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(28a )  

(28b) 

AHrxn =-29 kml P O I -  

94% CH3S- -+ and/or 

HzC= CHCH2- + CH3 SSCH3 

/.- 6% CH3SCH2S- + CH3CH=CH2 AHrxn =-35 kcal mol- '  

Conclusions 
A variety of anions were found to react with dimethyl disulfide, 

including all anions examined that are more basic than meth- 
anethiolate. I n  addition, sulfur nucleophiles slightly less basic 
than thiomethoxide were observed to undergo slow thiolate/di- 
sulfide interchange reactions with dimethyl disulfide, but anions 
less basic than HS- reacted too slowly to give observed reaction 
products. Two bimolecular reaction pathways were found to 
account for all the primary reaction products: substitution at sulfur 
and elimination across the carbon-sulfur bond. Each of these two 
pathways can give more than one subsequent ion product. No 
evidence was found for an ion that would correspond to depro- 
tonated dimethyl disulfide, and no evidence was found for car- 
bon-centered substitution processes in the reactions examined. 
Nucleophilic displacement is thus an easier process at  sulfur centers 
as compared to carbon centers. The primary factor in determining 
whether an anion gave sulfur substitution products or elimination 
products is the structure of the anion and not the energetics. 
Anionic bases of similar base strength (and similar reaction en- 
ergetics), but of dissimilar structures, gave markedly different 
product distributions. Anions a t  least as basic as  methoxide and 
in which the charge is localized preferred to react by elimination, 

while delocalized carbanions of similar basicity strongly preferred 
substitution at  sulfur (e.g., compare hydroxide to allyl anion and 
methoxide to benzyl anion). With anions less basic than meth- 
oxide, no evidence was found for elimination, which was interpreted 
to be due to the energetically unfavorable initial proton abstraction, 
even though the ultimate product (the rearranged thiolate ion) 
was exothermic or at  least thermoneutral with respect to starting 
materials. Thus, when considering the competition between 
elimination and substitution, one needs to consider additional 
factors besides energetics. Hydroxide prefers elimination while 
allyl anion prefers substitution, at  least in the reactions of dimethyl 
disulfide. These data on the intrinsic reactivity of anions with 
a model disulfide provide clear new insight into the fundamental 
chemical behavior of molecules containing sulfur-sulfur linkages. 
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Abstract: The chemical reactivity of nitric oxide anion (NO-) with a variety of organic neutrals at ambient energies and in 
argon bath gas has been probed using the flowing afterglow technique. The reactions fall into four main classes: electron 
transfer, dissociative electron transfer and/or displacement, collisional detachment, and clustering. Electron transfer can occur 
when the neutral reactant possesses a positive electron affinity greater than the electron affinity of NO', but does not always 
do so. Bimolecular substitution at sulfur is shown to occur with dimethyl disulfide, but for other substrates, distinguishing 
between displacement and dissociative electron transfer is not possible. Collisional detachment is the exclusive reaction channel 
observed for a few of the molecules examined and occurs to some extent with many of the neutrals tested. Cluster ion formation 
between NO- and a number of the reactant neutrals which possess permanent dipole moments is observed. Additional pathways 
were observed for several of the neutrals examined. The collected observations are discussed in light of the general theory 
of ion-molecule reactions. 

Nitric oxide has one of the smallest positive electron affinities 
known' (EA[NO'] = 0.024 eV or 0.55 kcal/mol). The binding 
energy of NO- is so small that a significant fraction of the thermal 
collisions with gas molecules a t  room temperature contains suf- 
ficient energy to detach an electron.2 Even though the rate 
coefficient for collisional detachment of NO- by helium is small3 
(kobs = 2.4 X cm3/s; kobs/k,,, = 0.0004), there are enough 
collisions between NO- and the helium present at  0.3 Torr in most 
flowing afterglow (FA) experiments to ensure that the net 
probability of collisional detachment is near unity. 

A number of years ago, Fehsenfeld and co-workers4 discovered 
that when argon is used in place of helium in a flowing afterglow, 

'Brown University. 
1 Harvard University. 

a significant fraction of the NO- ions survive the viscous flow 
through the reaction region of the apparatus and are  readily 
detected. McFarland and colleagues3 took advantage of the 

( I )  (a) Siegel, M. W.;  Celotta, R. J.; Hall, .I. L.; Bennett, R. A. Phys. Reti.. 
1972, A6, 607. (b) Drziac, P. S.; Marks, J.; Brauman, J. I. In  Gas Phase Ion 
Chemistry; Bowers, M. T., Ed.; Academic Press: Orlando, FL, 1984; Vol. 3, 
Chapter 21. (c) Mead, R. D.; Stevens, A. E.; Lineberger, W. C. In  Gas Phase 
Ion Chemisfry; Bowers, M. T., Ed.: Academic Press: Orlando, FL, 1984; Vol. 
3, Chapter 22. 

(2) The electron binding energy of nitric oxide is less than k T  at room 
temperature; at 300 K, kT = 208.5 cm-l, whereas 0.024 eV is equivalent to 
193.6 cm-'. 

(3) McFarland, M.: Dunkin, D. B.; Fehsenfeld, F. C.; Schmeltekopf, A. 
L.; Ferguson, E. E. J .  Chem. Phys. 1972, 56, 2358-2364. 

(4) Fehsenfeld, F. C.; Ferguson, E. E.: Schrneltekopf, A. L. J .  Chem. Phys. 
1966, 45, 1844-1845. 
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relative stability of NO- in argon to measure collisional detachment 
ra te  coefficients of the  type shown in eq 1 (for M equal to  He ,  
Ne,  H2, CO, NO', CO,, N20,  and NH,) a t  temperatures ranging 
from 193 to  506 K. 

NO- + M + e- + M + NO' 
T h e  results of their study show tha t  collisional detachment  ra te  
constants are largest for polyatomics containing low vibrational 
frequencies ( N H 3 ,  N 2 0 ,  C 0 2 ) ,  while those for the atoms (He,  
Ne)  and diatomic molecules possessing high vibrational frequencies 
(H2,  CO) are  relatively smaller. Marx  and co-workers5 estimate 
that, a t  285 K, detachment of NO- by argon has a rate coefficient 
that  is less than 1 X 

NO- has been shown to undergo processes besides collisional 
detachment  when appropriate  neutral reactants are used in 
room-temperature  investigations. Fast electron transfer is ob- 
served3s4 between NO- and O2 (eq 2 ) ,  while quantitative chloride 
production6 is the result of the  reaction of NO- with HCI (eq 3). 

(1) 

cm3/s. 

5 x IO-'' cm' s-' 
NO- + 02 0 2 -  + NO 

AH,,, = -10.6 kcal/mol (2) 
I 6 X IO4 cm3 s-' 

NO- + HCI 
AH,,, = -30.9 kcal /mol  (3) 

As we show below, however, this represents only a small fraction 
of the chemistry of the  NO- anion. 

Driven in  par t  by the  insight into the thermochemistry and 
dynamics of chemical processes in solution afforded by direct study 
of analogous phenomena in the  absence of solvent, counterions, 
and aggregates, considerable attention has been paid to gas-phase, 
organic, anion-molecule reactions. While there  have been nu- 
merous elegant studies of various organic reactions involving 
gas-phase anions, much less effort has been addressed to  the role 
of electron transfer in such processes.' Considerable effort thus 
far has been spent in the study of negative ion electron-transfer 
equilibria, a process tha t  provides electron affinities of s table  
organic molecular anions.* The chemical reactivity of a few, 
relatively weakly bound anions have been examined; the allyl ion 
is often used as a prototypical anion in gas-phase studies9 (EA- 
[CH2=CHCH2] = 0.357 & 0.015 eV),Io and the molecular ox- 
ygen anion has been found t o  be nucleophilic" in the  gas phase 
(EA[02] = 0.440 f 0.008).12 For the most part, however, direct 
electron transfer or processes instigated by electron transfer have 
received relatively little attention. 

