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A remeasurement of the product distribution from dissociative electron-ion recombination (DR)iohiss

been made using a new technique. The technique employs electron impact to ionize the neutral products
prior to detection by a quadrupole mass analyzer. Two experimental approaches, both using pulsed gas
techniques, isolate and quantify the DR products. In one approach, an electron-attaching gas is pulsed into a
flowing afterglow to transiently quench DR. Results from this approach give an upper limit of 5% for the NH

+ N product channel. In the second approach, the reagent gé&s pilsed. The absolute percentages of
products were monitored versus initia} Boncentration. Results from this approach also give an upper limit

of 5% for NH + N production. This establishes that B H is the dominant channel, being at least between

95 and 100%, and that there is no significant NH production contrary to a recent storage ring measurement
that yielded 64% NHt+ N and 36% N + H. Possible reasons for this dramatic difference are discussed.
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rotational emission lines from both,N*, (1-0) and (3-2), and . products of DR. This shows the various reagent gas inlet ports, pulsed
NoD*, (2-1) and (3-2), have been used to search for massivevalves (attaching gas or reagent gas added), electrostatic lenses that
prestellar core8.DR of N,H™ is perhaps the most studied of block ions from entering the detection system, electron impact ion
all recombination:17 in both the flowing afterglow (FA) and  source, and the quadrupole mass filter.

the storage ring (SR) and has been reviewed recé&rithstudies
have been made to determine the rate coefficiaentof this

DR as a function of temperature and quantitatively determine
the products (both ground and excited state). The former FA
study determined thate was essentially independent of tem-
peraturet’ In the latter, FA experiments involving optical
emission from this DR have yielded electronically excited N

as a product by identification of various vibrational bands of - .
the ,\J()Bgng) . Klz(Agqur) transition!3 Emissions from excited-  Were published the same year as the SR results and determined

state NH were also searched for. Vibrational bands (0,0) and tge tpiallemiisicr)]n intetnsitylfrtorgtthe excittta_?-f_,tate prgdutget_ '\: d
(1,1) of the spin-forbidden NH{A) — NH(X3Z") transition (B, »/ = 1), which was translated to a quantitative product yie

o ; .
are in the experimental accessible wavelength range and havét)g 18+ ?I./Otfgrth frorr:r;[hls DF' However, thgsﬁt;lé)qes not refsolve
appreciable FranckCondon factors, yet these were not ob- € conflict between [ne earlier measurem 1€ use oran

servedt3 Other earlier FA studies using vuv absorption of L independent technique to directly measure the products of this

to detect H atoms implied that the product channel $ot\H recombination is desperately needed to resolve the discrepancy;
such a technique is presented here.

was very dominant. However, recent studies in an SR by
Geppert et al. gave product channels of 36% (NH) and
64% (NH+ N); these include both ground and excited stafes.
This is a surprising result given that breaking theNl triple
bond is the dominant pathway, which was not observed in the
previous results of Adams et &} Additional spectroscopic data
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Remeasuring Products for Electron Recombination

involves two basic experimental approaches, both of which
utilize a flowing afterglow (FA) plasma. These differ in the

means of determining the products, with the method of
production of the recombining ions being common. The plasma

source is a microwave discharge He plasma operating at 1.4

Torr (4.0 Torr for second method), thus creating a;He
dominant plasma (Figure 1). The He is of 99.997% purity and
is further purified with two liquid nitrogen-cooled sieve traps.
Downstream from the cavity, about 2mTorr of Ar (99.999%
purity) is added to the flow, which destroys Mand increases
the ionization number density (i.e., electron density, [e],
increases). Further downstream from the introduction of Ar,
sufficient H, (99.999% purity further purified by a liquid
nitrogen-cooled sieve trap) is added to rapidly generatg’a H
e~ dominant plasma, and this readily proton transfers o N
(99.999% purity) added just downstream of, Horming the
recombining ion of interest, M. Equations 26 summarize
the chemical reactions leading taH\" production:

He' +He+ He—He," + He k=20x 10 *cn’ s‘tzi

2
He," + Ar—Ar" +2He k=2.0x 10 %cm’s'® (3)
Arf+H,—~AH"+H k=8.6x10"cm’s*?® (4
AH" +H,—~H;" +H k=63x10%cm’s*® (5
Hyt + N, = NH +H, k=16x10"cm’s ** (6)

