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ABSTRACT 

A modified version of the selected ion flow tube is descri bed Its application to the 
study of the reactions of CaH?= ions with HCN eliminates the complications encountered 
with attempts to study some of these reactions with the flowing afte+rglow technique- 

proton transfer is the only pycess observe+d for reactions of CzH3 and &Hz and is the 
domimant channel for the CzH7 reaction_ C, reacts exclusively by condensation while 
GH reacts, with nearly equal probability, by proton and hydrogen atom transfer. The 
second-order reactions of all the ions, with the exception of CzH;, occur with probabili- 
ties greater than 65% of their theoretical values. 

Three-body association is the dominant channel for the GHi reaction, with proton 
transfer and condensation occun-in g at less than 1% of the theoretical collision rate. 

Clustering is the only reaction observed for C-&, hut, in this case, it is the only 
known exothermic channel. 

INTRODUCTION 

A potent method for studying ion-molecule reactions at thermal energies 
is the flowing afterglow (FA) technique. It was pioneered at the NOAA labo- 
ratories in Boulder [l] and has been used here to test reaction rate theories 
and to obtain thermodynamic data for neutral and ionic species 123. 

In some cases, however, complications are encountered which seriously 
limit the application of the method_ These complications arise mainly from 
the manner in which the ion under study is produced. This introduces ions 
other than the reactant ion and neutral species other than the reactant 
neutral species into the reaction volume, The presence of these other species 
can lead to erroneous rate data if they react to reform the reactant ion in the 
flow tube. They can also obfuscate the product branching ratio of the reac- 
tion under study by reacting with one another or with the neutral reactant 
to form the same product ions. 

An interesting example is provided by the reaction of C,H; with HCN, a 
reaction of considerable importance in models of interstellar clouds [3,4]. 
The overall rate constant for the reaction obtained by the FA technique [5] 
differs by an order of magnitude from that obtained by ion-cyclotron 
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resonance [6]. Moreover, the two techniques give very different branching 
ratios for the products of this reaction.‘These discrepancies suggested that 
some of the complications inherent in the FA method were encountered 
with this reaction. 

Virtually all these difficulties can be circumvented by use of the selected 
ion flow tube (SIFT) first developed by Adams and Smith [7]. The present 
paper describes a modified version of this technique and its application to 
clarifying the reaction of C& with HCN, as well as the reactions of other 
C,c ions with the same neutraI molecule, some of which are also of astro- 
physical interest [ 3,4]. 

EXPERIMENTAL 

The distinctive feature of the SIFT technique is an ion source capable of 
delivering to the reaction volume a single ionic species along with only insig- 
nificant amounts of neutral species. In the present version this is accomplished 
with an apparatus shown schematically in Fig. 1. The apparatus has four 
regions, each operating at a different pressure. Ions are produced in a small 
reaction flow tube and the desired ions are selected in the second region by a 
quadrupole mass filter. The selected ion beam is then injected into a con- 
ventional reaction flow tube from which reactant and product ions are conti- 
nuously sampled into the analysis region. 

The source region is enclosed by an al uminium tube 25 cm long with an 
internal diameter of 4.2 cm. Carrier gas (He or Hz) is added at one end of the 
tube and neutral gas(es) through one or both inlets located 10 and 18 cm 
&rn the exit orifice. The thoriated iridium filament of the ion gun can be 
biased up to -250 V relative to a surrounding grid envelope held at the wall 
potential; this filament assembly can be moved axially along the entire 
length of the tube. Thus a neutral gas can be added either upstream or 
downstream of the filament: alternatively one neutral gas can be added 
upstream and another downstream. This arrangement, essentially a miniature 

. 

Fig. 1. A schematic diagrsn of the selected ion fldw tube (SIFT) apparatus. 
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FA system, provides great versatility in manipulating the ion chemistry from 
which a desired ion can he formed. 

The total pressure within this source region is maintained in the range 
0.2-0.6 tar by a rotary pump. The residence time of an ion in this region is 
ca. 25 ms, corresponding to ca. lo5 collisions, which is ample for thermaliza- 
tion. Ions are extracted by pressure gradient into the selection region through 
a hole, 1 mm in diameter, in a 0127~mm thick MO plate. The nose cone 
holding this plate can be biased electrically to increase the extraction effi- 
ciency. The pressure in the Selection region is maintained at less than 10s4 
ton by a 4-m. diffusion pump. Ions are selected with a quadrupole mass 
filter equipped with Bruhaker pre and post filters f8]. 

