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Reaction of state-selected ammonia ions with methane
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We have investigated the reaction of ammonia ions with methane moleculeg @Br the
collision energy range of 0.5-10.0 eV and for ammonia ion vibrational states rangingvfrom
=1-10. Under these conditions, the two main product channels ag®@Nend CD;. The cross
section for formation of NgjD* is enhanced with increasing internal energy at collision energies
below 6.0 eV, and independent of internal energy at higher collision energies. The enhancement is
greater for forward-scattered products indicating that ammonia-ion vibrational energy enhances
reactivity at large impact parameters. The mechanism for formation of GEvolves
collision-induced dissociation of CD(or NH;) which leads to the formation of a short-lived
[NH3CD5]* ([NH,CD,] ") complex, which then decays to products. This reaction is found not to
be vibrationally mode selective, which is consistent with the hypothesis that mode selectivity in
reactions of ammonia ions is driven by the Franck—Condon overlap whenever charge transfer is
involved. © 1999 American Institute of Physid$s0021-960699)02130-3

I. INTRODUCTION pect they were products resulting from multiple collisions, as
their experiments were done at much higher pressures than
We have studied the effects of different types of energythe present work.
on the reactivity of ammonia ions with methane molecules to  Equation (1) shows the energetics of selected product
understand better the dynamics of ion-molecule reactionghannels
Information regarding the microscopic dynamics of the reac- . N
tion is deduced by investigating the effects of collision en- NH, CHa —0.84 ev
ergy, ion internal energy, and ion vibrational state on reac- CH3 +NHz+H 4.24 eV
tion efficiency, product branching, and product scattering.

L R - 5+ -0.
The ammonia ion/methane system is of interest for sev- NH; +CHy— CH3NHi H 03lev. (@
eral reasons. First, the reaction system has only two heavy CH,NH, +H,+H  1.08 eV
atoms, so that it serves to test the best contemporary theories | CH; +NH; 254 eV

of ion-molecule reaction dynamics. Second, the ammonia ion
is one of the few that can be prepared in a wide variety offne energies reported afeH,,, at 298 K Note that these
specific internal states owing to the nature of the ionizatiof€actions and energetics involve only hydrogen atoms,
scheme employet!.Finally, methane is isoelectronic both Whereas the experiments discussed below involve hydroge-
with neutral ammonia, previously observed to react in ahated ammonia and deuterated methane.
mode-selective mannérand with neutral water, previously
observed not to react mode selectivelJhe ammonia ion/
methane system therefore is a test case for understanding tHe
necessary and sufficient criteria of mode selectivity in ion- The experimenta| method emp|oyed is described more
molecule reactions. fully elsewhere®® only a brief description is given here. Am-
This system has not been investigated in detail in thenonia ions are prepared in selected vibrational states with
past. The thermal rate constant for the reaction of2+1) resonance-enhanced multiphoton ionizdtion
NH3 +CD,—NH;D"+CD; was measured by Huntress (REMPI) of ammonia in a pulsed molecular beam. This
etal,**> and was found to be 3010 'cn®mol *s™™.  scheme is used to prepare ammonia ions with 0 or 1 quanta
They observed no other product channels from this reactionn the v, symmetric stretching“breathing”) mode and
The only state-selected study to date is that of Conawayp—10 quanta of vibrational energy in tle symmetric bend-
Ebata, and Zark. They measured the reactivity of ing (“umbrella”) model®*! A particular vibrational prepa-
NH; +CH; as a function of both collision energy and am- ration is described as™" for m quanta in thev; mode and
monia v, bending. The observed ionic products include then quanta in thev, mode. Ifm=0 only 2" may be specified.
following: NH, from direct atom abstraction, GH  The ions are extracted orthogonally from the molecular beam
CH3NH3, and CHNH; . While they claim the latter conden- and injected into a quadrupole mass filter that passes only
sation products to be direct products of the reaction, we susons with a mass-to-charge ratio of the desired reactant ion.
The reactant ion beam then passes through a collimating lens
aAuthor to whom correspondence should be addressed; electronic maigd iNto an octopole ion guidfein which the reactive colli-
zare@stanford.edu sions occur. The presence of the ion guide ensures the col-
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lection of all products, regardless of scattering afiglhe 450 T T T T T T T 7T

neutral collision gagmethaned4, CIL, 99% D, lot 94-] is g 400 .

