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The unimolecular dissociation reactions of the methylhydrazine (MH) and tetramethylhydrazine (TMH) radical
cations have been investigated using tandem mass spectrometry and threshold photoelectron photoion
coincidence spectroscopy in the photon energy ranges 9.60-31.95 eV (for the MH ion) and 7.74-29.94 eV
(for the TMH ion). Methylhydrazine ions (CH3NHNH2

+•) have three low-energy dissociation channels:
hydrogen atom loss to form CH2NHNH2

+ (m/z 45), loss of a methyl radical to form NHNH2+ (m/z 31), and
loss of methane to form the fragment ionm/z 30, N2H2

+•. Tetramethylhydrazine ions only exhibit two
dissociation reactions near threshold: that of methyl radical loss to form (CH3)2NNCH3

+ (m/z 73) and of
methane loss to form the fragment ionm/z 72 with the empirical formula C3H8N2

+•. The experimental
breakdown curves were modeled with Rice-Ramsperger-Kassel-Marcus theory, and it was found that,
particularly for methyl radical loss, variational transition state theory was needed to obtain satisfactory fits to
the data. The 0 K enthalpies of formation (∆fH0) for all fragment ions (m/z 73, m/z 72, m/z 45, m/z 31, and
m/z 30) have been determined from the 0 K activation energies (E0) obtained from the fitting procedure:
∆fH0[(CH3)2NNCH3

+] ) 833( 5 kJ mol-1, ∆fH0 [C3H8N2
+•] ) 1064( 5 kJ mol-1, ∆fH0[CH2NHNH2

+] )
862 ( 5 kJ mol-1, ∆fH0[NHNH2

+] ) 959 ( 5 kJ mol-1, and ∆fH0[N2H2
+•] ) 1155 ( 5 kJ mol-1. The

breakdown curves have been measured from threshold up tohν ≈ 32 eV for both hydrazine ions. As the
photon energy increases, other dissociation products are observed and their appearance energies are reported.

Introduction

Cations containing two nitrogen atoms in their backbone have
been the subject of only a few experimental and theoretical
studies.1-4 Most of the investigations, carried out in the 1970s,
concerned the photoelectron spectroscopy of the azo compounds
(R1N)NR2) and some hydrazine derivatives (R1R2N-
NR3R4).5-7 The properties of the azo and hydrazine compounds
depend on the nature of the substituent R groups. The azo dyes
have been traditionally extremely important to industry due to
their high stability and to their electronic transitions that occur
in the visible region. When R is a relatively stable alkyl radical,
the azo dyes become thermally labile and constitute an important
class of polymerization initiators. The practical properties of
these azo and hydrazine compounds rest mainly on their
electronic structure and thermochemistry. That being said, there
is a dearth of information on the thermochemistry of N2

containing free radicals and cations.
Hydrazine and five methyl-substituted hydrazine derivatives

were studied almost 50 years ago by Dibeler et al.8 using
electron ionization (EI) mass spectrometry. They reported the
appearance energies (AEs) and ionic enthalpies of formation
(∆fH) of the observed fragment ions. Their reported∆fH were
calculated from the AEs of the fragment ions and from∆fH
reported by Harshman9 for the neutral molecules hydrazine,

methylhydrazine, 1,1- and 1,2-dimethylhydrazine. However, the
enthalpies of formation for trimethylhydrazine and tetrameth-
ylhydrazine were estimated using the group equivalents method10

and were subsequently found to be erroneous.11

Between 1989 and 1994, three papers1,3,4 were published on
CH5N2

+ ions. In the first, Burgers et al.1 studied the CH5N2
+

hydrazyl radicals and cations by mass spectrometry. Four distinct
singly charged CH5N2

+ ions were generated from three different
molecular ions, and the∆fH of the CH5N2

+ cations were
determined from their measured AEs. As will be seen later, their
∆fH values are lower by 50-100 kJ mol-1 than those presently
determined. In 1992, the group4 reinvestigated some aspects of
the CH5N2 potential energy surface based on their previous
experimental results1 and concluded that the reported AEs for
the methyl losses from methylhydrazine, 1,1- and 1,2-dimeth-
ylhydrazine were not reliable because of interferences from
traces of amines. New enthalpies of formation of the CH5N2

