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molecules versus tetrahedrally coordinated monoatomic univalent 
ions and deduced that the nature of the solvent isotope effect is 
due to changes in librational frequencies of water induced by the 
presence of ions. Only P led to an increase in librational frequency 
with all other anions yielding decreases. These authors have thus 
interpreted the fluoride system as unique with solution in D2O 
favored over H2O because of the greater spacing of librational 
energy levels relative to pure water. 

Conclusion 
The equilibrium constants for isotope exchange reactions be­

tween gaseous water molecules and the four gaseous ions L3O+, 
L5O2

+, (L2O)F", and (L2O)Cl" have been determined from ion 
cyclotron resonance equilibrium techniques. 

The value for isotopic fractionation factor of gaseous L3O+ is 
found to be essentially identical with that observed for isolated 
hydronium ion in acetonitrile. These result infers that hydrogen 
bonding from hydronium ion to acetonitrile in solution phase has 
a negligible effect on the fractionation factor. The results for L3O+ 

and L5O2
+ also fully support the results and conclusions drawn 

from experiments for these ions in aqueous solution. Specifically 
the increase in fractionation factor from gaseous hydronium ion 
to fully hydrated hydronium ion in solution is due to the extensive 
hydrogen bonding network present in solution. This is evident 
from the greater gas-phase fractionation factor of L5O2

+ relative 
to L3O+. 

Hydrogen bonding of L3O+, F", and Cl" to L2O lowers the 
fractionation factors relative to that observed for gaseous H2O. 
The effect of F" on the fractionation factor is opposite to that 
expected on the basis of P behavior in aqueous solution and on 
the basis of relative F" and Cl" solution phase behavior. This is 
apparently associated with the dominance of zero-point energy 
effects on solution phase isotope effects, whereas in the gas phase 
for such small ions rotational contributions to the isotope effect" 
become very important. 

I. Introduction 
The fragmentation of the j-tetrazine molecule (C2N4H2) into 

one N2 and two HCN molecules1'2 after its photoexcitation to the 
lowest singlet states has raised several questions.3,4 One question 
concerns the identification of the "active" excited state which can 
be reached with a single photon in the visible or near-UV spectrum. 
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The experimental data consistently reveal that the mixed H/D 
species DOH2

+, D2OH+, H3D2O2
+, (HOD)P, and (HOD)Cl" are 

considerably less abundant than would be predicted on the basis 
of the "rule of the geometric mean" and the abundance of the fully 
deuteriated and protonated species. This is again almost certainly 
due to the combined importance of the MMI, EXC, and ZPE 
contributions to the overall isotope effects for such small ions. 

The continued investigation of isotope effects for gaseous ions 
will hopefully provide further insights into the origin of such affects 
and lend credibility to mechanistic deductions based on isotope 
effects for solution phase ions. We would also suggest that the 
extent to which calculated vibrational frequencies used in statistical 
thermodynamic calculations of isotope effects are able to reproduce 
experimentally measured values will provide a rigorous measure 
of the level of the accuracy of vibrational frequencies. In particular 
temperature dependent studies are planned to obtain a measure 
of the ZPE component of some isotope effects. 

Further, should spectroscopic investigations of the interstellar 
medium ultimately be successful in detecting H3O+, H2OD+, 
HOD2

+, and D3O+ as a means of probing the existence of water 
the equilibra examined here will allow inference of the relative 
amounts of H2O, HOD, and D2O to be made.3233 

Acknowledgment. Financial support of this work by the Na­
tional Sciences and Engineering Research Council of Canada 
(N.S.E.R.C.) and the Petroleum Research Fund of the American 
Chemical Society (ACS-PRF) is gratefully acknowledged. J. 
Fisher and C. Allison are thanked for assistance in calculations 
of moments of inertia. 

Registry No. H+, 12586-59-3; H3O
+, 13968-08-6; P , 16984-48-8; Cl", 

16887-00-6; D2, 7782-39-0. 

(32) Smith, D.; Adams, N. Int. Rev. Phys. Chem. 1981, 1, 271. 
(33) Smith, D. Philos Trans. Roy. Soc. 1981, 303, 535. 

Another deals with the dynamics of the photodissociation process 
itself, which involves either a direct triple fragmentation through 
a specific transition state or a sequential dissociation.3"5 The 
consensus appears to be in favor of a simultaneous triple frag­
mentation.3"5 However, it is difficult to prove such a mechanism. 