It should be noted that a small amount of 'Hill exists at
the point of N addition,~9% of the K™, which reacts readily
with N3 to form N* (60%) and N* (40%)22 in which N* does
not recombine with electrons and reacts slowly with(H5 x
10710 cme s71); this N* obviously will not affect the measure-
ments. The N that is formed reacts rapidly with o yield
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e+ CCl,— ClI" + CCl, @)

is pulsed into the flow tube. When the attaching gas is present,
the electrons are scavenged generating aniong @2id DR is
guenched. Thus, the difference between ion counts from ionized
neutrals with the pulsed gas being o) (versus in B) is a
positive signal §= A — B) from the products of DR. The use

of an electron-attaching gas to identify signal originating from
DR has been very successful previously to identify spectroscopic
emissions from excited-state products of B\Rn the present
use of this technique, the concentration of attaching gas and
flow conditions are optimized so that quenching of DR is
maximized with the effect of ionion recombination between
NoH* and the anion (Ci) being minimized. This is achieved
by monitoring the modulated electron density with a Langmuir
probe at the point of introduction of the attaching gas. For an
optimum situation, ~80—90% of the electron density is
destroyed, which ensures that the signal from DR products is
large enough to give a good statistical representation of the
product distribution in a reasonable timeZ50 s). Since typical
room-temperature reaction rate coefficients, for ion—ion
recombination (iir) are an order of magnitude (or mé&rsinaller
than the room-temperature DR rate coefficient foHN, the
effects of iir can be kept t&c8—9% relative to the DR products.
Even so, there is a potential for some overlap between products
of iir and products of DR. Note that the products of iir would
appear as a negative signal (i.8.negative), since for thig

will be smaller thanB. No such negative signal has been
observed in any of our experiments, and this is unlikely to be
a significant source of error. Even so, to eliminate this
possibility, the second experimental approach was applied.

2. Pulsed Reagent Gas (RG) Methodn this experimental
technique, the RG (3, a N, mix (0.2% N, in He), was pulsed
into the flow, generating a M*/e~ plasma. Note that the
reaction sequence is the same as the previous method.

N,H*. Also, note that the reagent gases flow rates are measured 1 he difference betweenzout (A) versus that ing) creates

by a capillary system, and thus accurate number densities of
each gas can be introduced in the FA. In the case of the very
small N, additions, a 0.2% mix of Nin He was used. Note

a signal §= A — B) that is a fraction of unreacted,Nf1) plus
a fraction of products of DRf{). If only N,H™ exists, there is
no residual N, then all of the signal would be from DR products.

that, in these studies, very pure gases were used to minimizeAt @ higher N concentration, there will be some fractio) (

N2 impurities. In any case, impurities in the flow tube would

not be pulsed and would not be detected as recombination
products. The BH™ thus produced then recombines forming

neutral products, which are either thermalized via collisions with
the He carrier gas or by radiative relaxation. The ions and
neutrals in the flow tube can be detected by a downstream
quadrupole mass filter/ion detection system, which can sepa-
rately monitor either ions or neutrals from the plasma as dictated
by the operating mode of the experiment. Plasma ions are
detected in the conventional way. Neutrals that exist in the
plasma can be monitored by ionizing them with an electron
impact (EIl) ionization source just upstream of the quadrupole
mass filter (Figure 1). In this case, application of appropriate

of signal from unreacted Nwith the remaining fractionff) of
signal being due to products from DR of". To identify the
contribution of each fraction and to maximizeand minimize

f1, the initial concentration of p [N2]o, was varied around the
magnitude of [e] £3.0 x 10'° molecules/cr#) at the position
where N is injected while monitoring energetically allowed
products of the DR. This should yield a transition from the EI
pattern of N which occurs at high concentrations of (N2]o