The mass-selected ion beam enters the reaction volume through a 5-O-mm 
orifice in the center of a stainless-steel cone_ The ion beam is made to flow 
again& a presrmre gradient by the pumping action of a Venturi gas aspirator, 
shown in detail in Fig. 2. The aspirator gas (normally He) flows through an 
annular ring surrounding the orifice, with a 2.5 X IOB2-mm gap, and also 
serves as the carrier gas in the reaction volume. A flow of 50-300 STD cm3 
-’ S through the aspirator jet produces a pressurrt in the range 0.1-0.5 ton in 

the reaction volume and a decrease in pressure of more than an order of 
magnitude in the ion-selection region, even in the absence of the diffusion 
Pump. 

ASPIRATOR GAS INi.E?- 

BRUBAKER POST F/Li!ERS I 

QUAD CASE WI 
PUMPNG UOiE.9 

ON FLANGE 

Fig. 2. An expanded schematic diagram of f&e ion injection aspirator. The arrows indicate 
the direction of gas flow. 
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The reaction and analytical regions are similar to those described pre- 
viously for the conventional flowing afterglow technique. The reaction 
volume is contained in a stainless-steel tube of length 85 cm and internal 
diameter 8.9 cm. A small central portion of the gas flow is continuously 
sampled through a l-mm hole and analyzed by a quadrupole mass specizom- 
eter. 

The reaction volume is held at ground potential and is isolated electrically 
from the source and the quadrupole axis potential of the ion-selection region 
which can be biased from +150 to -150 V to assist in ion extraction. In 
practice, biases less than 30 V are used to minimize break-up of ions in the 
injection orifice. 

The kinetic analysis assumes that laminar flow conditions are established 
in the reaction region. To test this assumption the well-established reaction 
of G with CO was studied as a function of He flow rate through the aspira- 
tor jet. The open circles of Fig. 3 show that the calculated rate constant 
remained invariant only up to a reaction volume pressure of 0.35 torr. Pr* 
sumably, turbulent flow develops at higher He flow rates through the aspira- 
tor jet. To extend the range, additional He is introduced through a series of 
100 holes, each 1 mm in diameter, which are uniformly distributed over the 
plate containing the aspirator jet and the inlet cone (Fig. 2). The open 
squares in Fig. 3 represent rate constants obtained under these conditions_ 
The average value of (1.98 i 0.40) X lo-’ cm3 molecule-’ s-l is in excellent 
agreement with the value of (2.0 f 0.4) X lo-’ cm3 molecule-l s-* obtained 
from FA measurements [9]_ This indicates that 1 aminar flow can indeed be 
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Fig. 3. The variation in the measur ed rate constant for the reaction Hi + CO + HCO’ + 
Hz as a funcSon of pressure in the reacti& region of the SIFT apparatus. (0) Total gas 
through aspirator; (0) 0.3 torr through aspirator, remain der through auxiliary ga+s inlet 
flange; (8) fiowkg afterglow results. 
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extended by this expedient. The agreement also confirms the validity of the 
data analysis, which was similar to that used for the FA method [lo]. Such 
confirmation was necessary since ambipolar diffusion is not the primary dif- 
fusion-loss process when the apparatus is operated in the SIFT mode. Addi- 
tional studies made with the well-established reactions of a with Hz0 and 
of HzO* w&h HZ also resulted in rate constants which agreed, within experi- 
mental error, with those reported in the literature and those obtained when 
the present apparatus was operated in the FA mode_ 

The apparatus can also be operated in the conventional FA mode by using 
a.n alternative ionizer located in the reaction volume 10 cm downstream of the 
ion-sefection region. The grid of this ionizer also serves to measure the ion 
current entering the reaction tube when the apparatus is operating in the 
SIFT mode. Typical ion count rates in the SIFT mode are 5 X lo3 s-l and 
in the FA mode 500 X IO3 s-‘. The suprisingly high ion currents obtainable 
under SIFT conditions may be due, in part, to the smaller loss of ions in the 
reaction volume owing to the absence of electrons. 