+

fragment ions were also reported as well as proton affinities
(PA) for HNNH, CH3N)NH, and CH3N)NCH3. Two years
later, Nguyen3 investigated hydrogen cyanide loss from CH5N2

+

cations using ab initio molecular orbitals calculations. He also
reported enthalpies of formation for the CH5N2

+ ions along with
PA values for diazene and methyldiazene. Recently a book12

on assigning structures to gas-phase ions was published contain-
ing some thermochemistry for CH5N2

+ (m/z 45) and C3H8N2
+•

(m/z 72) fragment ions. No reported structures were available
for fragment ions C3H9N2

+ (m/z 73).
Most of the previously reported∆fH for NN-containing ions

were determined from measurements of onset AEs for the
fragment ions. However, when extracting meaningful thermo-
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chemical information from AE determinations there are a
number of potential problems. First, any rearrangement reaction
usually has at least one energetic barrier associated with a
transition state that can cause the AE to be higher than the true
thermochemical threshold (i.e., there is a reverse energy barrier
in the reaction). Second, competitive and kinetic shifts can affect
the AEs.13 Third, if the AE measurements were performed using
electrons with a broad energy distribution, the true onset can
be difficult to determine. As will be shown in the present study,
the∆fH values previously determined from AE measurements
for a variety of NN-containing ions are found to be inaccurate.

The present work is part of a larger investigation of NN-
containing ions. We have previously studied three methyl-
substituted hydrazine compounds (methylhydrazine (MH), 1,1-
dimethylhydrazine (UDMH), and tetramethylhydrazine (TMH)),
using high-resolution threshold and conventional photoelectron
spectrocospy in the photon energy range of 7-32 eV.11,14 In
that study, we were able to measure the adiabatic and vertical
ionization energies of all three hydrazine compounds and gain
some insight into the inner valence molecular orbitals. Enthalpies
of formation of the neutral and ionic hydrazine derivatives were
also obtained from ab initio calculations. We then carried out a
threshold photoelectron photoion coincidence spectroscopy
(TPEPICO) study on 1,1-dimethylhydrazine ions15 to measure
the breakdown curves as a function of photon energy and ion
residence time in the threshold region.∆fH values were
determinedfor its two lowestenergy fragment ions: CH3N)NH2

+

(m/z 45) and (CH3)(CH2)NNH2
+ (m/z 59). The effects of the

entropy of activation (∆Sq) on both unimolecular dissociations
of the UDMH ions were investigated by modeling the experi-
mental breakdown curves using a simple form of variational
transition state theory (VTST). We now present TPEPICO
studies on methylhydrazine and tetramethylhydrazine ions. The
breakdown curves of both hydrazine ions were modeled using
the simplified form of VTST that we employed previously for
1,1-dimethylhydrazine ions.∆fHs for a series of NN-containing
ions are derived from experiment and calculated at the modified
G3 level of theory: N2H2

+• m/z 30, NHNH2
+ m/z 31, CH2-

NHNH2
+ m/z 45, C3H8N2

+• m/z 72, and (CH3)2NNCH3
+ m/z

73. These values allow us to explore methyl substitution effects
on NN-containing ion∆fH as well as to determine the proton
affinities of several NN-containing neutral molecules.

Experimental Procedures

Experimental Overview. The TPEPICO experiments have
been carried out at the Daresbury Laboratory synchrotron
radiation source. The TPEPICO spectrometer,16 the 5 m normal
incidence monochromator,17 and the experimental procedures18

have been described in detail previously.
A pulsed extraction technique allowed the breakdown curve

to be recorded as a function of parent ion residence time in the
interaction region by changing the time between the detection
of the threshold electron and the application of the ion drawout
field.16,18 The residence time is defined as the period between
the creation of the electron-ion pair and the application of the
pulse and is given by the transit time of the electron added to
the electronic signal processing time. The minimum residence
time in the current apparatus has been measured as 1.116(
0.050µs using the experimental procedure described in Holland
et al.16 The breakdown curve of methylhydrazine in the first
crossover region (between hν ≈ 9.64 and 11.04 eV) has been
measured for four ion residence times,tres) 1.116, 3.116, 5.116,
and 7.116µs, while the breakdown curve of tetramethylhydra-
zine in the first crossover region (between hν ≈ 8.62 and 11.02

eV) has been measured for three ion residence times,tres )
1.116, 3.116, and 5.116µs. The electron transmission function
used in the convolution of the calculated breakdown curves was
derived from a threshold electron spectrum obtained from the
photoionization of krypton in the region of the2P1/2 ionization
limit under the conditions used in the TPEPICO measurements.16