introduced through a leak valve into a short collision cell that .= 350 | -

is concentric with the octopole ion guide. 68: 300 | 4
The reaction collision energy is experimentally con- ", s, | i

trolled by varying the dc float voltage of the octopole ion & |

. . e . . . = 200
guide. The voltage of the field-free ionization region is kept O 150 1

constant at 6.00 V. Changing the octopole dc float voltage o
from 5.08 to—12.50 V corresponds to changing the center- -5 100
of-mass collision energy range from 0.50 to 10.0 eV. The

product ions and unreacted ammonia ions drift through the®® o

ativ
i
o

T

octopole and are mass selected with a second quadrupolt -50 L
Time-of-flight profiles for reactants and products are then 6 1 2 3 4 5 6 7 & 9 101
recorded simultaneously with a multichannel scaler and a Eecom (eV)

current transient recorder. FIG. 1. Relati i fiofabit its for th i
L . FIG. 1. Relative reaction cross sectiof@bitrary unitg for the reaction
We report relative integral cross sections that are CaICUNH§(1°25)+CD4 as a function of center-of-mass frame collision energy

lated by normalizing the counted signal for the product in(g - evy to form the two observed products: NBI" and CY. The lines
question to the integrated current of the reactant ion. Hereepresent the mean of the four data sets included in the figure, and the error
“relative” refers to the fact that we are unable to measurebars represent twice the standard deviatiar2e).

absolute cross sections because we know neither the exact

pressure in the collision cell nor the effective path length. . . .

Although the units are arbitrary, all of the cross sectionsborl spe$|es(e.g., pump oil fragmenisin the chamber to
reported in the present work may be compared with eacIIPrm NH, . . L .

other, as the pressure in the collision cell was kept near%ulsie(cjige r;[ge :r):ge?r:ger:jteicltrg?ait:dﬂvmvgh Saenssr}g\r/';la(ser
constant(vide infra) for all the experiments. We also report 7! .

product branching ratios that are defined as the intensity of a<LS ns), the time of flight of the products can also be mea-

particular product normalized by the total product intensitysured’ ylel_dmg some indication of _the.dn‘ferenual react_|on
.~ cross section. The instrument function is estimated by simu-

gating the guided-ion beam to determine the correlation be-

ratios contain less information than relative cross sectione . . . . L
. . . . -~ . _Iween ion flight time and ion velocity in the octopole. The
(i.e., a change in branching ratio does not indicate which

roduct became more intense or which lost intepsitye reactant and product time-of-flight profiles are then trans-
b y fPrmed into the velocity domain. Product signal can be plot-

have the advantage of bem_g !nva_mant to any expenment%ed as an histogram versus the projection of the product ve-
error that has an equal multiplicative effect on all products.loCity onto the octopole axifi.e., w, cos@) wherew, is the
- &0 Wp p

Examples of such errors may include the integral of the col L

. . roduct velocity in the center-of-mass frame afds the

lision cell pressure over the cell path length, or any nonlinea . : o S .
scattering angle The instrument axis is coincident with the

process in t.he estimation of r.eactant |n_ten5|ty. initial velocity of the ammonia-ion reactant, and therefore,
The estimated pressure in the collision cell ranged be;

) . . the average velocity of the center of mass. Although the
“’Yee” 65 .af‘d 8%uTorr with most experiments being done complete differential scattering cannot be deduced from
with a collision cell pressure of 7aTorr. (These values are

highl tain. T il lisi diti th these histogramf.e., separation of thev, and cosg)], in-
'ghly uncertain. 10 ensure single-coliision conditions, e ¢ 44i0n regarding the degree of forward or backward scat-
branching ratios for the various products were measured ov

- ‘?Ering is obtained.
a broad collision-cell pressure ranfleughly 16-81QuTorr) The raw transformed data are binned into 100-m/s-wide
and were found to be independent of pressure.