In this paper we report studies of the fragmentation of s-tet-
razine ion, photoselected by synchrotron radiation in the energy 
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range 9-22 eV (1 eV = 96 kJ mor1). With use of photoelec-
tron-photoion coincidence techniques, the ion intermediates and 
fragments are studied and related to the dynamics of dissociation 
of the ion and neutral. Studies of the ion fragmentation offer some 
advantages. 

First, the photoelectron-photoion coincidence method allows 
for measurement of fragmentation branching ratios, translational 
energy released in the dissociation reaction, and dissociation rate 
(time scale of nanosecond or longer) of energy selected ions. These 
methods, reviewed by Baer,6 can be combined either with fixed 
photon energy sources (the ion energy is selected by the electron 
energy) or with tunable photon energy sources (only zero kinetic 
energy electrons are detected); the photon energy directly provides 
the energy selection of the ion. Here, we use the latter method, 
known as threshold photoelectron-photoion coincidence (TPEP-
ICO), in association with synchrotron radiation in the vacuum 
UV (9-22 eV). 

Second, the fragmentation of the parent ion can be useful in 
understanding the dissociation of the neutral. The ground elec­
tronic state of C2N4H2

+ is known to result from the ejection of 
a nonbonding electron (2bj„). This is based on photoelectron 
spectroscopic measurements7^ and theoretical calculations.9 The 
thermodynamic dissociation limit corresponding to the loss of N2 

lies below the parent ion ground state. This situation is similar 
to that of the neutral molecule. Consequently, the stability and 
the fragmentation of the ions near threshold may resemble those 
of the neutral species. 

The results of the work reported here indicate several points 
regarding the fragmentation of the ion. The loss of N2 from the 
tetrazine ion (primarily) involves the formation of two fragments, 
rather than the three fragments suggested for the neutral molecule. 
Furthermore, fragments found in the 1-3-eV region above 
threshold originate from sequential events rather than direct 
dissociation of the parent ion into three fragments. The possible 
structures of fragmentations, which are of current astrophysical 
interest10,11 and are related to the problem of HCN oligomeri-
zation,12 are discussed. 

II. Experimental Section 

The detailed description of our experimental setup can be found in ref 
13 and 14. Briefly, synchrotron radiation from the ACO storage ring 
at Orsay is dispersed by a 1-m normal incidence monochromator in the 
9-25 eV photon energy range. When used below 11.8 eV (above 1050 
A), the photon beam is filtered by a LiF window in order to reject higher 
order contributions. The monochromatic radiation is then refocused in 
the center of the new double time of flight spectrometer.15 Electrons and 
ions are extracted in opposite directions, perpendicularly to both the light 
beam and gas jet. The threshold electrons are energy selected13"15 by 
angular and time-of-flight discrimination, thus taking advantage of the 
pulsed character of synchrotron radiation. The internal energy of the 
parent ions associated with such threshold electrons is uniquely selected 
by the incident photon energy. Parent and fragment ions are extracted 
in coincidence with threshold electrons by applying a pulsed voltage 
(30-100 V/cm) on the first acceleration stage of the spectrometer. The 
voltages applied on the first and the second acceleration stages as well 
as the drift region are optimized to achieve an improved mass resolution 
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Figure 1. Pseudo mass spectra of tetrazine for not-selected electrons and 
ions, with 200 V/cm extraction field: (a) at 14 eV photon energy, (b) 
at 21 eV photon energy, detailed spectra are shown in inserts. 

compared to previous setups.13'14 The time-of-flight broadening provides 
the kinetic energy released in the dissociation. 

i-Tetrazine was synthesized with the method described by Spencer et 
al.16 The last part of this process, which is very inefficient, was per­
formed under vacuum. The carboxylic acid was mixed with dry sand and 
placed in a glass bulb. Decarboxylation was achieved by heating the bulb 
in an oil bath, and s-tetrazine crystals were collected in a cooled trap. 
The purity was checked by infrared and visible spectrometry.17 

III. Results 
A. "Pseudo" Mass Spectra. Mass spectra were obtained by 

measuring the time-of-flight of ions with respect to the electron 
signal, without selecting them in time. They are considered as 
pseudo mass spectra because our strong geometrical discrimination 
against energetic electrons reduces the detection of ions associated 
with energetic electrons (E > 1 eV) to a few percent and the 
fragmentation branching ratio is somewhat different. Never­
theless, these pseudo mass spectra give an overview on the inte­
grated fragmentation pattern of the parent ion produced from 
threshold up to the nominal energy and its changes with incident 
photon energy. 

