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a b s t r a c t

A study has been made of the electron–ion dissociative recombination of the protonated cyanides
(RCNH+, R = H, CH3, C2H5) and their proton-bound dimers (RCN)2H+ at 300 K. This has been accom-
plished with the flowing afterglow technique using an electrostatic Langmuir probe to determine the
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electron density decay along the flow tube. For the protonated species, the recombination coefficients,
˛e(cm3 s−1), are (3.6 ± 0.5) × 10−7, (3.4 ± 0.5) × 10−7, (4.6 ± 0.7) × 10−7 for R = H, CH3, C2H5, respectively.
For the proton-bound dimers, the ˛e are substantially greater being (2.4 ± 0.4) × 10−6, (2.8 ± 0.4) × 10−6,
(2.3 ± 0.3) × 10−6 for R = H, CH3, C2H5, respectively. Fitting of the electron density decay data to a sim-
ple model has shown that the rate coefficients for the three-body association of RCNH+ with RCN are
very large being (2.0 ± 0.5) × 10−26 cm6 s−1. The significance of these data to the Titan ionosphere is
discussed.
. Introduction

In Titan’s atmosphere and the interstellar medium (ISM),
yanides are extremely important due to their large abundances.
he interest in this topic is evident from the abundance of literature
n RCN and (RCN)H+ (R = H, CH3). [1–9] HCNH+ was predicted [1–4]
o be a dominate ion in Titan’s atmosphere and this was confirmed
y the Cassini ion and neutral mass spectrometer (INMS) [5]. Its
umber density has approached 1000 cm−3, a value almost 10 times
hat of any other ions in the altitude range ∼1000–1300 km [5].
CNH+ also has been detected in the ISM along with vibrationally
xcited HCN [6,7]. In addition, CH3CNH+ is also an important ion
n models of Titan’s ionosphere contributing significantly to the
otal positive ionization density in the troposphere [10]. Microwave
bservations have detected CH3CN in TMC-1 and Sgr B2 [8], and
ure rotational transitions also were measured for CH3CNH+ in
he range of 325–500 GHz in 2006 [9]. This and the next ion in
his series, CH3CH2CNH+, have also been included in models of
itan’s atmosphere, but few kinetic studies have been performed

11–13]. These ions contribute significantly to ionization loss in
hese regions through the process of dissociative electron–ion
ecombination, DR. Because of this, and because DR is rapid, the
resent study was performed to determine DR rate coefficients
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(˛e) of these ions for use in chemical modeling applications. In
addition, determination of ˛e for a series of ions shows trends
which provide information on reaction mechanisms. For these stud-
ies, a VT-FALP (variable temperature, flowing afterglow Langmuir
probe) apparatus has been used. During these studies, it became
evident that proton-bound dimers were rapidly produced. The
study of DR of RCNH+, where R = H, CH3, C2H5, with electrons is
straightforward since the reactions with the H3

+ precursor give
only non-dissociative proton transfer, and thus they can be gen-
erated as the only ion in the plasma [14–16]. On addition of RCN,
these ions begin to recombine with electrons immediately and the
reciprocal electron density changes with the flow tube position
were very linear indicating that only one ion species is recom-
bining in the plasma. Although this linearity is observed at all
concentrations of RCN, the rate of electron density decay increased
significantly in all cases with increasing concentration of RCN. It
became apparent that this increase in the rate of electron decay
is a result of the three-body association of RCNH+ with RCN to
form proton-bound dimer ions followed by their recombination.
These types of dimer ions have been shown to have exception-
ally large recombination rate coefficients. [17–19] As has also been
predicted by theory [17], these associations are also rapid due to

the large dipole moments of the cyanides. Since the electron den-
sity profile is now not of a single ionic species recombining but a
mixture of two ionic species recombining simultaneously, numer-
ical solution of the kinetic rate equations is necessary to obtain an
accurate fit to all of the data [20]. This paper is concerned with the

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:adams@chem.uga.edu
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Fig. 1. Plot A illustrates electron density decays with time, and the kinetic model fit
to the experimental data at a series of [HCN] concentrations. The open circles are
with no HCN added to the flow and therefore the electron density decay is only due to
diffusion and recombination of H3

+, ˛e = 1.1 × 10−7 cm3 s−1 under these conditions.
Time zero represents the position in the flow tube at which HCN was added. Plot B
shows a typical set of plots of 1/[e] vs. time for determining the ˛e. The solid lines
6 J.L. McLain et al. / International Journ

etermination of ˛e for these protonated and proton-bound dimer
yanides.