This paper examines the  reactivity of NO- in the collision- 
dominated environment of the  flowing afterglow a t  room tem- 
perature .  T h e  prospect of using electron transfer from NO- to 
synthesize other weakly bound anions provided impetus for the  
experiments reported herein. Toward this end, we report our 
examinations of the  reactivity of NO- with a series of organic 
molecules having a wide range of electron affinities and repre- 
senting a variety of functional groups. Our findings reveal tha t  
NO- shows a rich and varied chemistry, perhaps surprisingly so, 
in addition to the  expected electron-transfer reactions. We find 

CI- + HNO 

Rinden et al. 

(5) Marx, R.; Mauclaire, G.; Fehsenfeld, F. C.; Dunkin, D. B.; Ferguson, 

(6) Ferguson, E. E ; Dunkin, D. B.; Fehsenfeld, F. C. J .  Chem. Phys. 1972, 

(7)  (a) DePuy, C. H.; Bierbaum, V. M. Acc. Chem. Res. 1981, 14, 
146-153. (b) DePuy, C. H.; Grabowski, J. J.; Bierbaum, V. M. Science 1982, 
218, 955-960. 

(8) (a) McIver, R. T.; Fukuda, E. K. Lecrure Notes in Chemistry; Hart- 
man, H., Wanzek, K. P., Eds.; Springer: Berlin, 1982; p 164. (b) Fukuda, 
E. K.;  McIver, R. T. J .  Chem. Phys. 1982, 77, 4942-4948. (c) Fukuda, E. 
K.; Mclver, R. T. J .  Phys. Chem. 1983, 87, 2993-2995. (d) Caldwell, G.; 
Kebarle, P. J .  Chem. Phys. 1984, 80, I .  ( e )  Grimsrud, E. P.; Caldwell, G.; 
Chowdhury, S. ;  Kebarle, P. J .  Am.  Chem. SOC. 1985, 107, 4627-4634. 

(9) As one of many examples, see: DePuy, C. H.; C. H.; Grabowski, J .  
J.; Bierbaum, V. M.; Ingemann, S.; Nibbering, N.  M. M. J .  A m .  Chem. SOC. 

( I O )  Oakes, J. M.; Ellison, G. B. J .  Am.  Chem. SOC. 1984,106,7734-7741. 
(1  1) McDonald, R. N.; Chowdhury, A. K. J .  A m .  Chem. SOC. 1985, 107, 

(12 )  Celotta, R. J.; Bennett, R. A,; Hall, J. L.; Siegel, M. W.; Levine, J .  

E. E. J .  Chem. Phys. 1973, 58, 3267-3273. 

57, 1459-1463. 

1985, 107, 1093-1098. 

41 23-4128. 

Phys. Rev. 1972, A6, 631-642. 

tha t  four types of processes dominate  how NO- interacts with 
many molecules: electron transfer, dissociative electron transfer 
and /o r  displacement, collisional detachment ,  and cluster ion 
formation. Electron transfer occurs only with a fraction of reactant 
molecules for which this process is energetically allowed. Col- 
lisional detachment  is the exclusive process for some of the 
molecules examined and occurs to some extent for a large number 
of species. Some  of the reactants show a surprising tendency to  
form cluster ions with NO-. We also report findings of some 
unusual chemistry which does not fall into the above four cate- 
gories: the reactions of NO- with acetaldehyde and di-tert-butyl 
peroxide. 

The  remainder of this paper is divided as  follows. We present 
next a brief review of the flowing afterglow technique. In  this 
section we also describe how we generate the NO- reactant  and 
how we ensure that  our results are not obfuscated by interfering 
reactions due t o  the  precursor used in forming the  NO-. Sub- 
sequently, we present the  results obtained from the  reaction of 
NO- with a variety of reactant  molecules, organized by the  
functionality of the reactant  species. Our interpretation of the  
d a t a  and  the  reaction mechanisms involved a r e  then presented 
in the Discussion section. 

Experimental Section 
The flowing afterglow technique (FA) is well documented;I3 the 

Harvard University apparatus used for this work is described in  detail 
e1~ewhere.l~ The FA consists of three regions: ion source, reaction tube, 
and detector. A regulated, fast flow of buffer gas (argon, for these 
studies), introduced at the ion source, is pumped through the apparatus 
by a mechanical booster system. The buffer gas (total pressure of 0.20 
Torr) serves to thermally equilibrate the reactants with the apparatus 
walls (300 K) through collisions and to carry the ions from the source, 
through the reaction region and either to the detector or out of the 
instrument. A precursor gas, admitted as a small percentage of the buffer 
gas flow, is ionized by electrons emitted from a thoriated iridium ribbon 
filament biased at -30 V with respect to a grounded acceleration grid and 
operated in constant emission current mode (0.025 mA). Either the first 
formed ion (e.g., Os-), or another reactive ion synthesized from it (e.g., 
NO'), is examined in the reaction region (a 1-m long by 7.6-cm diameter 
flow tube) which extends from the source to the detector. At the ter- 
minus of the reaction region, the majority of the flow tube contents are 
removed from the system while the ions are sampled through a 1-mm 
molybdenum orifice located at the apex of a blunted 120° nosecone. The 
sampled ions enter a differentially pumped, high-vacuum chamber where 
they are mass analyzed by a quardupole mass filter, detected by a con- 
version dynode electron multiplier, and counted via standard pulse- 
counting techniques. 

Production of the nitric oxide anion is accomplished by a well-known, 
two-step process. The first step'5 involves dissociative electron attach- 
ment to nitrous oxide: 

(4) 
the 0.- ion is allowed to react with a second 

e- + N 2 0  - 0'- + N2 

In a second 
molecule of nitrous oxide to give NO-: 

2.2 x 10-'~cln's-' 
0.- + N,O - NO- + NO' AH,,, = -2.7 kcal/mol 

( 5 )  
Achievement of usable NO- signals requires a delicate balance be- 

tween production processes (eq 4 and 5) and collisional detachment:' 

NO- + N,O e- +NO' + N 2 0  AH,,, = 
5 .1  X 1 0 ~ " c m ' s ~ '  

0.5 kcal/mol (6) 

(13) (a) Ferguson, E. E.; Fehsenfeld, F. C.; Schmeltekopf, A. L. In Ad- 
vances in Atomic and Molecular Physics; Bates, D. R.; Estermann, I .  Eds.; 
Academic Press: New York, 1969; Vol. 5, pp 1-56. (b) Fehsenfeld, F. C. 
Int. J .  MassSpectrom. Ion Phys. 1975, 16, 151-166. (c) Smith, D.; Adams, 
N.  G. In  Gas Phase Ion Chemistry; Bowers, M. T., Ed.; Academic Press: 
Orlando, FL 1979; Vol. 1, Chapter 1. (d) Graul, S.  J.; Squires, R. R. Mass 
Spectrom. Rev. 1988, 7 ,  263-358. 