Figure la shows a typical pseudo mass spectrum of s-tetrazine 
obtained at 14 eV photon energy. We observe four major peaks. 
The m/z 82 peak is the parent ion C2N4H2

+ and represents ~ 12% 
of the total. The m/z 54 peak corresponds to the formula 
C2N2H2

+ (or CN3
+) and represents ~ 11% of the total. The most 

prominent fragments are m/z 27 and 28 which correspond re­
spectively to HCN+ and HCNH+ (or N2

+). They represent 
~ 2 3 % and 54% of the total, as extracted from the enlarged 
spectrum (shown in the insert of Figure la). The m/z 18 peak 
originates from water impurity. When the photon energy is 
increased to 21 eV, the fragmentation increases as seen in Figure 
lb. The parent ion represents only 8.5% of the total. While the 
relative abundance of the 54 peak decreases to 8.5%, the im­
portance of the m/z 27 peak overcomes the 28 one. The analysis 
of the detailed spectrum (see insert) shows that the m/z 27 and 
28 peaks are no longer resolved because both peaks widened by 
large kinetic energy releases in the dissociation process. Never­
theless, it is interesting to note that the contribution of m/z 27 
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Table I. Relative Abundance of Fragments in s-Tetrazine Ion Dissociation 

photon energy (eV) 27 28 30 41 46 52, 53, 54 69 82 
or internal energy (w/z) (fn/z) (W r ) ("i/z) (>«/z) ("i/z) (rnjz) ("i/2) 
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Figure 2. Typical threshold photoelectron-photoion coincidence spec­
trum of j-tetrazine measured at 11.2 eV photon energy and 60 V/cm 
extraction field. 

and 28 over the total stays constant (~77%). New fragments 
appear (m/z 13 and 41) and are likely due to CH+ and HCN2

+. 
The water signal is now split into m/z 18 and 17; H2O+ is known 
to partially dissociate into OH + at 21 eV internal energy.18 

The above (first reported) photon impact mass spectra depart 
significantly from the 76 eV electron impact mass spectrum, 
obtained by Weininger and Thornton.19 The main fragments 
(m/z 27, 28, 53-54) as well as m/z 41 are found with comparable 
intensity with 21 eV photon or 76 eV electron impact. In contrast, 
we do not observe the m/z 26 or 29 fragments that are found by 
electron impact with 3.99% and 1.06% intensity, respectively. We 
do observe, however, the m/z 13 fragment that was not reported 
before. In fact, it is not possible to compare directly these mass 
spectra for several reasons: (1) electron and photon impact do 
not produce the same electronic states; (ii) the energy of the 
impinging particle (electron or photon) has generally a strong 
effect on the fragmentation branching ratio, and (iii) in our ex­
periment, fragment ions associated with energetic electrons are 
discriminated against. 

B. Fragmentation of Energy-Selected Ions. In Figure 2, we 
show a typical TPEPICO spectrum of Metrazine obtained at 11.2 
eV photon energy. It is striking to observe more fragments than 
conventional mass spectra, obtained at high photon energy, would 
suggest. In particular, we observe fragments of m/z 30, 60, and 
69 that were not observed in conventional mass spectra. We also 
notice that the 28 peak is found to be wider in Figure 2 than 
fragments with higher masses. The broadening is found to be 110 
ns, which corresponds to 300 ± 70 meV for the kinetic energy 
released in the dissociation. 

Similar measurements were performed at other selected photon 
energies from the ionization threshold (~9.24 eV) up to 11.7 eV, 
which is the maximum photon energy transmitted by the LiF 
window. We thus obtain the fragmentation branching ratios, or 
breakdown curves, reported in Table I and Figure 3. Such 
fragmentation branching ratios previously reported by Fridh et 
al.8 with a charge exchange method are also reported in Figure 

(18) Eland, J. H. D. Chem. Phys. 1975, //, 41. 
(19) Weininger, S. J.; Thornton, E. R. J. Am. Chem. Soc. 1967,89, 2050. 
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Figure 3. Breakdown curves of ^-tetrazine ion near threshold. Symbols 
in brackets are from charge exchange experiments in ref 8. Energies of 
the ground state (2blg)

_l of tetrazine ion and first excited state (3b2u)
_1 

are indicated. 