RESULTS 

Reaction of C,& with WCN 

The reaction of C2W2 with HCN was studied with the apparatus operating 
both in the FA and in the SIFT mode_ The C,& ions were formed in both 
cases by introduction of C&Hz into a weak helium plasma. ‘lCypieal results 
obtained with the FA method are shown in Fig_ 4, In addition to C& the 
scurce also produces CzW and, as a result of secondary reactions, the ions 
C&E_ and C&II& All these ions react with HCN, The product ion H&NC may 
be formed by reaction of HCN with one or more of the source ions. The pro- 
duct ions at masses 52 and 53 (not resolved in this experiment), shown 
below to be l&C3p;T and &HZ - HCN, may also be formed by reactions of 
HCN with CL& and C&If as well as with C,l$. The product at mass 27 could 
be either C,l% or HCN’; however, no exothermic channels exist for the 
production of either of these ions by reaction of any of the source ions with 
HCN, The most likely explanation is Penning ionization of HCN to II- 
by metastable He” atoms. Sufficient C2Hz was added to the helium plasma 
to remove all the He+ ions in the source region, but not enough to remove all 
the He’ metastable species. Increasing the flow of CZH2 to the source region 
to reduce He* did decrease the ion current at mass 27 but unfortunately also 
decreased the reactant C,H: concentration below desirable levels (and 
increased Caz and CJ!I$). 

The presence of HCN’ further complicates the interpretation of product 
ratios since this ion also produces H&N’ by the rapid reaction: 

HClSJ+ + HCN + H&N+ + CN (1) 

Figure 4 shows that the C& signal appears to decrease exponentially with 



C2H2+ - HCN - 

I 2 3 4 5 6 

Fig. 4. The observed variation in the ion signals detected on addition of HCN into an He- 
C2H2 plasma with +Ae apparatus in the flowing afterglow mode. P = 0.451 torr, U= 7.8 x 
103cms-‘,L=85cm,-,ndT=295R 

HCN flow. From the slope of this curve a value of k = 5.9 X lO-‘O cm3 s-’ 
can be calculated. There are, however, a number of reasons why this slope 
could yield an incorrect value for the rate constant of the reaction of C& 
with KCN. C&i+ reacts with HCN and HCNt reacts with the &Hz present in 
t.h_k system to gener+e C,h”,_ Thes.e extended sources have the effect of giving 
an erroneously low rate constant. On the other-hand the He* me&stable 
atoms and C;l?i+ which also serve as extended sources of C& in the absence 
of HCN are progressively removed- as the HCN flow is increased, having the 
effect of increasin g the- perceived rate constant.. These results can be com- 
pared with those shown in Fig. 5 obtained using the SIFT method, Under 
SIFT_conditions C& is the- only ionic species precept in the reactioq volume 
in the absence of the added HCN -neutral. .-The .abseqce of an ion ai mass 27 
when HCN is added indicates that He metastable species arc not transmitted 
from the source rlegion to the reaction volume. - -. _ 

The p&duct .ions #can thus be unec$vqcally. alAri&& to -the p&ary 

reaction of C& with HCN, viz . _- 

C&i+HCN % C,-Wz - HCN . _ Gw 
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+ H&&N+ + H (2b) 

+ HCNH+ + C2H (2c) 

The major product under the operating conditions adopted is the cluster ion 
C2W2 - HCN. The ratio. of H&N’ to the sum of H&N’ and CJ$ - HCN 
(masses 52 and 53) is very different from the ratio obtained with the FA 
(Fig. 4) which shows clearly that, under FA conditions, these product ions 
were also formed from reactions involving more than one of the primary ions 
present initially. 

The rate constant for the reaction of C&H: with HCN obtained from five 
experiments with the SIFT apparatus is (3.9 f 0.8) X 10-i’ cm3 molecule-’ 
s-l compared with the value of (6.2 + 12) X 1O-1o cm3 molecule-’ s-l 
obtained from four experiments performed with the apparatus operated in 
the FA mode. This difference clearly indicates the occurrence of secondary 
processes reforming C2H; in the FA experiments. 