(14) Grabowski, J. J.; Melly, S. J .  Int. J .  Mass Spectrom. Ion Proc. 1987, 

(15) (a) Rudolph, P. S.; Melton, C. E.; Begun, G. M. J .  Chem. Phys. 1959, 
30, 588-589. (b) Burtt, B. P.; Henis, J. J .  Chem. Phys. 1964, 41, 1510-1511. 
(c) Moruzzi, J .  L.; Dakin, J. T. J .  Chem. Phys. 1968, 49,  5000-5006. (d) 
Chantry, P. J .  J .  Chem. Phys. 1969, 51, 3380-3384. (e) Warman, J .  M.; 
Fessenden, R. W. J .  Chem. Phys. 1968, 49,4718-4719. (f) Phelps, A. V.;  
Voshall, R. E. J .  Chem. Phys. 1968, 49, 3246-3248. (9) Paulson, J. F. Ado. 
Chem. Ser. 1966,58,28-43. Paulson, J.  F. J .  Chem. Phys. 1970,52,959-962. 

81, 147-164. 
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Table I. Summary of Results for the Room-Temperature Reactions of Neutrals with NO- in 0.2 Torr of Argon 
EA Are products detected from . . . 7" 

group neutral ( e W b  ref ET DET/SN2 CD CL 
carbonyl compounds biacetyl 0.702 C Y N N N 

benzaldehyde 0.430 f 0.005 d, e Y N Y N 
acetaldehyde! -1.19 (v) g N N Y Y 
acetone -1.51 (v) g N N Y Y 

sulfur compounds sulfur dioxide 1.110 f 0.006 h Y N N N 
carbon disulfide 0.60 f 0.09 i Y N N N 
dimethyl disulfide 20.024; 50.440 this work Y Y N N 
dimethyl sulfoxide N N Y Y 

aromatic compounds nitrobenzene 0.97 c, c Y N N N 
benzonitrile 0.239 f 0.005 d, e N N Y Y 
pyridine -0.62 f 0.05 (v) i N N Y Y 
benzene -1.14 f 0.05 (v) i N N Y N 

halides and pseudo-halides carbon tetrachloride 2.0 f 0.2 k N Y N N 
nitromethane 0.44 + 0.10, -0.20 1 N N Y N 
methyl iodide 0.2 f 0.2 (v) rn N Y N N 
acetonitrile -2.84 (v) g N N Y Y 

miscellaneous: propylene -1.99 (v) g N N Y N 
isoprene N N Y N 
tetrameth ylsilane N N Y N 
water N N Y Y 
dioxygen 0.440 f 0.008 n Y N N N 
terr-butyl peroxide' N Y N N 

"ET = electron transfer; DET/Sx2 = dissociative electron transfer and/or nucleophilic substitution (both give the same ionic product); CD = 
collisional detachment; CL = adduct formation (cluster). Y = yes, indicating the process is at  least 1% of all reactive pathways for that neutral, and 
N = no evidence of reaction was observed. bThe electron affinities are adiabatic unless indicated as vertical (v). Error bars are indicated when 
available. ?Reference 8e. dReference 17. 'Reference 18. /Other products also detected; see text for details. gReference 19. *Reference 20. 
'Reference 21. /Reference 22. kReference 23. 'Reference 24. '"Reference 25. "Reference 12. 

Scheme I. Electron Transfer 

NO- + XY - XY'- + NO' 

Addition of too much nitrous oxide quenches the NO- signal; addition 
of too little nitrous oxide results in  the atomic oxygen anion still being 
present when the reactions of NO- are examined. To simplify data 
analysis we ensure that all of the 0'- is quenched by nitrous oxide prior 
to neutral reagent addition by adding acetonitrile to the flow tube. 
Acetonitrile rapidly and distinctly reacts with the atomic oxygen anion.14 
All the results herein were collected under conditions where the aceto- 
nitrile test described above indicated that no atomic oxygen anion was 
present when the reactions of NO- were being examined. 

to undergo fast electron transfer with NO- (eq 
2) providing both an anion whose reaction products can complicate in- 
terpretation of the NO- chemistry and a route for loss of NO-. We 
minimize the 02'- impurity signal (typically 10% of the NO- signal) by 
using ultrahigh purity nitrous oxide (Scientific Gas Products, 99.99% 
purity) and prepurified grade argon (Medical-Technical Gases, 99.998% 
purity, containing <5 ppm of 02). In addition, the argon is passed 
through a cartridge which reduces dioxygen to a level of <0.1 ppm by 
chemisorption on a highly active, supported metallic surface (Oxisorb I). 

Some of the neutral reactants in this study are very sensitive to the 
presence of an 02'- impurity; hence it is important to know what product 
ions might arise from this impurity. A separate study is used to identify 
products of reactions with 02'-. This information allows us to deduce 
which product ions in our NO- experiments arise from reactions with 
NO- and which arise from 02'- impurity. 

The presence of the 02*- impurity is sometimes beneficial. If, for a 
particular reagent, the NO- signal is decreased significantly more than 
the 02*- signal, but the decrease cannot be accounted for by an obvious 
product ion, then we interpret this to indicate collisional detachment of 
NO-. The usual electron scavenging techniques (e.g.. adding SF6) are 
not useful here because of the fast reactions of NO' with the scavenger.I6 

Dioxygen is 

(16) Barassin, J.; Thomas, R.; Barassin, A. Chem. Phys. Leu.  1980, 71, 

(17) Wentworth, W. E.; Kao, L. W.; Becker, R. S. J .  Phys. Chem. 1975, 

( 1 8 )  Chowdhury, S.;  Heinis, T.; Kebarle, P. J .  Am.  Chem. Soc. 1986, 108, 

(19) Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341-348. 
(20) (a) Celotta, R. J.; Bennett, R. A,; Hall, J .  L. J .  Chem. Phys. 1974, 

60, 1740-1745. (b) Nimlos, M. R.; Ellison, B. J .  Phys. Chem. 1986, 90, 
2574-2580. 

(21) Chen, E. C. M.; Wentworth, W. E. J .  Phys. Chem. 1983,87,45-49. 
(22) Janousek, B. K.; Brauman, J. I. In Gas Phase Ion Chemistry; Bowers, 

269-273. 

79, 1161-1169. 

4662-4663. 

M. T., Ed.; Academic Press: Orlando, FL, 1979; Vol. 2, Chapter 10. 

Scheme 11. Dissociative Electron Transfer (Ha) and Displacement 
(IIb) 

(a) NO- + XY - Y -  + X' + NO' 

(b) NO- + XY - Y -  + XNO 

Scheme 111. Collisional Detachment 

N O - +  XY - e-+  XY + NO' 

Scheme IV. Adduct Formation 

NO- + XY 5 NO-(XY) 

Results 
In the following sections we present the results of a series of 

room-temperature investigations in which NO- was allowed to 
react with a variety of neutral molecules. We  have divided the 
neutrals examined into a series of classes; the molecules assigned 
to each class and their electron affinities are  shown in Table I. 
In general, we find that NO- reacts with any given neutral by way 
of one or more of four channels: electron transfer, dissociative 
electron transfer and/or displacement, collisional detachment, and 
adduct formation. These channels are described by Schemes I-IV. 
A summary of the results of the neutrals examined is given in 
Table I. 

A fifth reaction pathway, that of NO- acting as a Brernsted base, 
is not possible for most of the neutrals examined since HNO is 
more acidic than almost all of the neutrals listed in Table I 
(AH,,,(HNO) = 362.9 i 2.3 kcal/mol).26 There are two possible 
exceptions to this latter statement. Nitromethane is more acidic 
than H N O  (Mad(CH,NO,) = 356.4 & 2.9 kcal/mo1);26 however, 
no proton transfer is found in the reaction of NO- with CH3N02. 
The second possible exception is biacetyl, for which the gas-phase 

(23) Dispert, H.; Lacmann, K. Int. J .  Mass Spectrom. Ion Phys. 1978, 28, 

(24) Compton, R. N.; Reinhardt, P. W.; Cooper, C. D. J .  Chem. Phys. 