> [e] andf, > f,) to some fractional mixture of the El pattern
of unreacted K and products of DR, [Mo < [e], andf; is
optimized so its contribution can be observed as a deviation
from the EIl pattern. To model the fractional contributiong;of
andf, over the concentration range op,Na chemical model of

potentials to the electrostatic lenses just upstream of the | the reactive system was constructed that calculated the absolute
ionization source prevents plasma ions and electrons from Percent monitor ion signals versusbl (the values of [i]o
entering the detection system, eliminating interference from Used in the model encompass the experimental range of
plasma ions while monitoring neutrals. These neutrals have concentrations). A series of possible product distributions were
multiple sources that are a combination of unreacted reagentuSed, and the model results were compared to the experimental
gases, products of upstream iemolecule reactions, and data to determine the agreement. The product distribution in
products of DR. The central part of the technique is to the model was then varied to maximize the agreement.
distinguish the recombination products from these other sources,Resu

and this has been done in two ways.
1. Electron-Attaching Gas Method.In the electron impact

1. Electron-Attaching Gas Method. In this approach, a
rapidly electron-attaching gas (e.g., GCI ionization and quadrupole mass analysis” NNH™, and N

Its
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0 20 40 . 60 80 100 Figure 3. Kinetic model of the plasma dynamics as a function of

Time(sec) distance down the flow tube from the microwave discharge source,
represented at 0 cm. There are three gas additions points for argon,
hydrogen, and nitrogen to generate the ion of interesi*N The
product channel percentages used in this model are taken from Geppert
et al’® Therefore, the appearance of thg"Mind NH" ions, which are
monitor ions for the Mand NH products of DR, can be seen a#iN
recombines with electrons. If this product distribution were valid, then
the NH" monitor ion would be very evident.

Figure 2. Integrated signals of the ion monitors™and NH" for the
possible products, Nand NH, from DR of NH*. Signals were obtained
from the difference between the two channé@lgndB. The difference
was created by pulsing in a rapidly electron-attaching gasQ@hich
guenches DR recombination.

serve as monitors of the NNH, and N DR products,
respectively. The signals of these ions were integrated over time[e], the ion signals observed should be the El fragmentation
to build up statistically significant signals, whether it be from pattern of N. In the opposite limit, [M]o < [e], the ion signals
direct ionization of the DR products or from dissociative El should be a mix of the El ionized products of DR and sorae N
ionization of a larger molecule (i.e.,;.Nragments to 14% N fragmentation pattern. The;Nfagmentation pattern contributes
signal). For this study, a very significantoN signal was  because as less;Ns introduced into the FA this increases the
observed, with no NH signal (Figure 2), but with some™  reaction time for the proton transfer betweest ldnd No. Thus,
fragmentation signal (not shown). the time for this reaction to go to completion becomes longer
Figure 2 shows the integrated signal of monitor iog"N  than the residence time in the flow tube, and this leaves some
building up over time from EI ionization of recombination unreacted reagent gas that gets sampled.
product N, while the signal from NH remains at zero. The crossover between these limits occurs wheglo[hé
Not shown in Figure 2 is the Nsignal; this signal is attributed ~ Somewhere close to [e};3.0 x 10" molecules/cr?y in the flow
only to the dissociative ionization ofNhat occurs with 70 eV tube at the point of introduction of the;Ieagent gas. The model
electrons in the El source and thus mirrors thg" Nignal. for this, using the results of Geppert et #lis given together
Signals from the El dissociative ionization process and parent With our experimental results (Figure 4a).
ionization process give information on the fragmentation pattern ~ The dashed lines represent the modeled results, the solid lines
(cracking pattern) of the Nmolecule. Detailed knowledge of ~ With the symbols are the experimental results, and the dashed
such fragmentation is essential so that the observed ion signanvertical line,~3.0 x 10" molecules/cr# is the electron number
can be corrected for the effect of fragmentation, yielding the density in the FA at the Nintroduction point, measured with
true DR product distribution. Fortunately, this information is & movable Langmuir probe. Note that, the experimental data at
readily available for many stable molecules such asni\the the lowest concentration has a much larger amount of error
NIST databasé® However, data for unstable molecules such (~14%) than any of the other points. This is because af[N
as radicals are generally not available. Fragmentation patternds reduced, so is the detected signal, which makes it difficult to
of some radical species can be obtained if the relative ionization obtain data that have erret10% in the final product distribution
cross sections of fragment ions to parent ions are available inWithin any reasonable amount of time whery]JNis below~8
the literaturé?’ This information is available for the NH  x 10° molecules/cri The ability to detect [Mo at lower
radical?8 giving the fragmentation pattern as 78% Nend 22%  concentrations is possible by the pulsing technique, where any
N*. Thus, if NH is a product from the DR of M+, a NH* impurities in the FA are constant, thus subtractedSby A —
signal should be observed. The fact that it was not seen is inB. The detection limit is the ratio of signal to background, in
stark contrast to SR results where NH is reported as the majorthis case 10%' Concerning the other data points, the error
product channel (64%4f To ensure that our experimental data decreases dramatically=(%) at highest [Mo concentrations
were properly interpreted, a model of the chemistry in the flow such that error bars are smaller than the symbol size.
tube was also constructed. This replicates the experimental The experimental data in Figure 4a is the same as that in
conditions described in the Experimental Section for the Figure 4b, but the model shown uses a 98%-+NH product
electron-attaching gas method and is shown in Figure 3. In and a 2% NH+ N product.
Figure 3, the results from Geppert et'@élre used to show the . .
expected formation of products of DR. It is clearly seen that Discussion