3. At 11.2 and 11.4 eV, there is a large discrepancy, whereas the 
extrapolation of our data to 12.13 eV seems to fit much better 
with the data of ref 8. This shows that only the Xe+ charge 
exchange at 12.13 eV is resonant in energy, i.e., the energy 
transferred to the j-tetrazine is equal to the IP differences. At 
11.2 and 11.4 eV, which correspond to charge transfer reactions 
from COS+ and C2H2

+, respectively, as much as 1 eV of the 
available energy evidently was transformed into internal excitation 
of COS and C2H2, and not into internal excitation of the ^-tet­
razine ion. 

As shown in Figure 3, the parent ion is found to be stable from 
threshold to 10.2 eV. At this energy, the parent ion dissociates 
into a unique fragment with m/z 54, which is either due to 
C2N2H2

+ or CN3
+, as discussed below. At higher energy, i.e., 

11.2 eV, we also observe peaks with m/z 53 and 52 readily as­
signed to C2N2H+ and C2N2

+. Nevertheless, the reaction leading 
to m/z 54 seems almost complete within 0.2 eV, which is our 
overall energy resolution. This behavior is as expected for a 
reaction that is fast. This situation contrasts that of the m/z 28 
fragment which rises more slowly with increasing internal energy. 
The 69 fragment, which can only be assigned to CN4H+ (loss of 
CH), seems to be present solely within a narrow photon energy 
range around 11.2 eV. Although this m/z 69 fragment has been 
observed in two different tetrazine samples we cannot rule out 
completely that it is due to an impurity. The fact that this 
fragment is negligible in conventional (or pseudo) mass spectra 
is not surprising. This is because such a mass spectrum basically 
represents the result of the convolution of the integral of breakdown 
curves, from the first ionization threshold up to the nominal 
ionizing energy, with the internal energy distribution of the parent 
ion given approximately by the photoelectron spectrum. Since 
the m/z 69 ion appears in the Franck-Condon gap between the 
ground and first excited states, its contribution of the total mass 
spectrum could well be negligibly small. It is also not surprising 
that this ion was missed by the charge exchange experiments since, 
as already pointed out, the energy deposited to the tetrazine ion 
at 11.2 eV is in fact considerably less than the nominal energy 
of OCS+ or C2H2

+. 
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Table II. Thermochemistry of J-Tetrazine Ion Dissociation 

species 

C2H4H2 
C2N4H2

+ 

C2N2H2
+ 

C2N2H+ 

C2N2
+ 

HCNH+ 

CN4H+ 

N2H2
+ 

HCN+ 

N2
+(X2S8

+) 

HCN2
+ 

CH+ 

m/z 

82 
54 
53 
52 

28 
69 
30 
27 
28 

41 
13 

" Reference 20. 

A#f"»8. 
kJ/mol 

427.8" 

-
-
-

1597' 

941* 

-
-

1447' 
1503.3' 

-
1619' 

appearance 
energy, (eV) 

-
9.24* 

10.20* 

-— 

10.50' 
11.00' 

< 11.20' 
11.40' 

<21 e V 
<21 e V 

precursor 

-
-
C2N4H2

+ 

C2N2H2
+ 

C2N2H2
+ 

(or C2N2H+) 
C2N2H2

+ 

C2N4H2
+ 

HCNH+ 

C2N4H2
+ 

C2N2H2
+ 

'Reference 8. 'This work. ''Reference 21 

neutral 
fragment 

-
-
N2 

H 
H2 (or H) 

CN 
CH 

2HCN (or 
C2N2H2) 

CH 

. 'Reference 22. 