(25) (a) Moutinho, A. M. C.; Aten, J. A,; Los, J. Chem. Phys. 1974, 5, 
84-94. (b) Chupka, W. A,; Woodward, A. M.; Colson, S. D.; White, M. G. 
J .  Chem. Phys. 1985, 82, 4880-4885. 

(26) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R. 
D.; Mallard, W. G. J .  Phys. Chem. ReJ Datu 1988, 17, Suppl 1. 

49-67. 

1978, 68, 45-60. 
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acidity has not been reported.*' We  observed no proton transfer 
in the reaction of NO- with biacetyl. 

Electron Transfer (Scheme I).  For electron transfer to occur 
a t  a rapid rate, the minimum requirement is for an exothermic 
reaction which stipulates that the electron affinity of the neutral 
be greater than the electron affinity of NO'. 

Dissociative Electron Transfer (DET) and Displacement 
(Scheme 11). Dissociative electron transfer can be envisioned as 
charge transfer followed by dissociation. The ion product from 
dissociative electron transfer is often the same as that formed by 
a substitution reaction (S,2), albeit with different neutral products. 

Collisional Detachment (Scheme 111). The binding energy of 
the extra electron in NO- is sufficiently small (0.55 kcal/mol) 
that  a sizable fraction of collisions a t  300 K may be energetic 
enough to cause detachment.2 This process cannot be observed 
directly owing to the lack of a product ion. It is inferred from 
a loss of NO- without a concomitant appearance of a sufficient 
number of product ions. However, it is possible that a colli- 
sional-detachment channel which accounts for only 5% of the 
overall reactant ion loss might go undetected. 

Clustering (Scheme IV). Adduct formation is presumably a 
termolecular reaction wherein the argon acts as a third body to 
remove energy through collisions. It is known that argon exhibits 
termolecular stabilization rate coefficients that are a factor of 2 
to 3 larger than those typically observed for helium.28 

In  addition to the four channels mentioned above, a couple of 
the molecules (i.e., acetaldehyde and di-tert-butyl peroxide) display 
additional chemistry which will be described below. While we 
have not measured absolute rate coefficients for any reaction 
reported in this work, we report qualitative observations on the 
rates; "fast" is meant to indicate that the reaction is on the order 
of 1 %  efficient or better, while "slow" indicates that products are 
observed i n  something less than 1 out of 100 collisons. 

In  the sections below, reaction schemes in which a product is 
shown within brackets signify that its structure is unknown. Only 
ions are detected; thus, neutral products which cannot be unam- 
biguously deduced are contained within brackets. Reaction en- 
thalpies are given for channels when there is sufficient information 
in the literature to calculate them. (Only reactions whose en- 
thalpies are less than a few kcal/mol occur on a fast enough time 
scale for us to observe their products). Collisional-detachment 
reactions are shown when this type of reaction predominates. 
Otherwise, the presence of collisional detachment is revealed in 
the text and Table I .  

Carbonyl Compounds. The reaction of NO- with biacetyl is 
a rapid process that yields exclusively the molecular anion of 
biacetyl (eq 7) which presumably is the ketyl anion radical. This 
fast charge transfer has a large thermodynamic driving force since 
the electron affinity of biacetyl (0.702 eV) is considerably larger 
than the electron affinity of nitric oxide: 

J .  A m .  Chem. SOC., Vol. 11 1,  No. 4, 1989 

0 0  0 0 -  
II I1 I I  I 

NO- + CH3C-CCH3 - CH3C-$CHs + NO' 

AH,," = -15 6 kcal/mol ( 7 )  

Benzaldehyde also is observed to undergo electron transfer with 
NO- (eq 8b). In  addition to electron transfer, it is apparent that 

0 
I 1  

e- + C 6 H 5 C H  + NO* 
AH,,,= 0 5 kcal/rnol ( e a )  

I 
C6tI5f,:H + NO* 

AH,,,= -8 7 kcal/rnol (8b )  

Rinden et al. 

(27) An estimate of the acidity of biacetyl based upon observation of some 
proton abstraction by 02'- has appeared in ref 11. However, in 0.2 Torr of 
argon, we find that neither NO- nor 02*- appears to abstract a proton from 
biacetyl; the only product we found from 02*' with biacetyl in argon is the 
cluster ion. 

(28) Ikezoe, Y . ;  Matsuoka, S.;  Takebe, M.; Viggiano, A. Gas Phase Ion- 
Molecule Reaction Rate Constants Through 1986 Mass Spectroscopy Society 
of Japan: Tokyo, 1987. 

there is some NO- signal loss, implying that a collisional-de- 
tachment process is also occurring. As with biacetyl, the ob- 
servance of a significant electron-transfer channel for benzaldehyde 
is in accord with the larger electron affinity of PhCHO than that 
of NO'. 

Two product ions are observed from the reaction of NO- with 
acetaldehyde: a predominant ion a t  m/z 58 (eq 9a) and the adduct 

ion a t  m / z  74 (eq 9b). In addition, the sum of the two product 
ions does not fully account for the initial NO- signal, implying 
that collisional detachment of NO- by acetaldehyde is also oc- 
curring. 

In eq 9a the possible neutral products for the channel forming 
the m/z  58 ion are shown in brackets. To obtain more information 
about the identity of the m / z  58 ion, we examined the reaction 
of NO- with acetaldehyde-d4. As shown in eq 10 NO- reacts with 

h 

( l o a )  NO- (CD3CD) 

[CNO,I- + CD4 ( l o b )  

1 
NO- + CD,&D 4 m/z 58  

CC,D,O,I*' + *ND, ( i o c )  

C D 3 C D 0  to give the adduct and m / z  58 ions as did the protio 
compound. In addition a new ion a t  m/z  60 appears, which has 
about twice the intensity as the m / z  58 ion. The combination 
of acetaldehyde and acetaldehyde-d4 experiments indicates that 
the m / z  58 ion in the protio case is most likely a mixture of 
[CN02]- and [C2H202]'-. No evidence was found for a molecular 
anion of acetaldehyde. 

When NO- is allowed to react with acetone, slow reaction takes 
place and the only observed, primary ion product is the adduct 
at  m/z  88 (eq 11). However, acetone also appears to collisionally 

m / z  6 0  

detach NO-. The structure of the adduct may be thought of as 
a cluster ion because, in a separate experiment, it is found to 
undergo slow solvent switching with added water. No evidence 
of the existence of an acetone molecular anion was found. 

Sulfur Compounds. Both sulfur dioxide and carbon disulfide 
possess significantly positive electron affinities and, indeed, are 
observed to undergo fast, exclusive electron transfer with NO- 
(eq 12 and 13). 

NO- + SO2 - SO2'- + NO' (12) 

NO- + CS2 - CS2'- + NO' (13) 

When NO- is allowed to react with dimethyl disulfide, the major 
product ion observed is m / z  47 (eq 14a), CH3S-, and a minor 

-c IC,H~S,~.- + NO* (14b) 

product is found a t  m / z  94 which corresponds to the molecular 
anion resulting from charge transfer (eq 14b). As with sulfur 
dioxide and carbon disulfide, no evidence for collisional detachment 
of NO- by dimethyl disulfide is found. 