The mass-analyzed ion kinetic energy (MIKE) and collision-
induced dissociation (CID) experiments were performed on a
modified VG ZAB mass spectrometer19 incorporating a mag-
netic sector followed by two electrostatic sectors (BEE geom-
etry). Ions were generated in the ion source by electron
ionization. The pressure inside the ion source was kept at∼
1.0× 10-5 Torr as measured with an ionization gauge located
above the ion source diffusion pump. CID experiments were
performed using helium as the target gas. The helium pressure
in the collision cell was approximately 8.0× 10-8 to 1.0 ×
10-7 Torr corresponding to a beam reduction of 10%. Deuterium
exchange experiments were done with D2O. The glass capillary
inlet was flushed four times with 10µL of deuterium oxide
prior to the introduction of methylhydrazine. A peak withm/z
49 was observed corresponding to the deuterated methylhydra-
zine ion (CH3NDND2

+•). Kinetic energy release (KER) mea-
surements were made in the usual manner.13

Materials. Methylhydrazine, tetramethylhydrazine (Aldrich,
> 97%), and deuterium oxide (MSD Isotopes, 99.9% D) were
used without further purification for the MIKE, CID, and KER
experiments. For the TPEPICO experiments, the samples were
subjected to three freeze-pump-thaw cycles to remove air.

Computational Procedures. Ab initio molecular orbital
calculations were performed using the Gaussian 9820 suite of
programs. The methylhydrazine and tetramethylhydrazine ions
and all their fragment ions and neutrals were optimized at the
B3-LYP/6-31+G(d) level of theory in accordance with a
previous assessment carried out for 1,1-dimethylhydrazine
ions.15 A modified G3 (mG3) protocol21,22 based on the
optimized B3-LYP/6-31+G(d) geometries and scaled B3-LYP
ZPE (scaling factor) 0.9806) was used to calculate the
enthalpies of formation of all (fragment) ions and neutrals. The
mG3 energies are found in Table 1.

Potential energy curves were calculated at the B3-LYP/6-
31+G(d) level of theory for each simple bond cleavage reaction
following the procedure outlined previously for ionized 1,1-
dimethylhydrazine.15 Briefly, each potential energy curve was
generated by optimizing the geometry of the dissociating ion
at incrementally increasing bond lengths (in 0.1 Å steps) until
the energy reached a plateau at the separated products. For
example, for the hydrogen loss channel from the methylhydra-
zine ions the dissociating complex ion structures were optimized
from the equilibrium bond length atRC-H ) 1.097 Å up toRC-H

) 2.597 Å. The vibrational frequencies and the rotational
constants were calculated at each step.

The effective transition state at a given internal energy was
located by finding the molecular configuration along the
potential energy curve that gave the minimum rovibrational sum-
of-states (Nq).15,23As there are obvious limitations in the above
approach, it was used only to locate the transition states. The
vibrational frequencies of these molecular configurations were
used as adjustable parameters to obtain a fit to the experimental
breakdown curves according to the procedure outlined previ-
ously.15 The variationalk(Eint) vs Eint were convoluted with the
electron transmission function, the monochromator bandpass,
and the thermal population distribution of the neutral methyl-
hydrazine or tetramethylhydrazine molecule. The sets of rate
constants were constructed by combining the rate constants
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corresponding to each transition state (for example, see Sup-
porting Information, Table S1 from Boulanger et al.)15

For the rearrangement channels involving methane loss, no
potential energy curve was calculated. The transition state
properties were estimated using the vibrational frequencies of
the methylhydrazine or tetramethylhydrazine ion. The vibrational
mode corresponding to the C-N stretch was removed and the
five lowest vibrational frequencies were scaled until a good fit
was obtained to the experimental curve form/z 30 (for the MH
ion) or m/z 72 (for the TMH ion). To fit the experimentalm/z
72 breakdown curves for the tetramethylhydrazine ion, a set of
two estimated transition states was used. More will be said about
this in Results and Discussion.