. Experiment

A variable temperature flowing afterglow technique with
angmuir probe diagnostics, VT-FALP, was used for these DR mea-
urements. This technique has been described in detail in the
iterature and will only be discussed briefly here [21,22]. A He+/He2

+

lasma flow (also with helium metastables, Hem) was produced
y a microwave discharge in helium flowing with a throughput of
6 slm along a flow tube (1 m long and 7 cm in diameter) at a pres-
ure of∼1.5 Torr. Under these conditions He+ rapidly associates with
e generating He2

+. Argon was added upstream in the flow at a
oncentration of ∼5 × 1013 cm−3 to destroy all Hem and He2

+ pro-
ucing a predominantly Ar+/e− plasma. Hydrogen was then added
urther downstream to form an H3

+/electron plasma by a standard
eaction sequence [23]. These ions were sampled through an ori-
ce to a downstream quadrupole mass filter/ion counting detection
ystem which was used to identify all ions present in the plasma.
CN was then added to produce the recombining ions by proton
ransfer from H3

+. Kinetic models were produced to confirm the
on chemistry occurring prior to the addition of RCN and have
een presented in the literature [23]. The HCN gas was synthe-
ized from the reaction H2SO4 + NaCN using a standard procedure
24]. The 99.9% acetonitrile (CH3CN) was obtained from Aldrich®

nd 99% propanenitrile (CH3CH2CN) from Alfa Aesar®. Their neat
apors were often used to create the ions of interest after a series
f freeze/pump/thaw procedures to remove any dissolved impurity
ases. Dilutions with helium were used to obtain accurate values of
he lower concentrations. The recombining ion types were created
y the reactions:

3
+ + RCN → [RCNH+]∗ + H2 k1 (1)

RCNH+]∗ + RCN → RCN∗ + RCNH+ k2 (2)

here * indicates rovibronic internal excitation. At this point, only
rotonated-RCN ions were observed in the plasma. Eq. (1) has been
hown at room temperature to be simply a proton transfer reaction
or all of the cyanides studied here and all these proton transfers
ave rate coefficients approaching ∼1 × 10−8 cm3 s−1 [14–16]. Res-
nant proton transfer, Eq. (2), rapidly quenches any rovibronically
xcited species created by the exothermicity of the primary proton
ransfer reaction before recombination occurs. At the higher RCN
oncentrations, the association, Eq. (3), can become more rapid than
R of the protonated ions and are stabilized by a helium third body

o create the proton-bound dimer. The resonant ligand switching
eaction, Eq. (4), can then de-excite these dimers before recombi-
ation can occur.

CNH+ + RCN + He → [(RCN)2H+]∗ + He k3 (3)

(RCN)2H+]∗ + RCN → (RCN)2H+ + RCN∗ k4 (4)

A movable Langmuir probe (25 �m in diameter and 4.3 mm
ong) operating in the orbital limited regime, was used to deter-

ine the electron density [e−] at various positions along the flow
ube [25]. [e−] and [e−]−1 are plotted as a function of time in
ig. 1, and the ˛e’s are determined by numerical solution of the
ate equations. For a single ion species and when ambipolar diffu-
ion losses are not included, the simple form of the rate equation
s 1/[e−]t–1/[e−]0 = ˛et. Although, ambipolar diffusion is small in

ur experiment, this effect was included in the kinetic models.
t the highest RCN concentrations, approaching 1 × 1014 cm−3, the
angmuir probe had to be cleaned considerably longer than nor-
al due to surface contaminations of the probe by the cyanide

apors. Usually, after every voltage sweep, a negative voltage of
are the fits of the model to the experimental data to show the validity of the model
even when two ionic species are recombining simultaneously. The upcurving of the
data in B at late times is due to the increasing importance of diffusion.