Th ibility of sianal arising f her th bins—much smaller than the instrumental blurring. A
ne p(_)ss'h' ity ?I' signa Tlrlsmg rﬁm Ifogrces I(I)t elrl,t,ansharply increasing feature toward low velocizero in the
reactions In the collision cell was checked at all collision | 16y frame, to be precisim the velocity profiles arises

energies by repe_ating the experiment Without introducin, o random dark current at very long times or very slow
CD, into the reaction chamber. These experiments were Peks s, As the velocity approaches zero, the amount of time

. . . . 2 . .
formed with the ammonia ion in the*2and 2 vibrational contributing to each velocity bin increases dramatically
states. The background cross section to form a mass't?ﬂelding this spurious feature.

charge ratio of 19 was always insignificdnbrresponding to

f<3, arbitrary units. The _background cross s_ectlons Werem. RESULTS AND DISCUSSION
ound to be somewhat higher for an ion having a mass-to-
charge ratio of 18, but were practically zero even in this cas@ NH,D*

(5at0.5eV, 20 at 4.0 eV, and 7 at 10.0)eWlost trends in o

the data that are discussed below involve changes of th& Collision energy dependence

relative cross sections by several hundred units. Although Figure 1 shows the collision energy dependence of the
insignificant, we suspect this background to be ions formedelative reaction cross section for the two observed channels.
from reaction either with ambient GDin the chamber to These data are for the reaction of §I1°2%)+CD,. The ma-
form CD§ or a hydrogen abstraction reaction from hydrocar-jor products for this reaction have masses of 18 and 19 amu,
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FIG. 3. Center-of-mass frame velocity histograms forg®H coming from
FIG. 2. Relative reaction cross sectidmsbitrary unit$ for the formation of  (gactions with NH(2Y) and NH;(219). The collision energy is 0.5 eV

NH3DJr (deutel’ium abstraCti()l’ﬁS a function of ammonia-ion vibrational (Com) for both curves. Each curve represents the b“'(rlm mls average
state(quanta inv,) for center-of-mass collision energies from 0.5 to 10.0 of three experiments.

eV. The vibrational spacing is 0.12 eV, so the internal energy spanned by

the plot is from 0.12 to 1.2 eV. Each curve represents the average of at least
three experiments.