The rovibrational entropy of activation,∆Sq
rovib, was deter-

mined for all dissociation channels according to the East and
Radom24 procedure for the computation of third-law entropies.
In their free rotor model, the internal moment of inertia was
estimated to be between 3.0-3.1 amu Å2.24 In the case of the
hydrogen loss channel from the methylhydrazine ion, the
hydrogen atom comes from the methyl group. Therefore, the
system was treated as having no free rotors in the transition
states. For the methane loss channel from methylhydrazine ion,
the transition state was treated as having no free rotor while
for the same channel from tetramethylhydrazine ion, the tran-
sition states were treated as having only two free methyl rotors.

Results and Discussion

Reaction Mechanisms.The MIKE mass spectrum of ionized
methylhydrazine exhibits one peak withm/z 45 corresponding
to loss of a hydrogen atom. The CID mass spectrum of this

metastably generatedm/z45 ion is distinct from that of the CH3-
NNH2

+ ion generated by methyl loss from metastable 1,1-
dimethylhydrazine ions15 (Figure 1a,b). The doubly charged ion
and fragment ion atm/z 31 are not observed in the CID mass
spectrum of the latter ion. CH3NDND2

+• and (CH3)2NND2
+•,

generated by deuterium exchange experiments on methylhy-
drazine and 1,1-dimethylhydrazine, gave different fragment ions
in their MIKE mass spectra (eqs 1 and 2), indicating that the

TABLE 1: Absolute and Relative Energiesa of the Fragment Ions and Neutrals of the Methylhydrazine and
Tetramethylhydrazine Ions at the B3-LYP/6-31+G(d) and mG3b Levels of Theory

absolute energies (hartrees) relative energies (eV) relative energies (kJ mol-1)