130 V was applied for ∼5 s to heat the probe so as to obtain
a clean surface and this resulted in exceptionally linear probe
characteristics.

3. Results and discussion

The form of the electron density profiles depended signifi-
cantly on the RCN concentration which was varied from 1 × 109

to approaching 1 × 1014 cm−3. This is because of the association of
RCNH+ with RCN to produce the (RCN)2H+, Eq. (3). To model the
recombination, it was necessary to fit the data by numerically solv-
ing the kinetic equations for the production and recombination of
the ions present in the afterglow. From this, the individual rates
coefficients (k3 and k−3) for association and dissociation and the
˛e’s were obtained. To be valid, the models have to fit all of the data
obtained at all the different RCN concentrations, with constant ˛e

for RCNH+ and (RCN)2H+ ions and constant k, Figs. 1–4.
The main model used is given in Eq. (5), and plotted in

Fig. 2 as a function of [RCN] = [HCN]. This shows that, at an
[HCN] = ∼1 × 1011 cm−3, the ˛e of the protonated monomer species
can be obtained directly from the slope of the 1/[e−] vs. time
data. This is because [RCN] is too small for any substantial amount

of the dimer to form. Conversely, at the highest concentrations
used >1 × 1013 cm−3, the proton-bound dimer forms immediately
(<0.5 ms) by the association, Eq. (5), and is very much the dominant
ion in the plasma after ∼1 ms so that from these data the slope is
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Fig. 2. Electron and ion concentrations in the kinetic model Eq. (5) for HCN are plot-
ted as a function of time in the flow tube. The black dotted lines represent [e−],
(equals total ion concentration) and the blue dashed-dotted lines are the [H3

+],
which reacts rapidly with HCN for the 1 × 1012 and 1 × 1013 cm−3 plots, disappear-
ing in <1 ms. The green solid lines are the (HCN)H+ and the red dashed lines are the
(HCN)2H+. For this illustration, the kinetic model for HCN was arbitrarily chosen, but
this behavior is also consistent with the CH3CN and CH3CH2CN studies. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
web version of the article.).

Fig. 3. 1/[e] vs. time plot of the experimental data and fit for [CH3CN] = (open cir-
cles) 1 × 1010 cm−3, (diamonds) 1 × 1011 cm−3, (triangles) 1 × 1012 cm−3, (squares)
1 × 1013 cm−3, and (solid circles) 8 × 1013 cm−3. If only one ionic species is dominant,
the ˛e is equivalent to the slope. The lines represent the fits for over four orders of
magnitude change in [CH3CN].
Fig. 4. 1/[e] vs. time plot of the present data and fit (solid lines) for
[CH3CH2CN] = (diamonds) 1 × 1011 cm−3, (triangles) 1 × 1012 cm−3, (squares)
1 × 1013 cm−3, (circles) 3 × 1013 cm−3. The lines represent the fits for three orders of
magnitude change in [CH3CH2CN].

equivalent to the ˛e of just the proton-bound dimer.

(5)

The three-body rate coefficients k5 for association Eq. (5) to
produce these dimers are large. k5 = 2.0 ± 0.5 × 10−26 cm6 s−1 is
determined from the fits to the model in Eq. (5) for CH3CN, see
Table 1. When considering the effective binary rate coefficient
with a [He] = 5.0 × 1016 cm−3, the present value keff = k5[He] for
CH3CN is only slightly smaller (keff = 1.0 × 10−9 cm3 s−1) than with
the value previously obtained for CH3CN (keff = 2.1 × 10−9 cm3 s−1)
in a flowing afterglow by studying the association reactions in
the conventional way [19]. To further improve the model and
to obtain a more accurate fit, a two-body reverse reaction rate
coefficient of k−5 = 1.0 ± 2 × 10−13 cm3 s−1 for HCN and CH3CN and
4.0 ± 3 × 10−14 cm3 s−1 for CH3CH3CN were also included. This
reverse reaction is typical [26,27] for an intermediate complex
[(RCN)2H+]* dissociating back into reactants before it can be sta-
bilized by collisions with helium, Eq. (5). A new model, Eq. (6),
including the excited intermediate complex was also tried but this
only provided the same quality of fit as the Eq. (5) model, but
with the addition of an extra recombination rate coefficient for the
excited intermediate.