sion energies studiedE(,,=0.5-10.0eV). Ammonia-ion
internal excitation ranged from,=1-10(total internal en-
corresponding to dissociative charge transfer {COsee er_gy._Eimz 0'.12_1'26\)" I_Deutenum abfstractmn IS enhanced
Sec. IlI B, below and deuterium abstraction (NBI*), re- with Increasing energy-in the, bending mode_. This en-
spectively. The relative cross section for the deuterium ab[lancement IS greatesa_fe_lctor of 1.95 frqmv2—1 0 v,
straction is seen to drop by more than a factor of 3 upon, 10) at the lowest CO."'S.'O” energy stgdm{d.S eV), and
increasing the center-of-mass collision energy from O. ecreases g_ra@ually with increasing coll|§|gn energy. The en-
to 10 eV. ancement is immeasurably small at collision energies above
Conaway, Ebata, and Z&rebserved the same product 6.0 e\(. . . C
channel from this reaction, however it was not seen to de: Itis tempting t(.) aspnbe t.hls y|brat|0nal epha}ncgment to
crease at the higher collision energies. We suspect that th[?e fact th;\tvz motion in the lon 1s alopg the intrinsic reac-
difference may be caused by the fact that they used static io on co<_)rd|nate _for deuterium abstractidre., the planar re-
optics to guide the products to the detector, whereas th ctant ion moving toward the_tetrahedral M product.
present apparatus uses an rf octopole ion guide. Without thgOWeEVer, as 1S demgnstrated in Sec. IIIC, be_lgw,_the _effect
trapping abilities of the octopole the collection efficiency IS only owing to the internal energy, not specific vibrational
may have been drastically higher for faster products than fo‘Jthlon (nprmal modg of the molecule. - .
the slower products formed at the lower collision energies . That internal energy .etnhances r?aCt'V'tY’ whergas colli-
(see Sec. Il 3 and Fig. 4, belgwThis behavior could cause sion energy has an |ph|b|t|ng effect, is conqstent Wlt.h a late
the apparent discrepancy. barrier on the poteqtlal energy surface of this c_hemlcal sys-
This reaction channel is very similar to the correspond—tem’ thoggh we 'hesnate to make any strong claims regarding
ing channel observed in the reaction of the ammonia ion witﬁ[he details of this system.
molecular hydrogen (N§HD,—NH;D"+D).*® The main ,
difference between the present system and the analogous %_Produot scattering
action with D, is that the cross section for the latter increases ~ a. Vibrational enhancement of NB*. While Fig. 2
between E,,,=0.5eV and E.,=4.0eV, whereas the shows how the integral reaction cross section to form
former monotonicly decreases over the entire collision enNH3D ™ depends onv, excitation, Fig. 3 and Table | reveal
ergy range. This trend could indicate that the intrinsic reacsome angular dependence of this enhancement. The figure
tion coordinate for atom abstraction from molecular deute-shows the velocity histogram for NB™ from reactions with
rium involves a significant barrier in approaching the

transition state, whereas no such entrance bawiea much

;i . . TABLE I. Vibrational enhancement in the forward and backward directions
smaller barriey exists for atom abstraction from methane.  for the reaction of NH(2") + CD,—NH;D* +CD; derived from the appro-
That the cross section drops off at higher collision ener-priate integrals of the data shown in Fig. 3. The units for the rows labéled 2

gies is likely caused simply by the total collision cross sec-and 2° are arbitrary cross section intensity units. The enhancements are
tion falling off, which is consistent with the Langevin model. Unitless ratios.

NH; state Forward Backward Total

2. Internal energy dependence o1 2004 149.0 3584

Figure 2 shows the dependence of the relative reaction 210 470.7 229.1 699.8
cross section to form NJD* on the ammonia-ion vibrational Enhancement 225 154 1.95

state(i.e., onv,, the umbrella bending mogéor all colli-
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FIG. 4. Center-of-mass frame velocity histograms forj8H as a function FIG. 5. Relative reaction cross sectiqasbitrary unitg for the formation of

of collision energy. Each curve represents the bin(i&i) m/$ average of CDjJ (dissociative charge transjeas a function of ammonia-ion vibrational

16 experiments. The vertical lines indicate the prediction of the spectatorstate(quanta inv,) for center-of-mass collision energies from 0.5 to 10.0

stripping assumption. eV. The vibrational spacing is 0.12 eV, so the internal energy spanned by
the plot is from 0.12 to 1.2 eV. Each curve represents the average of at least
three experiments.

(ol 1 isi
2‘:;; (izs )0 %nilef_gr(zbgH Iggcggzt:rtﬁferr;iﬁ'issig?nlllzhoerlrg?/nat This scattering behavior is typical of ion-molecule reac-

; NN L ' . OItions in which large impact parameter collisions are frequent
which the highest vibrational enhancement is observe bwing to the strong electrostatic forces involvécharge/
Table | q“'“?”“t"’_‘“"e'Y shows that the vibrational enhanc‘?'induced dipole in this cageThis behavior is similar to the
ment seen in Fig. 2 is predomlnantly from enhangement Ir1°,pectator-stripping scattering observed in the reaction
the forward-scattered products. This enhancement in the fOKIH++D O—D.OH* +OD.2 In the latter case. however. the
ward direction suggests that at low collision enetgych as NH3 moizety wgs the spe.ctator and the ion,ic produc'E scat-
0.5 e\) increasing internal energy in the ammonia ionterezd backward in the Iaborato; frame
changes the opacity functigi?(b), the probability of reac- y ’
tion as a function of impact parametesuch that higher im- +
pact parameters lead to reaction. B. CD3