structuresc B3-LYP/6-31+G(d) mG3 B3-LYP/6-31+G(d) mG3 B3-LYP/6-31+G(d) mG3

CH3NHNH2
+• -150.8266743 -150.7565816 0.000 0.000 0 0

CH2NHNH2
+ + H• -150.7362703 -150.6742534 2.460 2.240 237 216

CH2NNH3
+ + H• -150.7287432 -150.6672078 2.665 2.432 257 235

CH3NNH2
+ + H• -150.7223496 -150.6562740 2.839 2.730 274 263

CH3NHNH+ + H• -150.7173799 -150.6551809 2.974 2.759 287 266
NHNH2

+ + CH3
• -150.7188970 -150.6569799 2.933 2.710 283 262

N2H2
+•(trans)+ CH4 -150.7409085 -150.6724733 2.334 2.289 225 221

N2H2
+•(iso) + CH4 -150.7388647 -150.6687910 2.389 2.389 231 230

N2H2
+•(cis) + CH4 -150.7308069 -150.6633196 2.609 2.538 252 245

N2H2
+•(trans)+ CH3

• + H• -150.5780558 -150.5096770 6.765 6.719 653 648
N2H2

+•(iso) + CH3
• + H• -150.5760120 -150.5059947 6.821 6.819 658 658

N2H2
+•(cis) + CH3

• + H• -150.5679542 -150.5005233 7.040 6.968 679 672
(CH3)2NN(CH3)2

+• -268.7000736 -268.5731606 0.000 0.000 0 0
(CH3)2NNCH3

+ + CH3
• -268.6352819d -268.5085848d 1.763d 1.757d 170d 170d

-268.6352030e -268.5085199e 1.765e 1.759e 170e 170e

C3H8N2
+• isomer I+ CH4 -268.6571618d -268.5254477d 1.168d 1.298d 113d 125d

-268.6572195e -268.5255170e 1.166e 1.296e 113e 125e

C3H8N2
+• isomer II+ CH4 -268.6591778 -268.5268281 1.113 1.261 107 122

C3H8N2
+• isomer III + CH4 -268.6713717 -268.5367966 0.781 0.990 75 95

C3H8N2
+• isomer IV+ CH4 -268.6713037 -268.5417432 0.783 0.855 76 82

C3H8N2
+• isomer V+ CH4 -268.6822996 -268.5465742 0.484 0.723 47 70

C3H8N2
+• isomer VI+ CH4 -268.6359898 -268.5028961 1.744 1.912 168 184

C3H8N2
+• isomer VII + CH4 -268.6382087 -268.5042794 1.683 1.874 162 181

C3H8N2
+• isomer VIII + CH4 -268.7030893 -268.5768428 -0.082 -0.100 -8 -10

C3H8N2
+• isomer IX+ CH4 -268.6739672 -268.5451725 0.710 0.762 69 73

a The absolute and relative energies have been corrected for ZPE (scaling factor) 0.9806).b Modified G3 protocol based on optimized B3-
LYP/6-31+G(d) geometries and scaled B3-LYP ZPE.21,22 c The methylhydrazine ion, CH3NHNH2

+•, its fragment ion CH2NHNH2
+, the

tetramethylhydrazine ion, (CH3)2NN(CH3)2
+•, the trimethylhydrazyl fragment ion (CH3)2NNCH3

+, and C3H8N2
+• isomers (I to VIII) belong to the

C1 point group. Fragment ions CH2NNH3
+, CH3NNH2

+, CH3NHNH+, HNNH2
+, and C3H8N2

+• isomer IX belong to theCs point group. Cis-diazene
and iso-diazene belong to theC2V point group. Trans-diazene belongs to theC2h point group. The methyl radical belongs to theD3h point group and
methane belongs to theTd point group. The trimethylhydrazyl fragment ion (CH3)2NNCH3

+ and C3H8N2
+• isomer I fragment ion can also belong

to theCs point group.d Energy when fragment ion belongs to theC1 point group.e Energy when fragment ion belongs to theCs point group.

Figure 1. Portions of the CID mass spectra of (a) metastable fragment
ion m/z 45, CH2NHNH2

+, from the methylhydrazine ion and (b)
metastable fragment ionm/z 45, CH3NNH2

+, from the 1,1-dimethyl-
hydrazine ion.
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structures of the two nonlabeled fragment ions withm/z 45
(CH5N2

+) are different:

There are six possible isomers of the CH5N2
+ fragment

ion:12 CH2NHNH2
+, CH2NNH3

+, CH3NNH2
+, CH3NHNH+, cy-

C(H2)N(H)N(H2)-+, and [HNCsNH4]+. The isotopic labeling
shows that the hydrogen atom is lost from the methyl group of
ionized methylhydrazine to form the CH2NHNH2

+ fragment ion
in agreement with earlier work on the formation of this isomer.1,4

Calculations at the B3-LYP/6-31+G(d) level of theory and with
the modified G3 protocol indicate that the formation of CH2-
NHNH2

+ is also the most energetically favorable one for the
hydrogen loss channel of ionized methylhydrazine. This isomer
is approximatively 30 kJ mol-1 lower in energy than CH3NNH2

+

and CH3NHNH+ at the mG3 level of theory. TheT0.5 value
associated with H loss is 81 meV (van Garderen et al.4 reported
a similar KER,T0.5 ) 75 meV), indicating that this reaction is
unlikely to proceed with a large reverse energy barrier. In the
CID mass spectrum of the methylhydrazine ion, fragment ions
m/z 31 andm/z 30 are observed corresponding to N2H3

+ and
N2H2

+•, respectively. These two ions are also observed in the
first crossover region of the breakdown curve of methylhydra-
zine ions. Fragment ionm/z 31 corresponds to the loss of a
methyl radical to form NHNH2+ (T0.5 ) 63 meV) while
fragment ionm/z 30 corresponds to a rearrangement leading to
the loss of methane. Three isomeric structures are possible for
m/z 30: iso-diazene (NNH2+•), trans-diazene, or cis-diazene
(HNNH+•). The structure of this fragment ion has been
determined from the VTST fits of the methylhydrazine ion
breakdown curves (see Variational Fits) to be either iso-diazene
or trans-diazene.

The tetramethylhydrazine ion has only one peak in its MIKE
mass spectrum atm/z 73 corresponding to the loss of a methyl
radical to form (CH3)2NNCH3

+. TheT0.5 value associated with
the reaction is only 13 meV, indicating that this reaction does
not proceed with a reverse energy barrier. In the breakdown
diagram of the tetramethylhydrazine ion, another fragment ion
is observed in the first crossover region corresponding to
fragment ionm/z72, which is due to methane loss. Nine possible
isomers (five linear and four cyclic)12,25of fragment ionm/z 72
have been considered and are shown in Figure 2.