the NH" monitor dominates over the N monitor by 1.5-2 1. Electron-Attaching Gas Method.The experimental results
times and that if NH is a 64% channel then it would have readily from the electron-attaching gas method show a large buildup
been detected. of the N;* signal. This signal is due to the DR product &hd

2. Pulsed Reagent Gas Methodlo confirm the absence of  cannot be from the unreacted Neutrals in the flow tube since
a NH channel and corroborate the results of the electron- these are not modulated. This was confirmed by experirfents
attaching gas method, this additional experiment technique waswith the DR of CO" and HCO". From previous work, the major
used. Note that, in this technique, there are two extreme HCO™ DR product channel is known to be C® H 1329 put
situations with a crossover between them. In the limi] {N> for CO" the only possible channel is the dissociation to



Remeasuring Products for Electron Recombination

J. Phys. Chem. A, Vol. 111, No. 29, 2005763

100 — i + :
- | a) : N> experiment
g b _—S—bw—e
5] 80 — [ o g e
S e I I
N> mode :
g 60 - l«——Plasma electron density
= I
2 B ! + -
2 B ! NH experiment
L I 4 e
NH model | N experiment N model
20 _________|; _A_ e e b L . iy A_.__J’ _____
1 §-IB— ™ < - 5 g o -
0 I |_|T:_:lt_:‘_—l"ujf‘l“ﬁ@“‘—la*r-rgﬂ%——l-..ug.LUJl| _‘_.;‘LJ__L_LIIII‘lJ P O 00 0 e I
10° 10! 101! T (O 10t 10"
[N2]p molec/cm
100 — I+ ;
o ¥ b) I N> experiment
g e e o R e S e ke - o T o
e L N> mod .
2 60— <~ Plasma electron density
=
© - + :
§ i s | NH experiment
< :
- NH model | N experiment N n‘iOdel
20 [ / iz
:___l‘___w__"‘z =gt === =d = & < e e
0 | L I_Lll'izllaJ I:iIII‘ASI _I_aJ__LélllI'l; et J_E.l_LIIIII _IZLJ__L_L‘I“[i.__J e b L LI
10° = i i 1013 10 10"

[N2]o molec/cm 3

Figure 4. Absolute ion percentages of the monitor ions, model and experiment, as a function of ipiti@hdentration. The solid lines with open
symbols represent the same experimental data in both (a) and (b). The dashed lines represent the kinetic model results using two different values
for the absolute DR product percentages: (a) usin@B%) and NH (64%) and (b) using.N98%) and NH (2%). The model from (b) agrees with

the experimental data far better than the model from (a).

C + 0.3%732 With these results in mind, there should not be a
CO* signal, the monitor ion for CO, in the CODR, but it
should be very substantial in the HCR. This is exactly
what is seen in the data presented in Figure 5.

In the case of DR for HCQ, the buildup of the C® monitor
ion is not due to unreacted CO in the flow tube since there is
no such buildup of the COmonitor in the DR of CO. Thus,
all this buildup is due to the product CO in the DR of HEO

of these situations, except for the effects from iir, have been
consider in the model shown in Figure 3, and yet the model,
with 64% NH + N channel assumed, shows a dominance of
NH product, not seen in our experiment. In the model, which
treats all loss processes, the predicted loss of NH is less than
one-third, yet NH is still 1.4 times larger thar Ko there would

be no problem detecting NH if it were present.