b. Scattering of NkD . Inspection of Fig. 2 shows that 1. Collision energy dependence
the integral cross section is independent of ammonia-ion vi-  The relative cross section to form Ghown in Fig. 1
brational state over the range §=1-5. The correspond- s negligible at low center-of-mass collision energy, but in-
ing velocity profiles(not shown confirm that the scattering creases dramatically at energies greater than 4.0 eV. This
is also independent of, excitation over this range. For these pehavior indicates a reaction with a threshold between 2 and
reasons it is justifiable to average together velocity profilesy e\, This threshold value is consistent with the reaction
from experiments involving these different ammonia ionNH§+CD4—>NH3+CD§+D (AHn=4.24eV). Collision
preparations. This procedure affords a superior \'aignal—to(:’,nergy spread could cause the products appearing at nominal
noise ratio in the velocity data as it permits the averaging Ognergies below the thermodynamic threshold. This observa-

many more experimentd6 tota). _ . tion is in agreement with the previous investigation of Con-
The dependence of NJ@* scattering on collision en- away, Ebata, and Zafe.

ergy is shown in Fig. 4. The vertical lines indicate the pre- A product channel showing similar collision energy de-
diction of the spectator-stripping model according to whichpendence has been seen in the reaction of ammonia ion with
the velocity of the CIQ fragment is assumed not to change pgip D,0® and D,.23 In the former case the mechanism giv-
through the course of the collision. This value is calculateqng rise to the NHD* product was determined to be a two-
according to step process: collision-induced dissociation of the ammonia

: o . 4

Mep, 2E confMio ion resulting in the formation of. &aNH,D,0]" complex

WD+ = , which would decay to the formal isotope exchange product.
3 My, + Mmcp,

In the reaction of ammonia ion with molecular hydrogen the
wherem is the mass of specigsin kilograms,w; is the precise mechanism was ngt 'determined, but was 'Fhought to
center-of-mass frame velocity of specieis meters per sec- P€ eﬂfer a mechanism similar to the ammonia ion/water
ond, andM is the total mass of the system in kilograms. The\H2D™~ mechanism, or to lze a stripping event followed by
experimentally determined velocity profiles are seen to scadecay of the resulting N§D™ product.

ter predominantly in the forward direction—approaching the

spectator stripping limit. The contraction of the integral re-2- Intérnal energy dependence

action cross section with increasing collision enefggen in Figure 5 shows the dependence of the relative reaction
Fig. 1 is also clear. cross section to form CPon the ammonia-ion vibrational
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FIG. 6. Center-of-mass frame velocity histograms forjC&% a function of
collision energy. Each curve represents the average of 33 experiments. FIG. 7. Product branching ratios as a function of collision energy. Reactions

of both NH;(1°2% (E;=0.60eV) and NH(1'2?) (E,=0.63eV) are
shown.

state, similar to Fig. Asee Sec. Il 2 for experimental de-

tails). The total internal energy ranges from 0.12 to 1.2 eV.

Although there is little systematic effect of internal energythe mechanism of formation of GDis similar to the forma-

on the cross section at the highest and lowest collision enefion of NH,D* from the reaction of NH+D,O. Specifi-
gies investigated, there is a clear enhancement of the cro§ally, it is likely formed by collision-induced dissociation of
section with increasing internal energy at 6.0 @ém—the  the ammonia ion or methane molecule, resulting in a short-
energy at which collision energy is also seen to have théved complex([NH,CD,]™ or [NHsCD;]", respectively.
greatest effect. The slope of a straight line fit to the 6.0 eVThis complex then goes on to form GIand NHD or NH;.
points in Fig. 5 is 64 14 cross section units per eV. This We are unable to differentiate between these two mecha-
dependence is similar to the collision energy enhancement &isms because we cannot detect the neutral products.