From the breakdown curves of Figure 3, we have also extracted 
the appearance energies of major fragments, i.e., m/z 54, 28, 69, 
and 27. For others, such as m/z 30, 41, or 13, we have indicated 
the lowest photon energy for which the corresponding fragment 
has been observed. These values are reported in Table II together 
with heats of formation found in the literature.2^22 

IV. Discussion 
A. Structure of Fragment Ions. The determination of the 

structure of fragment is not straightforward because distinguishing 
N2

+ from H2CN+ (m/z 28) or C2N2H2
+ from CN3

+ (m/z 54) 
requires isotope labeling. If these fragments have stable structures 
on the time scale of the observation (a few microseconds), we can 
safely eliminate CN3

+. This ion (or the corresponding neutral) 
has not been observed to the best of our knowledge. In contrast, 
N2

+ and H2CN+ have been found in ion-molecule reactions by 
Viggiano et al.23 and in the dissociation of pyrazole and imidazole 
ions by Main-bobo et al.24 

The structure of m/z 54 (C2N2H2
+) requires consideration of 

several possible isomers. Experimental information is very scarce 
on this ion. A photoelectron study by Osman and Kroto25 on 
(Z)-c-cyanoformimine N=CCH=NH found the first IP to be 
at 10.6 eV. There is considerably more information available on 
the isomers of the neutral species. In Table III, we give the relative 
energies of the possible isomers of neutral C2N2H2 as calculated 
by Clemmons et al.12 relative to two isolated HCN molecules. 
These values are found to be satisfactory when compared with 
the available experimental observations reported in ref 12. Out 
of the seven isomers in Table III, there are only two forms that 
have significant stability compared to 2HCN, i.e., isomer I 
((Z)-ocyanoformimine) and isomer II, the linear van der Waals 
dimer HC=N-HC=N. 

The ordering in energy for these isomers may be quite different 
in their ionic forms. Isomer VII can be eliminated because it 
cannot reasonably have an IP smaller than 9 eV. Isomer VI is 
a dissociation product and cannot account for the C2N2H2

+ ions 
formation. Isomer HI probably has an IP close to that of isomer 
I, i.e., ~10.6 eV; in both cases it corresponds to the ionization 
from a nitrogen electron lone pair in similar C2N2H2 isomer 
structures. Isomers IV and V probably have a lower IP because 
it most probably corresponds to the ejection of a carbon electron 
lone pair. It has been shown by Jorgensen and Salem27 that the 

(20) Cox, J. D.; Pilcher, G. Thermochemistry of Organic and Organo-
metallic Compounds; Academic: New York, 1970. 

(21) Federer, W.; Villinger, H.; Lindinger, W.; Ferguson, E. E. Chem, 
Phys. Lett. 1986, 123, 12. 
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Chem. 1977, Ref. data 6, Suppl. No. 1. 

(23) Viggiano, A. F.; Howorka, F.; Albritton, D. L.; Fehsenfeld, F. C. 
Adams, N. G.; Smith, D. Astrophys. J. 1980, 236, 492. 

(24) Main-bobo, J.; Olesik, S.; Gase, W.; Bear, T.; Mommers, A. A. 
Holmes, J. L. J. Am. Chem. Soc. 1986, 108, 677. 
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119. 
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Figure 4. Thermochemistry diagram for the dissociation of the s-tetra-
zine ion into m/z 54 and 28. The structure of the C2N2H2

+ fragment 
ion has been chosen arbitrarily to be that of isomer I (see text for details 
regarding the assumptions). The two arrows indicate the appearance 
energies of C2H2N2

+ (10.2 eV) and HCNH+ (10.5 eV). 

IP of H - N = C H 2 (N lone pair ionization) is 11 eV, -0.7 eV 
higher than the IP (10.34 eV) of C = N - C H 3 (C lone pair ion­
ization). The case of isomer II, the HCN dimer, is more com­
plicated. At a first glance, we would suppose that its IP is close 
to that of an isolated HCN molecule, i.e., 13.6 eV.26 However, 
as the HCN+ + HCN — H2CN+ + CN reaction is exothermic 
by ~2.2 eV, it probably rearranges very quickly in the more stable 
H2CN+-CN van der Waals ion, as it does in the case of the H2O 
ionic dimers (H2O

+-H2O — H3O+-OH). This effect would give 
an IP of ~ 11.1 eV for isomer II, the difference between the IP 
of HCN and the sum of the exothermicity of the above reaction 
plus the van der Waals bond energy (=0.3 eV). In summary, the 
above considerations suggest a comparable stability to the I, II, 
HI, IV, and V isomer structures of C2N2H2

+, as reported in Table 
HI. 