In order to elucidate the structure of the product anion observed 
a t  m / z  94 from the reaction of NO- with dimethyl disulfide, it 
was allowed to react with a number of reagents. For example, 
the m / z  94 ion produced above was not observed to react with 

AH,,,= -25.0 kcal/mol 

AH,,,= -12.9 kcal/mol 

CH3S- + I C H 3 S N O I  (14a) 
NO- + CH,SSCH, 
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methanol, 2,2,2-trifluoroethanoI, or methanethiol. However, the 
m / z  94 ion was observed to undergo fast, quantitative electron 
transfer to dioxygen: 
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These data suggest that the m / z  94 ion is the molecular anion 
of dimethyl disulfide and not a cluster ion of the methyl thiolate 
anion solvated by the thiomethoxy radical or thioformaldehyde 
negative ion solvated by methanethiol or NOS2-. Our interpre- 
tation of the experimental observations suggests that the electron 
affinity of dimethyl disulfide is 0.23 f 0.21 eV. This is based 
on the fact that  NO- (EA(N0')  = 0.024 eV)la reacts with di- 
methyl disulfide to give a m / z  94, and that this ion readily transfers 
an electron to 0, (EA(0,)  = 0.440 eV).IZ 

Dimethyl sulfoxide is observed to react with NO- to yield the 
cluster ion in a fairly rapid process (eq 16). Unlike the other 

(16)  

three sulfur compounds examined, dimethyl sulfoxide does not 
yield detectable amounts of the molecular anion. Finally some 
collisional detachment is probably taking place as the minor 
channel. 

Aromatic Molecules. Nitrobenzene undergoes fast electron 
transfer with NO- (eq 17) and this is the only process detected. 

NO- + O N 0 2  - e N O Y * +  NO* 

A H , , , =  - 2 1  8 k c a l l r n o l  ( 1 7 )  

There is no evidence to suggest that collisional detachment of the 
NO- is occurring. 

Of the other aromatic compounds examined, benzonitrile is the 
only compound in addition to nitrobenzene to have a known 
positive electron affinity. When NO- is allowed to react with 
benzonitrile, the only product ion detected is the cluster ion (eq 
18b); the primary process of the NO- and PhCN reaction appears 

e-  + D c N  + NO* 

+ oc~ < A H , , ,  = 0 5 k c a l / m o l  ( 1 8 a )  

N o -  (18b )  

to be collisional detachment. The overall rate of disappearance 
of NO- is slow for this reaction. 

Pyridine displays a behavior with NO- that is very similar to 
that of benzonitrile. Only slow reaction is observed, forming a 
cluster product ion which is detected (eq 19b), while the major 
channel is collisional detachment (eq I9a). 

- 

NO' + C N  - A H r x n  = 0 5 kca l /mo l  ( 1 9 a )  i 
(1  9 b)  

Addition of benzene to a flow tube of NO- results in the slow 
disappearance of the NO- signal with no new product ions ap- 
pearing. Thus, i t  appears that for benzene collisional detachment 
is the only significant process. 

A H , , ,  = 0 5 k c a l / m o l  ( 2 0 )  

Halides/Pseudo-Halides. Carbon tetrachloride has been re- 
ported23 to have a strongly bound molecular anion, EA(CCI4) = 
2.0 h 0.2 eV. When NO- was allowed to react with CC14 under 
thermally equilibrated conditions (300 K in a 0.20 Torr argon 

environment), fast reaction was observed to give chloride ions as 
the exclusive channel (Le., there appears to be no collisional 
detachment). 

NO- + CCI4  < C l -  + 'CCI, + NO' 
A H , , "  = -12 5 k c a l / m o l  ( 2 1 a )  

C I -  + CCI,NO ( 2 1 b )  

Nitromethane is another small molecule which has been re- 
ported24 to possess a bound molecular anion, EA(CH3N02) = 0.44 
h 0.20 eV. Unlike carbon tetrachloride and methyl iodide, ni- 
tromethane appears to exhibit exclusively fast collisional de- 
tachment in its reaction with NO-. Unfortunately, we cannot 
completely rule out production of a small amount (no more than 
5%) of NOz-, although it is unlikely. The ambiguity is due to 
the presence of the small 02-signal which contaminates our NO- 
signal; we have shown that 02*- rapidly reacts with nitromethane, 
giving NO2- as a principal product ion. 

Methyl iodide is reported2' to have a much weaker bound 
molecular anion, EA(CH,I) = 0.2 f 0.2 eV, than carbon tetra- 
chloride. However, in direct analogy to the carbon tetrachloride 
reaction the sole process occurring during the reaction of NO- 
with methyl iodide is rapid formation of iodide, by either disso- 
ciative electron transfer (eq 22a) or displacement (eq 22b). 

I -  + *CH3 + NO* AH, , ,  = -13  7 k c a l / m o l  
( 2 2 a )  

I -  + C H 3 N 0  A H , , ,  = - 5 4  k c a l  /mol 
NO- + CH31 < 

( 2 2 b )  

In  both the carbon tetrachloride and methyl iodide reactions 
no evidence for production of a long-lived (at least 5 ms) molecular 
anion was found. Because we are unable to detect the neutral 
products of a reaction, we cannot experimentally distinguish 
between the two possible halide-producing channels. 

Acetonitrile reacts with NO- by way of competitive collisional 
detachment (principal process) and cluster formation: 

e- + * C H ~ C N  + NO* 
AH,,,= o 5 kca l / rno i  (23al  

NO-(CHsCN) ( 2 3 b )  
NO- + CH&N < 
02'- is known to react with acetonitrile in helium buffer gas with 
a moderate rate ~ o e f f i c i e n t ~ ~  ( k  = 3.7 X IO-" cm3/s at  0.40 Torr) 
to give the cluster ion exclusively. Our present studies indicate 
that NO- has a considerably larger rate coefficient for reaction 
with acetonitrile than does 02'-. The nitric oxide anion-acetonitrile 
cluster undergoes only slow reaction with added D 2 0  in a 0.20 
Torr argon environment to give somewhat more solvent switching 
(eq 24a) than further clustering (eq 24b): 

NO- 

Miscellaneous. The three hydrocarbons examined in this study 
(benzene, propylene, isoprene) and tetramethylsilane, all reveal 
slow collisional detachment as the exclusive process with NO- (eq 
20, 25-27). 

CH3 CH3 I 
NO- + CH2=CHC=CH2 - e -  + CH2=CHi=CH2 + NO* 

A H , , ,  = 0 5 k c a l / m o l  ( 2 5 )  

NO- + CH3CH=CH2 - e- + CH3CH=CH~ + NO' 

A H , , , =  0 5 kca l /mo l  ( 2 6 )  

N O -  + S I ( C H ~ ) ~  - e- + Si(CH3I4 + NO' 

A H , , ,  = 0 5 kca l /mo l  ( 2 7 )  

Water is also observed to react slowly, albeit completely, with 
NO- yielding predominantly collisional-detachment products (eq 

(29) Viggiano, A. A,;  Paulson, J .  F. In Swarms of Ions and Electrons in 
Gases; Lindinger, W.; Mark, T. D.; Howorka, F., Eds.; Springer-Verlag: New 
York, 1984; pp 218-240. 
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28a), although a trace of the NO-(H20) cluster ion (eq 28b) is 
also observed. 

e' + H 2 0  + NO* A H , , ,  = 0 5 k c a l / m o l  
( 2 8 a )  
( 2 8 b )  

The last molecule examined here is di-tert-butyl peroxide, a 
species undergoing in-depth studies in our lab. When NO- is 
allowed to react with di-tert-butyl peroxide, four product ions are 
observed which appear to account for all reaction channels (eq 
29). By far, the principal product ion from NO- and di-tert-butyl 