6.0 eV as seen in Fig. (=53 cross section units per eV for We are unable to estimate the lifetime of the complex,
a straight line fit between 4 and 8 gVrherefore, collision although the forward—backward symmetry of the product
energy and energy in the, vibrational mode of the reactant scattering in the center-of-mass frame at a collision energy of
ion are equally potent in overcoming the barrier involved in6 eV (solid line in Fig. 4 suggests that a complex has been

this channel. formed. The complex lifetime is not sufficiently long to per-
mit any scrambling of isotopes. That is, in the isotopic vari-

. nt reaction NQ +CH, there was n tectabl ,

3. Product scattering ant reaction NQ+CH, there was no detectable GBI

CHD;, or CD;, only CH;. Moreover, that the product is
As was the case with NiD* (see Sec. Il § it is justi-  slightly backward scattered at the highest collision energies
fiable to average together the velocity histograms for;CD investigated indicates that the complex may be osculating
from several vibrational preparations of the ammonia ionJi.e., the lifetime of the complex is less than a typical rota-
Comparison of the individual velocity histogram@ot tional period at the highest collision energy.

shown confirms that the shape of the §velocity profiles

is independent of vibrational excitation over the range ofC Mode selectivit
v,=1-10. The following figures, therefore, contain velocity ~ y

histograms that are the average of 33 individual experiments Figure 7 compares the reactivity of two distinct, nearly
from these different ammonia-ion preparations. isoenergetic, preparations of the ammonia ion. The product
Figure 6 shows the velocity profile for the Gproduct  branching ratios for each product are shown as a function of
as it changes with collision energy. In stark contrast to thecenter-of-mass frame collision energy. Two curves are
scattering of NHD ™, it generally scatters close to the center shown for each product: one for the reaction of ]N&#°2°).
of mass, tending to the backward direction for high collision(E;,;=0.60eV) and one for the reaction of NHL'2?)
energies. For the reaction Bt,,=10.0eV the most prob- (E;,;=0.63eV). The superimposition of these two sets of
able velocity projection isvy,=—1254m/s which corre- curves demonstrates that there is no measurable vibrational
sponds to 0.29 eV of energy in the center-of-mass frame. Thmode-selective effect between the umbrella-bending and
full width at half maximum value ranges from4067 m/s symmetric stretching in this system at these collision ener-
(3.0 eV, com to 1064 m/s(0.21 eV, com. Sixty eight per- gies.
cent of the C products scatter within this range. These This behavior indicates that, for the collision energies
energy estimations should be considered only rough estinvestigated, the reaction of ammonia ions with methane
mates. They assume that the measured products arise framolecules is not sensitive to the specific motion of the nu-
reactions having two productse., a two-body system clei, only to the total amount of internal energy available.
The scattering behavidiFig. 6) and the high apparent This example is the third reaction of ammonia igreactions
threshold(Fig. 1) for this reaction are strong evidence that with watef and molecular hydrogéf being the other twp
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that is shown to have direct channels sensitive to the amoumiays to products. The fact that this reaction is not mode
of energy in ammonia-ion vibration, but insensitive to theselective under these conditions supports the previously pro-
specific normal mode in which that energy occurs. Thesgosed hypothesishat mode selectivity in reactions of am-
three reactions stand in contrast to the reactions of ammonimonia ions is driven by the Franck—Condon overlap in-
ions with ammonia moleculésand methandf which show volved in a charge transfer channel when it is present.
differing reactivity of NH; (1122) and NH; (1°2°%) in some  Experiments are under way to test this hypothesis by probing
cases. the potential mode selectivity of ammonia-ion reactions
It is likely more than a mere coincidence that all of the known to have efficient charge transfer channels.
ammonia-ion reactions demonstrating mode-selective behav-
ior involve a charge transfer channel. We have previousl ACKNOWLEDGMENTS
proposed that the mode selectivity observed in these reac-

t|on§ arises from thg large Franck—Condon overlap betweeglhip_ The authors gratefully acknowledge the financial sup-
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