The 11.2-eV spectrum (Figure 2) shows that m/z 53 and 52 
fragments are as abundant as m/z 54. They are identified as 
C2N2H

+ and C2N2
+ ions. Their existence also supports the 

identification of m/z 54 as being C2N2H2
+; the C2N2

+H+ (m/z 
53 ion) may result from the loss of H and may form an ion of 
the type N=CCH=N+. The C2N2

+ formation (in its well-known 
cyanogen form) requires either the loss of the H2 from m/z 54 
or the additional loss of an H atom from m/z 53. On energetic 
grounds, we suggest the loss of H2 from C2N2H2

+. 
We now turn to the m/z 28 fragment that is prominent in our 

spectra. This fragment corresponds either to N2
+ or HCNH+. 

For comparison, we calculate the energy of the two limits HCNH+ 

+ CN + N2 and N2
+ + 2HCN, taking the ground state of neutral 

5-tetrazine at the origin of the potential energy. The N2 + 2HCN 
dissociation limit of neutral .y-tetrazine has been estimated by 
Coulter et al.2 to be -2.21 eV. The first N2 IP is well-known22 

and is 15.58 eV. We readily obtain 13.37 eV for the thermo-
dynamical limit N2

+ + 2HCN. In contrast, the IP of HCNH 
is unknown. However, knowing that (i) the dissociation of HCN 

(28) Lias, S. G.; Libmann, J. F.; Levin, R. D. / . Phys. Chem. Ref. Data 
1984, 13, 695. 
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Table III. H2C2N2 and H2C2N2
+ Isomers: Stabilities and First Ionization Potential (IP) 

Ia 

Ib 

II 

III 

IVa 

IVb 

V 

VI 

VII 

H2C2N2 

isomers 

H ^ C ^ 

H — C s s N " . H - C B i N 

^ • N 
H ^ ^ 

H ^ 

H—CS«N + H—CssN 

^ N = C ^ 
X H 

H 

]>—C 
H 

Hj + N S s C - C S S N 

A 

calculated relative 
energy of neutral" 

kJ/mol 

-29.8 

-29.1 

-26.3 

-2.8 

0 

8.1 

10.8 

51.2 

81.4 

236.9 

eV 

-0.309 

-0.302 

-0.273 

-O.029 

0 

0.084 

0.112 

0.532 

0.845 

2.462 

IP (eV) 

10.6' 

10.6C 

~11.1 ' ' 

~10.6d 

13.6« 

9.9 < IP < 10.6^ 

9.9 < IP < 10.6^ 

9.9 < IP < 10.6^ 

13.374 
(C2N2) or 15.42 ( H 2 / 

relative energy of ionic 
isomers with respect to 

ground-state neutral 
s-tetrazineft (eV) 

8.08 

8.088 

8.92 

8.36 

11.39 

7.77 < E < 8.47 

7.80 < E < 8.50 

8.22 < E < 8.92 

12.00 or 14.05 

"Reference 12. 1 eV = 96.226 kJ/mol. *This value is calculated by talcing the 2HCN energy at -2.21 eV with respect to ground state s-tetrazine. 
'Reference 25. ''Estimation this work. 'First IP from ref 26. ^Reference 22. 

into H + CN requires 4.3 eV,20 (ii) the ionization potential of 
H is 13.6 eV, and (iii) the proton affinity of HCN is 7.45 eV,27 

we then conclude that this dissociation limit, HCNH + + CN + 
N2, lies 10.45 eV above the N2 + 2HCN one, and is therefore 
at 8.24 eV. Consequently, from the observation of m/z 28 below 
13.37 eV photon energy we conclude that the m/z 28 is the 
HCNH+ ion and not N2

+ . 
The fragmentation pathways are summarized in Figure 4. We 

made use of the first adiabatic IP of s-tetrazine from the work 
of Fridh et al.,8 the activation energy for triple dissociation of the 
neutral molecule,5 and the determination of the relevant ther-
modynamical limits. Figure 4 also contains some information on 
the dissociation dynamics, which we shall address in the next 
section. 

B. Dynamics of Dissociation. The appearance energies shown 
in Table II for m/z 54, 28, and 27 can be used to extract activation 
energies, only if the nature of the precursor is established. One 
important question here is this: does the m/z 28 (HCNH+) 
originate from the parent ion in competition with the m/z 54 
(C2N2H2

+) production, or is it produced via a secondary event 
through the following sequence—m/z 82 -* m/z 54 -* m/z 28? 
From the abundance ratio of m/z 54 to m/z 28 (Figure 3) one 
observes that the latter appears at the expense of m/z 54. Either 
we are dealing with competing fragmentations and the rate for 
m/z 82 -* m/z 28 is much larger than the rate for m/z 82 —• 
m/z 54, or these dissociation processes are sequential and the m/z 
54 abundance is ruled primarily by the m/z 28 appearance. In 
fact, we favor the sequential dissociation picture because of the 
following reasons. 