The effects of iir need special attention. The reaction sequence

This confirms that any signal from the unreacted reagent gas iSpe|ow is considered:

completely subtracted out. This is also true for theHN
recombination, and the signal thus originates from the N
product of the DR.

From the lack of any NH, there cannot be any NH in the
DR. However, it must be established that there are no loss
processes for NH or reverse mass discrimination, which would

prevent its observation. First, there are several possible reactive

loss processes of NH by radieadadical reactions:

NH+NH—N,+H, k=16x10°cm’s*%

NH +H— N+ H,

K=7.6x 10711 cm3 Sfl 34(theoretical value at 400 K) (Sb)

NH+N—N,+H k=25x10"cn?’ (8c)

(8a)

—1
s 35

Also, diffusive loss of NH (reactive loss on the walls of the
flow tube) is a possibility; this is treated as 100% loss in the

N,H" + ClI” —N,H+ Cl+5.30 eV (9a)
—N,+H+ Cl+4.86 eV (9b)
—N,+ HCI+9.34 eV (9¢)
— NH 4 NCI + 2.05 eV (9d)
—NH+N+Cl—141eV (%)

The production of channel d or e would take away from the
NH product in the DR process; channel 9e is endothermic and
is not considered further. This leaves channel 9d as the only
channel that could take signal away from the DR NH product
channel, but for channel 9d to occur there must be an intimate
interaction between M and CI, specifically a bond between
the Cl and one of the nitrogen atoms must form for this channel
to be exothermic. This is contrary to the mechanism usually

model described below. In addition to these losses, productsassumed for iir, which is electron transfer at long range when
from ion—ion recombination need to be considered because athere is a curve crossiri§.In addition, the point at which the

signal from this process in one of the possible products will
reduce the observed signal attributed to that product in DR. All

neutral product curve, NH NCI, crosses the ionion attractive
Coulombic potential is around 5.2 A, which is well away from
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% 10° A 2. Pulsed Reagent Gas MethodSince iir does not occur
50 CO" monitor of CO here, it will not affect the chemistry in this experimental
. 40 from HCO DR 5 approach; the signal is due to either excess neutgalrdin
‘§ 30 N -+ i unreacted reagent gas or products of DR gfiN To ascertain
S 20 Co monitfrofCO the amount of signal originating from DR, a model was
10 J from CO" DR employed in which the magnitudes of the products from DR
o & s were varied until the model output matched the experimental
0 R o el N data. Note that all of the NH loss processes considered in the

0 50 100 150 200 250 300 model for electron-attaching gas technique were included. In
addition, contributions of®N to the *NH channel are incor-

. . . o porated. Two possible variants are shown in Figure 4. In part
the DR of HCG, and DR of GO () CO' monitor or DR of HCO, & the values obtained by Geppert etéadre used. Here, the
which previous experimental FA and SR results have shown CO as aModel predicts a clear change from highpJiN~ 1 x 10%
major product. £) CO* monitor for DR of CT', which cannot yield ~ molecules/crito low [N2]o &~ 1 x 10° molecules/cr?y as the
CO as a product since the recombination is dissociative. It is clear that No* ion signal decreases and the Nidignal increases. Note
there is signal buildup in the DR of HCGand not in the DR of CO, that these results for the model disagree with the experimental
Whlc_h indicates that no background (_ZO reagent gas is bglng countedragylts. We also noticed that the absolute percentagefoat
?s signal for the products of recombination. This is showing that the low initial [N2]o concentration never reaches the 36% that is
echnique is performing exactly as expected. . . L

given by Geppert et df This is due to two factors. The first is
caused by remaining M&till contributing to the signal and thus

Time(sec)

~22A NoH" + O bringing the percent of N signal up. This results in the absolute

%‘10 ks 7“2-6“2 /2 percentage of the monitors (NHand Nt for NH and N,

= |7 ~3.2 respectively) being lower, since the absolute percent of products

58T NH + NCI is the amount of signal for each channel normalized to the total

S 6 L signal from all channels. The second factor is that the modeled

= T N, +H+Cl results are intended to replicate the results coming directly from

= 47T NoH +Cl the experiment, before corrections for fragmentation effects have

22+ been made.