No- + H 2 0  < N O - ( H 2 0 )  

0- CCH3NOl ( 2 9 a )  

I 

I -  
I 

9 CH,C=CH, + IC5Hy3N021 
m / z  5 7  ( 2 9 b )  

CH3 

CH3CO + [ C ~ H Q N O Z I  

Y H 3  Y3 
N O -  + CH3CO-OCCH3 

m/z  3 0  I I  
CH3 CH3 

M W  1 4 6  
\ CH3 

m / z  7 3  (29C) 
IC8H,8021*-  + NO' ( 2 9 4 )  

m / z  1 4 6  

peroxide is the ion a t  m/z  131 to which we have assigned the 
structure of acetone enolate solvated by tert-butyl alcohol. This 
structural assignment for m / z  13 1 is based upon the fast solvent 
switching reactions observed with both tert-butyl alcohol-0-d (eq 
30) and 2,2,2-trifluoroethanoI (eq 31). Further support for the 

C H ~ C = C H ~ ( ~ - B U O H )  + ~ - B U O D  - 
m / z  1 3 1  

0 
I 

CH3C=CH2(t - B u O D )  + t - B u O H  (30) 

m / z  1 3 2  

0- 
I 

C H 3 C = C H 2 ( t - B ~ O H )  + CF3CH20H - 
m / z  1 3 1  

0 
I 

CH3C=CH2(CF3CH20H) + t - B u O H  ( 3 1  1 

m / z  15  7 

assignment comes from the observation of additional slow H/D 
exchange of the m/z 132 ion upon prolonged exposure to t-BuOD 
(three additional exchanges are observed; the last two exchanges 
are  not observed owing to kinetic  limitation^).^^ 

The m/z  146 ion produced in the reaction of NO- with di- 
tert-butyl peroxide was also observed to undergo solvent-switching 
reactions with both tert-butyl alcohol-0-d and 2,2,2-trifluoro- 
ethanol, leading us to suggest that  it is the cluster ion consisting 
of tert-butoxide solvated by the tert-butoxy radical. Additional 
support for such an assignment comes from the observed tert- 
butoxide product (eq 29c). 

Discussion 
At a fundamental level, one can consider the generalized re- 

action scheme for describing the interaction of NO- with a neutral 
molecule shown in Scheme V. In this scheme, NO- and a neutral 

(30) H/D exchange of organic anions in the gas phase has been extensively 
studied (e.g., ref 3 1 ), and exchange involving gas-phase hydroxide-water or 
methoxide-methanol cluster ions are currently being examined (ref 32) We 
are not aware of any previous publication reporting H/D exchange of an 
organic ion which is part of a cluster ion. 

Scheme V. Generalized Reaction Scheme for the Interaction of NO- 
with Neutral XY" 

~ ~ 0 . e -  X Y I *  - e- + X Y  + NO* 

I \ 

ti 11 
1 

NO' + XY CNO-XYI *  CNO*XY*-l* - XY*- + NO* 

[NOX Y - I *  -- [NO' Y' A']* -  Y -  + X *  + NO* 

Y - +  XNO 

For clarity the termolecular stabilization channels have been omit- 
ted. The brackets indicate distinct ion-neutral complexes; the asterisks 
indicate that the ion-neutral complex contains excess energy. 

molecule, XY, enter into a collision complex depicted within 
brackets, and shown with an asterisk to indicate that the complex 
contains excess energy. The collision complex can conceivably 
exist in discrete chemical forms as discussed below. The excess 
energy in any complex arises in part from the electrostatic at-  
traction between NO- and XY which is typically in the range of 
10 to 20 kcal/mol. The existence of the bracketed, intermediate 
complex, in any form, is speculative, although the existence of 
observed, stable cluster ions for many of the reactions studied in 
this work indicate that at  least some of the intermediate complexes 
in Scheme V occur. 

Assuming that the initially formed complex in Scheme V is 
[NO- + XU]*, there are four possible pathways which it may 
take including dissociation back to reactants. The electron can 
transfer from NO- to XY to form [NO' + XY'-]* which may 
either dissociate to give the products of electron transfer or undergo 
rearrangement to create either of two further complexes: [NO' 
+ e- + XY]* or [NO' + Y- + X']*. A third reaction pathway 
of our first formed complex is nucleophilic displacement to give 
[ONX + Y-]*. The newly formed [NOX + Y-]* complex may 
dissociate to yield the products of an SN2 displacement reaction, 
Y- + XNO, or it may break a bond to form [NO' + Y- + X']*. 
The fourth pathwaj of the first-formed complex, [NO- + XY]*, 
is collisional detachment via the intermediate [NO' + e- + XY]*. 
Unlike the previous pathways, which lead to experimentally ob- 
servable ion products, collisional detachment can only be inferred 
by an otherwise unaccountable loss of NO- signal. 

If the second-formed ion-neutral complexes, [ O N X  + Y-] * 
and [NO' + XY'-I*, undergo bond cleavage to form [NO' + X' 
+ Y-]*, either by utilizing some of the excess energy available 
from ion-neutral interaction or the exothermicity released by 
rearrangements in their formation, the ultimate products will be 
those of dissociative electron transfer, (Y- + X' + NO'). 

The generalized scheme shown in Scheme V is consistent with 
the data reported herein and with general ideas of room-tem- 
perature ion-molecule  interaction^.^^ In some situations one or 
more of the complexes shown in this scheme may not exist. For 
example, it is conceivable that in an electron-transfer reaction, 
the electron hops from NO- to the neutral reactant without the 
necessity of forming an ion-dipole complex. With certain neutral 
reactants, NO- exhibits both electron transfer and substitution 
products. I t  is possible that a direct mechanism is responsible 
for the charge transfer, whereas the substitution reaction proceedes 
via an intermediate comp!ex. W e  next consider how the specific 
reaction results of this work are described within the generalized 
scheme of Scheme V.  

Rapid and exclusive electron transfer from NO- to biacetyl, 
sulfur dioxide, carbon disulfide, nitrobenzene, and dioxygen is 

(31) (a) Stewart, J. H.; Shapiro, R. H.; DePuy, C. H.; Bierbaum, V .  M. 
J. A m .  Chem. SOC. 1977, 99, 7650-7653. (b) Grabowski, J .  J . ;  DePuy, C. 
H.; Bierbaum, V. M. J. Am.  Chem. SOC. 1983, 105, 2565-2571. (c) Squires, 
R. R.; Bierbaum, V .  M.; Grabowski, J. J.; DePuy, C. H. J. A m .  Chem. SOC. 
1983, 105, 5185-5192. 

(32) DePuy, C. H., unpublished data. 
(33) Ferguson, E. E. Chem. Phys.  Lett. 1983, 99, 89-92. 
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observed. Each of the molecules has a positive, adiabatic electron 
affinity larger than that of NO' (Table I), and none possess an 
exothermic dissociative electron transfer path. Therefore it is likely 
that these reactions follow the pathway via [NO'  + XU'-]* to 
produce electron-transfer products. The observation of charge 
transfer depends upon more than whether or not the reaction is 
exothermic since 02*- does not charge transfer to biacetyl either 
in argon buffer (this work) or in helium buffer." Benzaldehyde 
also undergoes electron transfer and also has only endothermic 
dissociative electron-transfer channels. However, benzaldehyde 
is different from the other molecules in that observed electron 
transfer is clearly in competition with collisional detachment. Both 
product channels for NO- and benzaldehyde (electron transfer 
and collisional detachment) may arise via a common intermediate, 
[NO' + PhCH0'-]*. This common intermediate can dissociate 
to yield exclusively the molecular anion of benzaldehyde which 
is then subject to slow collisional detachment in the argon buffer 
gas. The observation of significant amounts of the molecular anion 
of benzaldehyde as well as the strong inference of collisional 
detachment suggests exclusive electron transfer from NO- to 
PhCHO followed by a kinetically controlled, collisional-detach- 
ment process that has not reached completion.34 While collisional 
detachment, by a room-temperature interaction of an anion with 
a 0.43-eV binding energy is expected to be very slow, the de- 
tachment rate can be significantly enhanced if the anion (Le., 
benzaldehyde) is formed in a vibrationally excited state. The slow 
collisional detachment of the benzaldehyde molecular ion by argon 
is supported by the observation that added dinitrogen also col- 
lisionally detaches PhCH0'-.  