In the competing fragmentation case, both the m/z 54 and 28 
fragments are formed from the ground state of the ion. This means 
that both the lowest energy dissociation into two fragments and 
the somewhat higher energy dissociation into three fragments occur 
on the same electronic surface. The onset of m/z 54 is about 0.2 
eV below that for m/z 28. Thus the rate of m/z 54 formation 
at the energy of the m/z 28 onset is already large. It is highly 
improbable, following conventional statistical theory, that the rate 
of triple dissociation should be faster than the lower energy m/z 
54 formation. This contrasts the neutral molecule fragmentation 
case for which the lowest energy dissociation is to the three 
products. 

The formation of m/z 28 (HCNH+) clearly involves a rear­
rangement. This is inherently a slow reaction, probably slower 
than the loss of N2 from the parent ion to form the m/z 54 
fragment. The formation of HCNH+ with its rearrangement is 
another contrast between the neutral and ionic reactions. In the 
neutral case, the formation of two HCN molecules with N2 does 
not need any rearrangement. 

Consequently, we suggest that the first step of the parent ion 
dissociation involves the breaking of two C-N bonds and the 
opening of the ring into a "quasilinear" fragment H C = N — N = 
CH+, which is unstable and rearranges itself to a more stable form. 
The stable structure can be one of the isomer ions (I, II, III, IV, 
or V, discussed before). This ion then loses a CN molecule and 
produces HCNH+. It also loses H to form m/z 53 and H2 to form 
m/z 52. But, at this stage, in the absence of detailed information 
on the appearance energy of m/z 53 and 52, we cannot claim 
whether these hydrogen losses compete with the CN loss or not. 
It is interesting to note the difference between the dissociation 
of neutral s-tetrazine into three fragments (N2 + 2HCN) and the 
dissociation of s-tetrazine ion into two fragments (N2 + C2N2H2

+). 
The stabilization of the H C = N — N = C H + intermediate, by the 
positive charge, is a key factor. 

The reverse reactions exhibit large activation barriers (Figure 
4) 2.11 eV for C2N2H2

+ + N 2 - C2N4H2
+ and 2.26 eV for 

HCNH + + C N - C2N2H2
+. Such large reverse activation 

barriers suggest a large kinetic energy release in the dissociation. 
In the present case, we were unable to measure any broadening 
of the m/z 54 because of poor statistics and the presence of m/z 
53 and 52 fragments. However, the broadening of m/z 28 can 
be observed at 11.2 eV. Notice that the loss of CN from C2N2H2

+ 

leads to the breaking of a single bond into two fragments of almost 
equivalent masses. Therefore, the undectected CH fragment 
should carry away the same translational energy. The formation 
of m/z 54 favors the undetected N2 fragment for carrying 2 /3 of 
the translational energy. The extent to which the reaction co­
ordinate is coupled to the content of the fragment is not known 
at this point. 

Finally, a few remarks regarding the formation of m/z 27 
(HCN+). This ion was found to appear at 11.4 eV, which is 
exactly the thermodynamical limit for HCN+ + HCN + N2 

calculated from the first adiabatic IP of HCN.26 Unlike the 
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previous fragmentation processes, it is likely that the HCN+ 

formation, which has no reverse activation barrier, probably is 
another m/z 54 dissociation channel with, of course, no kinetic 
energy release in the dissociation. 

V. Conclusions 
We have studied the photon selection of the s-tetrazine ion 

chemistry using synchrotron radiation in the 9-22 eV energy range. 
The 5-tetrazine parent ion is found to dissociate at internal energies 
lower than the first excited state. This is reminiscent of the 
dissociation of the neutral molecule below the S] onset. In contrast 
to neutral 5-tetrazine, the lowest parent ion dissociation path is 
to two fragments, N2 + C2N2H2

+, with an activation energy of 
0.96 eV (at 10.2 eV photon energy). Calculations of relative 
stabilities of C2N2H2