2 0 N, + HCl Figure 4b is the magnitude of products that best matched the

% T I T T experimental data, with N+ H being 98% and NH+ N being

& 00 5.0 10.0 15.0 20.0 2%. Excellent agreement can be seen between the model and

Internuclear Distance(A) the experimental data, and in both the experimental data and

Figure 6. lon—ion attractive Coulombic potential. ,N* + CI~ crosses the model we noticed that the Cha}nge in .prloducts IS small
the neutral product curve, N- H + Cl near 2.6 A. The NH+ NCI between the two extreme concentrations. This is expected since

product curve crosses near 5.2 A. This is well away from the equilibrium the major product from DR of M™ is Ny, giving almost the

bond length of NCI (1.61 A) and seems unlikely that this channel will same absolute product percentage as electron impact fragmenta-
occur. tion.

Comparing these experimental data to the modeled result,

the equilibrium bond length of NCI (1.61 A) and seems unlikely We concluded that the DR product channel going tot\H is
that this channel will occur (Figure 6). 95-100% and the NH+ N channel is limited to 65%. Another

This will bring the relative percent of eq 9d to DR below the ~Product that has not been addressed thus far is the H atom. This
previously mentioned-89% (iir percentage relative to DR). In  product is difficult to quantitatively measure due to a large mass
addition, there was no signal from possible neutral products Cl, discrimination relative to other products; such a measurement
HCI, or NCI coming from iir, and since the neutrals HCl and Wwas not necessary since both channels were already monitored.
NCI have zero background, they would easily have been
detected. Conclusions

The last effect that needs to be addressed is the possibility
of mass discrimination against NH; this can be taken into  On the basis of our two experimental techniques and the
account by comparing the relative amount of Nignal to that ~ modeling of each technique, we have considered all of the
of N* and comparing the results to the NIST electron impact possible concerns, yet these results are still in sharp contradiction
fragmentation pattern. Then, since there is little difference in to the results published by Geppert etélt is not known why
mass discrimination of masses differing by only 1 amu (N  there should be such a drastic difference between these FA and
and NH"), the effects of mass discrimination on NH product SR experimental data. An exhaustive effort has been made to
can easily be taken into account. For this experiment, there wasconsider all possible sources of error in the present FA
not any mass discrimination against N experiments, and we believe that all of these have been taken

After evaluating the experimental data in this method and into account. Considering the results from Geppert éfghere
modeling the experimental conditions, we concluded that there is some concern about the operation of the hot filament ion
was not a significant NH depletion due to any of the possible source with the WH, mixtures. It is known from their work
loss processes for NH discussed above. Thus, there is nothat there is contamination of;N* due to the!“N1N isotope,
experimental evidence for NH production with the DR channel but this is assessed as only 8% as measured by a mass
to N2 + H being 95-100% and the NH+ N channel 6-5%. spectrometer. It may be possible that with the large extraction
To further assess the influence of iir and also validate the DR voltages there is a short residence time in the ion source and
channel magnitudes, the second experimental approach needthat“NN™ is preferentially extracted before theNreaction
to be considered. with H, takes place
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N, 4+ H,— N,H" + H (10)

It is of great concern that a large room-temperature rate
coefficient is used for reaction 10 with a source operating at
high temperatures (1062000 K)37 especially since there is

evidence for a decrease in rate coefficient as temperature

increases for ionmolecule reactions of similar type (i.e.,
hydrogen abstraction). For example, the reaction

CH,"+H,—~CH;"+H (11)

has been reported to have negative temperature dependence withd

a rate coefficient approaching 18 cm?® s ! at 1000 K38 To

our knowledge, there has been no study of the rate for the N
+ H, reaction above room temperature. It is thus unclear how
much of the N* is reacting with the K before mass 29 is
injected in the ring and if any modeling of the chemistry in the
ion source was undertaken.

It is interesting to note that in the case of HC@ven where
enough energy is available to break the CO partial triple bond,
there is a large C& H channel (88%) and small € OH and
CH + O channels (6% for both) as detected in storage ring
measurements. Note that although the @HO channel is
observed it is endothermic by0.2 eV. In this experiment, the
isotopic forms!3CO and D are used to allow the'&160™ ion
to be preferentially selected. This eliminates the possibility of
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