small non-hydrocarbon species. For example Nshows
when there was little experimental data, that the recombination little temperature dependence over the temperature range 80
coefficients varied as (33.5) x 1077(300/T¢)°® cnm?® s71, and 500 K28 However, this may be a special case since there is
Molina-Cuberos et al. similarly assumed for hydrocarbon ions evidence for quantum tunneling in this recombinafi&??, These
(5—8) x 1077(300/T)%%cm® s1 (the slightly larger value  data indicate important trends fag variations with temperature
assumed is realistic in view of the greater ionic complexity at and contain insights into the mechanisms involved.
lower altitudes). It is now necessary for the model calculations  The recombinations are also significant to interstellar chem-
to be repeated to take into account the larger values obtainedistry with the detection of now over 20 hydrocarbon speéfes.
in the present study, which will make a significant difference The formation of these molecules occurs either within the
to the ionization balance at the lower temperatures of the Titan molecular clouds themselves or in the expanding envelopes of
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old stars’ Here, at the lower temperatures-e10 K, o, values
based on extrapolation of the present data arex11~° and
1.8 x 10 cmé s~ for CHs" and GHs™, respectively, compared
with extrapolation of UMIST dat&! (usually a single or perhaps
two data points), which would yield 32 1076 and 4.1x 1076
cm® s~ for CHs™ and GHs™, respectively. Shown in Figure 8

McLain et al.
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are the extrapolated temperature dependencies. Figure 8 also (12) Guberman, S. LThe Dissociatie Recombination of N; Kluwer:

shows the extrapolated dependence of recombinationgfey™C

An assumed change in temperature dependence between 100,

New York, 2003.
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odes. InAdvances in Atomic, Molecular and Optical Physi@&ederson,
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for CgH7™; this yields aa, of (3.0-6.0) x 105cm® s at 10
K. Assuming no change in the mechanism fgHg" yields a
0 0f 2.0 x 1074 cm? s71, while the UMIST dependence would
yield aae of 5.5 x 1076 cm®s1 at 10 K. The interstellar models
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Cation-Molecule Reaction Kineticdet Propulsion Laboratory: Pasadena,

carbon ions, and this is now being extended to other hydrocarbonyggs.

ions. This is important since such recombinations are relevant
to the synthesis of neutral hydrocarbons in the interstellar clouds

and the atmospheric chemistry of Titamn the upper atmo-

sphere, the ions suggested by the Fox and Yelle model are

CoHs', CHs™, and HCNH' in order of decreasing abundance,

and thus the recombination of the two most abundant ions has

been studied here.
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