(6)

However, it is not unreasonable to consider an ˛e for the inter-
mediate if the lifetime of the excited complex is relatively long.
This possibility is worth noting since the models in Eqs. (5) and (6)
require a reverse reaction.

The quality of the fitting to the model is remarkably impres-
sive after assigning the four rate coefficients, see Table 1., because
then the only parameter varied in the experiments and in the
kinetic model was the concentration of [RCN] and this was varied
by approximately four orders of magnitude. A plot of the measured
effective DR rate coefficient, ˛eff, vs. the concentration of [HCN]
can be seen in Fig. 5. DR for H3

+ controls the decay of electron
9 −3 +
at low concentrations <10 cm , where the ˛e for H3 was mea-

sured to be 1.1 × 10−7 cm3 s−1 at 300 K, consistent with previous
measurements [28]. The ˛eff then increases at ∼109 cm−3 to a con-
stant value centered at 3 × 1010 cm−3 of 3.5 × 10−7 cm3 s−1 which
is the ˛e for the HCNH+ ions. Another increase in ˛eff is observed
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Table 1
Ion–molecule rate coefficients (k) and recombination rate coefficients (˛e) which provide the best fit to the electron density decays at all concentrations of RCN. The ˛M and
˛D represent the values for the protonated monomer and the proton-bound dimer, respectively. Uncertainty for the k’s and the ˛’s are ±25% and ±15%, respectively. The
k1(Theor.) are the theoretical rate coefficients that were calculated using combined variational transition state theory and classical trajectory theory [29]. NA indicates no data
are available.

HCN CH3CN CH3CH2N

k1(Lit.) (cm3 s−1) 9.5 × 10−9 9.8 ×10−9 9.9 × 10−9

k1(Theor.) (cm3 s−1) 8.5 × 10−8 1.1 × 10−8 1.2 × 10-8

k5 (cm6 s−1) 2.0 × 10−26 2.0 × 10−26 2.0 × 10−26

k−5 (cm3 s−1) 1.5 × 10−13 2.0 × 10−13 4.0 × 10−14

˛M(Exp.) (cm3 s−1) 3.6 × 10−7 3.4 × 10−7 4.6 × 10−7

˛M(Lit.) (cm3 s−1) FA29 3.5 ± 0.9 × 10−7 SR302.8 × 10−7 FA283.3 ± 1 × 10−7 SR318.1 ± 0.8 × 10−7 FA284.7 ± 2 × 10−7

˛D(Exp.) (cm3 s−1) 2.4 × 10−6 2.8 × 10−6 2.3 × 10−6
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bove ∼1 × 1011 cm−3 until another constant region was observed
2 × 1012 cm−3, where an average ˛e for the dimer (HCN)2H+ ions of
.4 × 10−6 cm3 s−1 is obtained. These data show the regions where
he concentration of the HCN produced a plasma dominated by
ither HCNH+ or (HCN)2H+ and the intermediate values of the ˛eff
ue to the transition between these limits. These constant sec-
ions also correspond to the same concentration where the kinetic

odels indicate that just one recombining ion dominates. Fig. 5.
ndicates very clearly that unless such plots are made and the cor-
ect concentrations of the cyanides used, erroneous values of the ˛e

an very easily be obtained. The concentration dependent plots for
H3CN and CH3CH2CN are similar to that of Fig. 5 for HCN. With-
ut such information it is very dangerous to try to determine ˛e

or the specific species since any value between that of H3
+ and the

roton-bound dimer can be obtained.
Plot A in Fig. 1, shows the recombination and diffusion of H3

+

n open circles, which is noticeably slower than the recombination
f the HCNH+ and (HCN)2H+. While the rate of diffusion for H3