The reaction between dimethyl disulfide and NO- reveals two 
processes; the predominant reaction occurring between NO- and 
CH3SSCH3 is production of the methyl thiolate anion, CH3S-, 
while electron tranfer to yield the molecular ion is the minor 
pathway. One can envision that both of these products arise from 
the electron-transfer complex, [NO' CH3SSCH,'-] *, where there 
is competition between dissociation of the complex and cleavage 
of the disulfide bond followed by dissociation of the resulting 
complex. Alternatively, electron transfer may occur via a direct 
process while CH3S- production results from iondipole complexes 
(vide supra). It is also distinctly possible that the methyl thiolate 
anion arises from displacement on sulfur in dimethyl disulfide since 
a number of anions of similar basicity to NO- are known to react 
via such processes.35 As is apparent in this and other cases, 
distinguishing between displacement and dissociative electron 
transfer is not simple. Four of the molecules examined, dimethyl 
disulfide, carbon tetrachloride, methyl iodide, and di-tert-butyl 
peroxide, display products that could result from either dissociative 
electron transfer (DET) or nucleophilic substitution. 

One approach for distinguishing between DET and s N 2  is to 
consider the energetics of displacement versus dissociative electron 
transfer. For a given NO- + X Y  reaction, the displacement 
channel will always be more exothermic than the dissociative 
electron-transfer channel by the amount of energy gained from 
forming the new bond (Le., BDE(X-NO)). For the dissociative 
electron-transfer channel to be exothermic, it is necessary for the 
energy gained upon transfer of the electron to be greater than the 
bond dissociation energy of the newly formed molecular anion 
(Le., EA[XY] - EA[NO'] > BDE[X-Y'-]). The dissociative 
electron transfer is also thermochemically allowed when the 
difference in electron binding energies of NO- and the product 
anion is larger than the bond dissociation energy in the neutral 
(Le., EA[Y'] - EA[NO'] > BDE[X-Y]). The criterion for the 
displacement reaction to be exothermic requires that the difference 
in electron affinities of NO' and Y', plus the strength of the new 
X-NO bond, be larger than the X-Y homolytic bond strength 
(i.e., EA[Y'] - EA[NO'] + BDE[X-NO] > BDE[X-Y]). 

Table 11. Thermochemical Data Used in This Work" 
species EA (eV) ref species BDE (eV) ref 

CN' 3.821 c H3C-CN 5.37 c 
NO' 0.024 b H,C-NO 1.75 e 

H3C-NOI 2.63 e 
C1' 3.617 c CHJS-SCH, 3.21 f 
NO,' 2.275 c 
C H S '  1.861 c HtC-SSCH, 2.47 f 

Ph-CN . 5.53 e 
2.44 c (CH3)3CO' 1.912 c H3C-I 

CH3SS' 1.757 d (CH,),CO-OC(CH,), 1.65 c 
C6H5' 0.90 c 

I' 3.0591 c CI3C-CI 3.05 c 
"See Table I for the electron affinities of the neutrals examined in 

this work. Reference 1.  Reference 36. Reference 37. e Reference 
38. /Reference 39. 

By utilizing the above criteria and the values in Table 11, we 
can eliminate endothermic pathways from consideration. Of the 
four reactant molecules which show products that can result from 
either displacement or dissociative electron transfer, only CH3- 
SSCH3 has endothermic DET channels. Thus the reaction of NO- 
with dimethyl disulfide that produces CH3S- must be a dis- 
placement reaction.3s In terms of the general reaction scheme 
shown in Scheme V, the important ion-neutral complex for the 
reaction of NO- with dimethyl disulfide is likely to be [NO- XU]; 
branching from this first-formed complex decides the amount of 
electron transfer versus substitution products ultimately found. 
We  are unable to say anything definitive a t  this time about DET 
versus s N 2  for methyl iodide, carbon tetrachloride, or di-tert-butyl 
peroxide (both DET and SX2 channels are exothermic for each 
of these three molecules), though one could argue that the dis- 
sociative electron-transfer path is most likely to be favored. The 
same energetic considerations for reaction thermochemistry show 
that nitromethane, acetonitrile, and benzonitrile do not undergo 
DET because this reaction is endothermic for each of these 
molecules. Although displacement reactions for both C H 3 N 0 2  
and CH3CN are thermochemically allowed, they are not observed 
experimentally. The lack of displacement products at  carbon, even 
when highly exothermic, is one piece of circumstantial evidence 
that indicates DET is preferred over substitution for methyl iodide 
(for example). Both nitromethane and benzonitrile have positive 
electron affinities (Table I) although neither show products from 
electron transfer. Our results indicate either that the electron 
affinities of nitromethane and benzaldehyde cited in Table I are 
wrong (which seems unlikely to us) or there may be a barrier to 
exothermic electron transfer or that the electron-transfer product 
is born vibrationally excited and autodetaches. W e  are unable 
to distinguish between direct collisional detachment of NO- by 
nitromethane or benzonitrile, and electron transfer followed by 
rapid and quantitative detachment of the new molecular anion 
by argon. 

When a collision transfers a sufficient amount of energy to NO-, 
the ion may lose an electron to the translational continuum. We  
believe that this reaction occurs to some extent with many of the 
reactant molecules studied. Molecules whose predominant reaction 
with NO- is collisional detachment are propylene, isoprene, 
benzene, tetramethylsilane, acetonitrile, benzonitrile, pyridine, 
water, and nitromethane. The hydrocarbons all showed exclusive 
collisional detachment in accord with the knowledge that they do 
not possess bound molecular anions. For the other molecules which 
show collisional detachment, we often observe that cluster ion 
formation is in competition with collisional detachment if the 
molecule contains a dipole moment (ix. ,  the molecule can form 
a reasonably strong electrostatic bond). We  are surprised by the 
"reluctance" of NO- to undergo collisional detachment as evi- 
denced by the many other channels observed when it reacts with 
neutral molecules. 

(34) Hierl, P. M.; Ahrens, A. F.; Henchman, M.; Viggiano, A. A.; Paulson, 

(35) Grabowski, J. J.; Zhang, L. J .  Am.  Chem. Soc., previous paper in this 

(36) CRC Handbook of Chemistry and Physics, 66th ed; Weast, R .  C., 

J. F. Int. J .  Mass Spectrom. Ion Phys. 1987, 81, 101-122. 

issue. 

Ed.: CRC Press: Boca Raton, FL, 1985. 