The cluster ion formation accounts for 90% of the products, a fraction 
which does not change with pressure over the limited range, 0.3-0.5 ton-, 

: Fig. 5. The observed kriation in the ion signals detected on addition of HCN into the 
reaction region-bf the SIFT appaktus in which C& is initialIy the only positive ion present 
in the He btifer gas in measura bk concentration. P = 0.677 txxr, G = 8.2 X lo3 cm-‘, L = 
48cm,andT~298K.. . 
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available in these experiments. The third-order reaction appears to be satu- 
rated above 0.3 torr, and its rate constant is therefore greater than 4 X 
IO-26 cm6 molecule-* s-’ 

The SIFT apparatus was also used to study the reactions of other C,H: 
ions with HCN. 

Reactions of C,M and C; 

These ions were generated in the same manner as described above for 
C&G. 

Two product ions were found in the reaction with C,H’, one at mass 28 
and the other at mass 26. The ion at mass 26 must be C& since there are 
no exothermic reactions capable of producing CN’. This observation con- 
firms the presence of a secondary source of C;H’, in the FA experiments 
just described. The product at mass 28 can be unequivocally identified -as 
H&N+ since it is the only ion of this mass which can be formed by a primary 
process from the reactants. Therefore, the primary reactions appear to be 
hydrogen atom transfer and proton transfer: 

C,H+ + HCN --f C2H; f CN 

+ H&N+ + C2 

with close to equal probability. 

(3a) 

(=I 

No product at mass 50 was observed, indicating that the rearrangement 
reaction 

C&I+ + HCN + C&l+ -I- H2 (4) 

does not occur. At higher HCN flows the secondary reactions of CIH; to 
form Hz&N’ and C,G - HCN are observed. 

A single product at mass 50 was observed when C; was reacted with HCN. 
This is due to the hydrogen atom elimination process 

C:+HCN+C~N++H (5) 

Reactions of C&, C,E?I& C& and CaT 

The C,G, C2a and C,G ions were produced by introduction_ of C2H6 
into a weak helium plasma and selected for individual study by the SIFT 
apparatus. The C2W, ions were produced by proton transfer from HCO+ to 
C2Hd_ Dissociative Froton transfer from HCO’ and r-I; was also used as an 
ahernative source for C2H;. 

1 eoton transfer was the only channel observekl in the reactionsof C& 
and C&G .with HCN. A result for .the latter reaction is shown in F’ig~ 6. 
Although protin transfer was the major channel ih the reaction of ClW7 with 
HCN, an additional product at mass 42 Was also observed-in amounts corre- 
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Fig. 6. The observed variation in the CzH; signal on addition of HCN into the reaction 
region of the SIFT apparatu,s_ The initial sign& at m/z = 28 is thought to arise from the cot- 
lisional break-up of CzH: into C,s. P = 0.378 tom, i?= 8.2 X IO3 cm ssl, L = 46 cm, and 
T= 298K. 

spending to about 10% of the totat reaction- CH,CNH” appears to be the 
only ion of this mass which would be a reasonable product of the reaction. 

Rute co~~~tants 

The rate constants obtained using the SIFT apparatus are given in Table 1 
along with the theoretical values calculated from the modified AADO theory 
[ 111. The precision of the measurements is better than 10% and the accuracy 
of the rate constant is believed to be 225%. 

The reaction of Cs with HCN proceeds exclusively by condensation with 
R afx in dimillation to.form C,N” with a rate constant close to the theore- 
tical limit. The occurrence of this reaction together with available heats of 
formation 13.5f ‘indicate the heat of formation of C&N‘ to be iess than 455 
kcal mol-’ at 298 K. In contrast, the reaction of CIH‘ with HCN shows no 
evidence ,for condensation to form C&N* or CsNH*. Instead it proceeds, with 
nearly equal prob&ilities, by proton transfer and by hydrogen atom transfer. 
The ovemiIl rate izonstant is also close to the theoretical value. 
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TABLE 1 

Rate constants and product distributions at 299 * 1 K for reactions of C2cx ions with 
HCN 