+ is
arger than that for the higher mass molecular ions, its ˛e is much
maller. Plot A in Fig. 1, has been presented to show the electron
ensity decay at various [HCN]. Note, the electron density decay was
onitored over one order of magnitude to ensure that we captured

he entire range.
The three-body association and the reverse rate coefficients

ere varied to determine how much uncertainty would be asso-

iated with these values as obtained with the kinetic model, and
standard deviation was calculated for every case. These rate

oefficients have an uncertainty of �±25% for all reactions. The
hree-body association rates for all of the reactions are very similar,

ig. 5. A plot of ˛eff vs. [HCN]. The regions where H3
+, HCNH+ and (HCN)2H+ con-

rol the loss of electrons can be seen from these data and are indicated. The solid
ine through these data has been included to emphasize the constant ˛eff regions
orresponding to the ˛e for HCNH+ and (HCN)2H+.
FA192.8 ± 1 × 10−6 NA

but this is not surprising since the dipole moments (d) for these
three cyanides are also very similar, with values of 2.98, 3.92, 4.02
Debye for HCN, CH3CN, and CH3CH2CN, respectively [30]. If the
forward and reverse ion–molecule reactions are fast compared to
electron–ion recombination of (RCN)2H+ and RCNH+, then an equi-
librium can be established, and this has been shown previously to
give the appearance of one effective recombination coefficient, ˛eff
[31]. Alternatively, when the forward reaction is fast compared to
the reverse, then a dynamic equilibrium can be established due to
the rapid recombination rates. In Fig. 1B, 3 and 4, the experimental
data for the HCN, CH3CN and CH3CH2CN systems along with the
fit (solid lines) shows that the 1/[e−] vs. time plots are consistently
close to linear with only very slight deviations due to ambipolar
diffusion. The data in these figures are relatively similar showing
similar mechanisms. At low [RCN] concentrations, the [e−] decay
is controlled by only the recombination of the monomer and diffu-
sion. As the concentration of RCN increases, the dimer production
increases, which begins to contribute more to the total ionization
loss, until eventually the dimer is present at a relatively short time
after injection ∼1 ms and its recombination is followed.

At the highest concentration of RCN, there is a rapid decrease
in the electron number density at <1 ms. Such a rapid decrease
may be created if the flow tube is being coated with an insulat-
ing layer of the reactant vapor, lowering the return area for the
probe. Fortunately, as the distance from the injection port increases,
a smaller amount of vapor is available to coat the flow tube, and as
the electron density decreases the effect on the returned current
also decreases. Note that the Langmuir probe had to be cleaned
considerably more at these higher concentrations to obtain con-
sistent electron number density measurements. For the CH3CNH+

system, the ˛e after this initial drop is consistent with previous
measurements for the ˛e for (CH3CN)2H+ at 300 K. To the author’s
knowledge, this is the only proton-bound dimer in the series to
have been measured previously [19]. The magnitudes of the ˛e’s
for RCNH+ compared to the ˛e’s of (RCN)2H+ for all three cyanides
show that the proton-bound dimers have substantially larger ˛e’s.
In comparing the measured ˛e’s with the available literature there is
a good agreement with previous flowing afterglow measurements
where available [12,32]. FA and SR denote previous flowing after-
glow and storage ring measurements. The ˛e’s for HCNH+ using
the SR are only slightly smaller than the current measurement and
certainly within the combined errors, while the ˛e for CD3CND+

appears much larger than both of the FA measurements [33]. Note
that, the comparison is not exact because CD3CN was used instead
of CH3CN and the proton transfer reaction was with deuterium

instead of hydrogen [34].The ˛e’s for HCNH+ and CH3CNH+ are
very similar to the ˛e of CH3CH2CNH+ which is slightly larger as
would be expected for the increasing complexity of the recombin-
ing ion. However, when comparing the ˛e’s for the proton-bound
dimers of the three systems, there are important differences. The
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e for the (CH3CN)2H+ is larger than that for the (HCN)2H+. Inter-
stingly, this trend does not continue for the ˛e of (CH3CH2CN)2H+,
hich is smaller. The smaller ˛e for (CH3CH2CN)2H+ may be caused

y the larger ethyl chains sterically hindering the electron cap-
ure. This implies that the recombination of these proton-bound
imers is very site specific and there is not much variation in ˛e

ith increasing dimer size. This has previously been shown to be
he case for proton-bound H2O clusters and is further evidence
hat these recombination rates are approaching the upper limit
or the dissociative recombination process [35]. In the (H2O)nH+,
lusters for n = 2, 3, 4, 5 the ˛e’s only varied from (2.5, 3.0, 3.0,
.6) × 10−6 cm3 s−1, respectively [18].