(37) Moran, S.; Ellison, G. B. J .  Phys. Chem. 1988, 92, 1794-1803. 
(38 )  Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley: New York, 

(39) Benson, S. W. Chem. Reu. 1978, 78, 23-35. 
1976. 
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Clustering of an ion with a neutral molecule, most often via 
a third-body stabilizing collision, is a well-known process; the 
exothermicity of a clustering reaction is defined by the ion-solvation 
energy. While measurements of many cluster ion bond strengths 
have been made,40 very little is known about NO-(XY) bond 
strengths. Recent photoelectron spectroscopy studies of Bowen 
and co-workers4' have shown that NO-(N20)  is characterized by 
an intact NO- solvated by N 2 0  with an interaction energy of 4.6 
kcal/mol. In  our system, we have not observed NO-(N20), 
presumably because only a minimum amount of N 2 0  is being 
added, and also because such a weakly bound solvated ion has 
an insufficient lifetime in our multicollision reaction chamber.34 
W e  do observe NO- cluster ion products with acetaldehyde, 
acetone, dimethyl sulfoxide, benzonitrile, pyridine, acetonitrile, 
and water. All the molecules which exhibit clustering can be 
characterized as being polar molecules. Conversely, no cluster 
ion products are observed for the nonpolar, neutral molecules 
examined. W e  believe that all of the cluster ions are ion-neutral 
complexes bound by electrostatic interactions only (as opposed 
to covalent bonds) based on limited solvent-switching studies. The 
rather surprising observation of so many successful (presumably) 
termolecular reactions of NO- in argon must be attributed to both 
slow collisional detachment processes and efficient three-body 
stabilization by argon. 

An intriguing exception to expected clustering reactions is 
nitromethane for which only collisional detachment was observed. 
When 02'- was allowed to react with nitromethane in 0.20 Torr 
of argon, the 0;-(CH3N02) cluster ion is a major product (along 
with NO2-). In addition, cluster ions are observed between NO- 
and all the other simple, polar, organic molecules (e.g., acet- 
aldehyde, acetone, dimethyl sulfoxide, and acetonitrile). Whether 
the unique behavior observed for nitromethane is an indication 
that NO- electron transfers to nitromethane upon every collision, 
but then the nitromethane molecular anion is efficiently colli- 
sionally detached or some other behavior occurs, is under active 
investigation. 

Two of the molecules examined, acetaldehyde and di-tert-butyl 
peroxide, display chemistry other than that shown in Schemes I 
through IV, and several of the other reactions observed in this 
study require additional discussion. First, the reaction of NO- 
with acetaldehyde is quite surprising, not in terms of the collisional 
detachment or cluster ion formation, the two processes which 
account for the majority of the reaction, but in terms of the 
formation of m / z  58. As shown by the results of NO- plus 
CD,CDO, m / z  58 in the all-protio case is most likely a mixture 
of two different ions. Additional studies are  now being carried 
out to further enhance our understanding of how these ions are 
formed. 

For di-tert-butyl peroxide it appears that the principal product 
from the reaction of NO- is m / z  13 1 ,  which we have shown to 
be acetone enolate solvated by tert-butyl alcohol. W e  envision 
the principal ion product as arising from a process that is initiated 
by dissociative electron transfer, forming tert-butoxide solvated 
by tert-butoxy radical, a trace of which is collisionally stabilized 
by the 0.2 Torr argon to give the ion observed a t  m / z  146. 
However, the principal process of the initially formed DET com- 
plex is fragmentation, giving rise to the m / z  131 ion. Frag- 
mentation of tert-butoxy radical to a methyl radical is a well- 
known process.42 Such a concept is further supported by the 
observation of small amounts of acetone enolate and tert-butoxide. 
The acidities of acetone (AHoacld[acetone] = 369.1 f 2.6 
kcal/mol) and tert-butyl alcohol (AHO,,,,[t-BuOH] = 374.6 A 
2.2 kcal/mol) are sufficiently close to make such an explanation 

(40) Keesee, R. G.; Castleman, A. W., Jr. J .  Phys. Chem. Ref: Data 1986, 

(41)  Coe, J. V.; Snodgrass, J. T.; Friedhoff, C. B.; McHugh, K. M.; Bowen, 

(42) Kochi, J .  In  Free Radicals; Kochi, J . ,  Ed.; Wiley: New York, 1973; 

15 ,  1011-1071. 
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plausible.26 Additional studies with a variety of anions and di- 
tert-butyl peroxide shows that NO-, the allyl anion, and 02'- 
exhibit unique behavior consistent with chemistry initiated by 
dissociative electron transfer.43 

Of the four carbonyl compounds examined, both biacetyl and 
benzaldehyde showed formation of ketyl radical anions, while 
acetone and acetaldehyde did not. The formation of ketyl radical 
anions by ion-molecule reactions cannot be predicted solely based 
on known relative electron affinities. As first reported by 
McDonald and co-workers" for helium buffer gas, and confirmed 
by us for argon buffer gas, 0;- does not charge transfer to biacetyl 
even though such a reaction is considerably exothermic. The 
slowness of charge transfer from 02'- may be due to O2 being a 
ground-state triplet. 

The results of the reaction between NO- and methyl iodide or 
carbon tetrachloride are interesting. Both molecules have been 
reported to have bound molecular anions based on fast alkali beam 
 reaction^.^^^^^ For instance, a t  about 13 eV collision energy be- 
tween CCI4 molecules and a beam of potassium atoms, a yield 
of 0.4% CC14'- is reported while C1- is the major ionic product 
(90.6%). The thermally equilibrated (300 K) reaction of NO- 
with carbon tetrachloride is quite different, giving only C1- as a 
product ion. Similarly, methyl iodide reacts with NO- to give 
solely the I- ion. No evidence was found for stable molecular ions 
or other product ions (Le., if such species exist, they are less than 
0.1% of all products) for either carbon tetrachloride or methyl 
iodide. I t  seems surprising to us that a stable molecular anion 
would be formed in the high-energy alkali atom beam experiments, 
but not in our low-energy flowing afterglow apparatus. The 
difference may be due to the much longer lifetimes required for 
an ion to be detected in the flowing afterglow (ca. 5 ms) than in 
the high-energy beam experiments. However, there seems to be 
some question25b in the case of methyl iodide as to whether it has 
a positive (vertical) electron affinity as reported.25a Thus, from 
this study, it appears that the molecular anions of methyl iodide 
and carbon tetrachloride possess only small barriers (if any) to 
dissociation and that it is unlikely that they will be observed in 
a multicollision environment. 

Conclusions 
NO- is observed to undergo a variety of reactions when allowed 

to interact with neutral molecules in the thermally equilibrated 
environment of the flowing afterglow. Exothermic electron 
transfer only sometimes predominates. For polar molecules which 
cannot undergo exothermic electron transfer, cluster ion formation, 
aided by the argon buffer gas, is a facile pathway. Dissociative 
electron transfer and/or displacement processes are also observed 
when allowed by thermochemistry. Displacement dominated over 
the electron-transfer reaction in the sole case where both reactions 
occurred (dimethyl disulfide). Ketyl radical anions were formed 
where the carbonyl compound contained radical stabilizing groups 
(biacetyl and benzaldehyde). Collisional detachment is only 
observed when electron transfer, dissociative electron transfer/ 
dispacement, and cluster ion formation are too slow. Since 
collisional detachment is always possible, we found no molecule 
that did not react with NO-. Thus, the chemistry displayed by 
the closed-shell anion, NO-, reacting with a series of stable, neutral 
molecules is rich and varied. Two aspects of this work invite 
immediate extension, that of the synthesis (and further reactivity) 
of ketyl radical anions by NO- reactions, and elucidation of the 
novel and as yet, confusing chemistry shown by the reaction of 
NO- with acetaldehyde. 
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