+ isomers would help in positively identifying 
the structure of this C2N2H2

+ fragment. The loss of CN from 
C2N2H2

+ is found to explain the further appearance of m/z 28 
at 10.5 eV, which is identified as HCNH + and not N2

+ (from 
thermochemistry). HCN+ is found to appear at its thermody-
namical limit around 11.4 eV. The overall fragmentation of 
s-tetrazine ion involves the formation of N2 + CN + HCNH + 

via sequential dissociation steps (Figure 4). The nature of the 
process and products contrasts that of the neutral molecule case. 
This is probably because the large proton affinity of HCN favors 
the formation of HCNH + + CN + N2 rather than HCN + 

The combined application of mass spectrometric and radiolytic 
techniques was recently exploited to investigate the pinacol re­
arrangement of l,2-dimethylcyclopentane-l,2-diols, promoted by 
gaseous Bronsted acids, and to show how the stereochemistry of 
the starting glycol influences the rate of the reaction.1 In par­
ticular, methyl group participation in the rate-limiting loss of a 
water molecule was shown to take place in the cis epimer, which 
rearranges faster than the trans one to 2,2-dimethylcyclopentanone. 

The study of the pinacol rearrangement in a gaseous environ­
ment allows one to follow the evolution of the protonated substrate 
along the reaction coordinate, in the absence of strong solvation 
interactions with the medium and competitive isomerization 
processes, thus displaying some stereochemical aspects which do 
not show up in solution experiments. This prompted us to extend 

* University of Roma. 
' University of Camerino. 

HCN+ + N2 or N2
+ + 2HCN, which requires higher internal 

energies. 
Further investigation of the kinetic energy release and the rate 

constants of these dissociation pathways should provide further 
details of the steps involved, especially in cases where the reverse 
activation barriers are large. We plan further studies of the neutral 
fragmentation and ion kinetic energy distributions. 
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the investigation to the rearrangement of 1,2-dimethylcyclo-
hexane-l,2-diols (1), where the interplay of the stereochemistry 
of the reacting centers and the conformation of the substrates could 
help understanding the overall picture of the reaction mechanism. 

The same reaction was studied in solution (H20/HC104),2 ,3 

where cis- and trans-1 both gave some 2,2-dimethylcyclohexanone 
(2) together with predominant amounts of 1-acetyl-1-methyl-
cyclopentane (3). The rearrangement is accompanied by isom­
erization of one diol to the other and 18O exchange with the solvent. 
The data supported an A-I mechanism and a common carbenium 
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(2) (a) Nametkin, S.; Delectorsky, N. Chem. Ber. 1924, 57, 583. (b) 
Bartlett, P. D.; Pockel, I. J. Am. Chem. Soc. 1937, 59, 820. (c) Meerwein, 
H. Liebigs Ann. Chem. 1939, 542, 123. 

(3) Buton, C. A.; Carr, M. D. J. Chem. Soc. 1963, 5854. 

Stereochemical Effects in the Gas-Phase Pinacol 
Rearrangement. 2. Ring Contraction versus Methyl 
Migration in cis- and fraH.s-l,2-Dimethylcyclohexane-l,2-diol 

Giulia de Petris,f Pierluigi Giacomello,*1 Adriano Pizzabiocca,' Gabriele Renzi,1 and 
Maurizio Speranza1 

Contribution from the Universita di Roma "La Sapienza", 00185 Rome, Italy, and the 
Dipartimento di Scienze Chimiche, Universita di Camerino, 62032 Macerata, Italy. 
Received June 29, 1987 

Abstract The gas-phase pinacol rearrangement of cis- and f7ww-l,2-dimethylcyclohexane-l,2-diols, promoted by D3
+, CH5

+/C2H5
+ 

and J-C4H9
+ ions, was studied by mass spectrometric and radiolytic methods in the pressure range 0.5-760 Torr. When product 

isomerization is inhibited, by using N(CH3)3 as a trapping reagent at high pressure, mixtures of 2,2-dimethylcyclohexanone 
and 1-acetyl-1-methylcyclopentane were recovered from the reaction. In methane, the trend of the measured relative rates 
for ring contraction (i5), methyl or hydroxyl group migration (k6) versus the rearrangement rate of pinacol itself (kp), is k6(trans) 
=* k$(trans) > ks(cis) > k6(cis) > kp. No evidence for the formation of an intermediate carbenium ion was found. Stereochemical 
aspects of the mechanism are discussed and compared with solution data. 
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