. Conclusions

A comprehensive study has revealed that the recombination of
CNH+ ion is not just a simple recombination situation but that
roton-bound dimers begin to contribute more to the electron den-
ity decay when the [RCN] is increased above ∼1011 cm−3 due to the
ncreasing rate of association. ˛e for RCNH+ and (RCN)2H+ for each
f the three systems have been determined and compared to pre-
ious data when available, see Table 1. The protonated-cyanides
ave relatively modest ˛e < 5 × 10−7 cm3 s−1 while their proton-
ound dimer ions have substantially larger ˛e > 10−6 cm3 s−1 at
00 K. Note that both individual ˛e’s can be obtained directly from
he slopes of the 1/[e−] vs. time plots without the use of the fit-
ing model if the appropriate concentrations of the cyanides are
hosen ([RCN] ˛ ∼ 1011 cm−3 and �1013 cm−3, for the RCNH+ and
RCN)2H+, respectively), see Fig. 2. These specific concentrations
an easily be determined by solving the kinetic reaction models
s long as the rate coefficients are known for the proton transfer
nd association reactions. The HCN, CH3CN and CH3CH2CN proton
ransfer reactions from H3

+ are extremely rapid ∼1 × 10−8 cm3 s−1

ompared to a typical gas kinetic rate coefficient 2 × 10−9 cm3 s−1

ue to their large dipole moments and the small mass of H3
+. A

imple three-body mechanism, Eq. (5) model, was used to fit all of
he present data, with a reverse reaction being included to obtain
he presented fits. This indicates that at least some of the clusters
re excited and can either recombine or dissociate back into the
rotonated monomer.

Although association of the type presented would be small due
o the low concentration of neutral cyanides in the Titan’s atmo-
phere, it has been shown that these type of reactions can compete
ith moderately rapid DR [36]. However, future studies need to be
one to determine the rate of association and subsequent DR of
CNH+ with the dominant neutrals, N2 and CH4. It is worthwhile
o consider the importance of the present studies to modeling of
he Titan atmospheric chemistry. The atmosphere of Titan consists

ainly of N2 (98%) with some methane (2%) and other hydrocar-
ons with HCNH+ being the dominant ion in the altitude range
000–1300 km. Chemical modeling [2,3] has shown that HCNH+

s likely formed in the reactions

+ + CH4 → HCNH+ + H2 (7)

CN+ + CH4 → HCNH+ + CH3 (8)

and lost by

CNH+ + HC3N → C3H2N+ + HCN (9)

and the reversible reaction
CNH+ + H2O � H3O+ + HCN (10)

An additional loss reaction is the DR

CNH+ + e → neutral products (11)

[
[

[
[

ass Spectrometry 282 (2009) 85–90 89

Further loss can occur by the rapid association

HCNH+ + HCN + N2 → H+(HCN)2 + N2 (12)

to produce the rapidly recombining dimer, H+(HCN)2, although this
may not be competitive because of the low concentration of HCN.
Alternatively, an association with N2 or CH4 can occur

HCNH+ + N2/CH4 + N2 → H+(HCN)·N2/CH4 + N2 (13)

followed by recombination or the switching reaction

H+(HCN)·N2/CH4 + HCN → H+(HCN)2 + N2/CH4 (14)

Similar reaction sequences may also occur for CH3CNH+ and
C2H5CNH+. These three-body reactions (reactions (12) and (13))
will become more important at lower altitudes where there is
aerosol formation, [37] below those accessible by the Cassini INMS,
but still accessible by radio occultation [38]. Temperature depen-
dent studies also need to be performed to be appropriate for the
colder temperatures on Titan [39].
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