Reaction Product kexp = 
distri- 
bution 

kuu,, b kexplkurao 

C; + HCN + CsN+ + H 1.0 2.8 * 0.6 3.64 0.77 
C2H+ + HCN + C,H; + CN 0.5 2.8 + 0.6 3.60 0.77 

+ HCNH+ + C2 0.5 

C2H; + HCN He + C2H; - HCN 0.87 0.39 f 0.08 c 3.56 0.11 
+ E,CsN+ + H 0.08 
+ HCNH’ + CIH 0.05 

C2Hj + HCN + HCNH+ + CzH2 1.0 2.9 a 0.6 3.53 0.82 
C2H4 + HCN += &Hi - HCX 1.0 0.087 -c 0.017 3.50 0.025 
C& + HCN -+ HCNH’ + C2& 1.0 2.7 r 0.5 3.47 0.78 
CzH; -+ HCN + HCNH+ + CzHB 0.9 2.2 -F 0.4 3.41 0.65 

-+ CHsCNH+ + 2% 0.1 

a The measured rate constants in units of 10mg cm3 moleculeS1 s-l together with their 
estimated uncertainties. 
b Rate constants in units of 10mg cm3 molecule-’ s- L derived using the angular-momen- 
tum-conserved average ciipole orientation theory cOS model [ 11]: OL = 2.59 A3 [12], 
pD = 3-98 D [13], C = 0.264 and I = 18.83 X 1O-4o g cm* 1143. 
c The two-body rate constant was independent of pressure in the range P(He) = O-395- 
0-521 torr. 

Condensation and proton transfer are both slow channels in the reaction 
of C2K with HCN. In the presence of 0.3-0.5 torr of helium the dominant 
channel is three-body association which, in this pressure range, appears to be 
saturated. The combined effective rate constant is about 12% of the theo- 
retical value. 

The rate constants for the two second-order channels are similar to those 
reported by Huntress and Anicich [S] using the ICR method. These workers 
did not observe the association channel, which is understandable, since the 
ICR system operates at a total presSure of only about lo-’ torr. However, more 
recent work with the same apparatus [16] led to a higher overaLl rate con- 
stant of 2 X -lo-” cm3 molecule-1 s-’ and a higher ratio of k&k%, which 
they believe is due to the associative complex breaking into H3C3W and H 
under their low-pressure conditions. 

Freeman et aL [ 51, using the FA technique, obtained an overall rate con- 
stant of 7.1 X lo-” cm3 molecule-’ s-’ but did- not give uncertainty esti- 
mates_ This value -agrees with the value of (6.2 f 1_2) X lQ-lo cm3 mole- 
cule-l s-l which we dbt&ned using the FA method. Freeman et -&I_ did not 
report the three-body chgnnel (2&), perhaps because their resolution was 
ins&ficient to separgte -(aa) .and (2b). -However, the overall rate constant 
obtain&I by bui- SIFT techrGque is (3.9 -t 0.8) X lO:‘Oi appreciably lower 
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than either of the FA values which we believe to be incorrect for the reasons 
given above. Moreover, the branching ratio of ka/k% = 5.7 reported by Free- 
man et al. is very different from the value close to unity which is found using 
the SIFT. This difference may be due not only to their inability to distin- 
guish between reactions (Za) and (Zb) but also to the complications arising 
from secondary reactions in the FA system. 

Proton transfer is the only exothermic channel, to. the best of our know- 
ledge, for the reactions of C2H3 and C& with HCN. There are three exo- 
thermic channels available for the reaction of C&H,. One, to yield C,H; and 
NH3, requires drastic rearran gement and is not observed_ A second channel 
corresponds to CH, elimination but proton transfer dominates this channel 
by a factor of about 10. Rate constants for proton transfer for these three 
ions are close to theoretical_ 

There do not appear to be any exothermic reactive channels available for 
the reaction of C,s with HCN and clustering is the only process observed_ 
The corresponding third-order rate constant is approximately 8 X 10-” 
cm6 molecule-* s-l. 

SUMMARY 

This study serves as a good example of the versatility and advantages of 
the SIFT technique for investigating complex ion-molecule reactions. It has 
permitted the use of the same weak plasma source to generate a number of 
CzI$ ions and to study the reaction of each of these ions separately. Had this 
separation not been possible, complications would have resulted from 
having all the ions, as well as helium metastable species and source gas 
neutral molecules, simultaneously present in the reaction region. We have 
exploited the advantages of the SIFT technique in unravelling other complex 
reactions of interest in interstellar ion chemistry which we will report shortly. 
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