Locating the Transition States. The relative energies of
methylhydrazine and tetramethylhydrazine ions and their frag-
ment ions and neutrals have been calculated at the B3-LYP/6-
31+G(d) level of theory and with modified G3 protocol (Table
1).

The potential energy curves for the two unimolecular dis-
sociations of the methylhydrazine ion have been calculated at
the B3-LYP/6-31+G(d) level of theory. Figure 3a,b shows the
potential energy curves along with the sum-of-states graphs as
a function of the C-X bond distance (X) H or N). The
transition states for each dissociation channel were identified
by finding the minimum in the sum-of-states as a function of
internal energy (Tables 2 and 3 and Supporting Information
S1 and S2).

The tetramethylhydrazine ion has two low-energy dissociation
channels, the loss of a methyl group to form the trimethylhy-
drazyl fragment ionm/z 73, (CH3)2NNCH3

+, and the rearrange-
ment process leading to the loss of methane and the formation
of fragment ionm/z 72. A potential energy curve and the sum-
of-states in the internal energy range of 1.60-4.00 eV for the

Figure 2. Nine possible isomers of fragment ionm/z 72 with the
empirical formula C3H8N2

+•.

Figure 3. Potential energy curves, calculated at the B3-LYP/6-31+G-
(d) level of theory, for (a) the loss of a hydrogen atom from the
methylhydrazine ion and the sum-of-states as a function of the C-H
bond distance and (b) the loss of a methyl radical from the methylhy-
drazine ion and the sum-of-states as a function of the C-N bond
distance. The transition states are identified by circles and correspond
to minima in the sum-of-states (Nq

min).

CH3NDND2
+• (m/z 49) f CH2D3N2

+ (m/z 48) + H• (1)

(CH3)2NND2
+• (m/z 62) f CH3D2N2

+ (m/z 47) + CH3
• (2)
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methyl loss channel have been calculated at the B3-LYP/6-
31+G(d) level of theory from the equilibrium geometry up to
a C-N bond distance of 3.266 Å. These two graphs are shown
in Figure 4.

Fitting the Breakdown Diagrams. The methylhydrazine and
tetramethylhydrazine ion breakdown curves were recorded
between hν ) 9.60-31.95 eV and hν ) 7.74-29.94 eV,

respectively. Eighteen and twenty-five fragment ions have been
observed in the methylhydrazine and tetramethylhydrazine ions
breakdown curves, respectively. The value of the adiabatic
ionization energy (IEa) employed to calculate the internal energy
range of each breakdown curve was found to have a significant
impact on the fit of the breakdown curves and on the values of
the enthalpy of formation of the product ions. Meot-Ner et al.26

TABLE 2: Transition States, Entropies of Activation (600 K), and Energies of Activation (0 K) for the Unimolecular
Dissociations of the Methylhydrazine Ion in the Internal Energy Range of 1.90-4.00 eV

dissociation channel CH2NHNH2
+ + H•

B3-LYP/6-31+G(d) ∆Ea ) 2.418 eV or 233.3 kJ mol-1

R* (Å) 1.997 2.097 2.197 2.297
∆S‡b (J K-1 mol-1) ICH3 ) 3.0 amu Å2 -13.56 -10.39 -7.13 -4.01

ICH3 ) 3.1 amu Å2 -13.70 -10.52 -7.26 -4.14
E0 (eV) 2.347 2.392 2.412 2.419

corrected to mG3 product energy ∆E ) 2.240 eV or 216.2 kJ mol-1

R* (Å) 1.997 2.097 2.197 2.297
∆S‡ (J K-1 mol-1) ICH3 ) 3.0 amu Å2 -13.56 -10.39 -7.13 -4.01

ICH3 ) 3.1 amu Å2 -13.70 -10.52 -7.26 -4.14
E0 (eV) 2.169 2.214 2.234 2.241

fit 1 ∆E ) 2.193 eV or 211.6 kJ mol-1

R* (Å) 1.997 2.097 2.197 2.297 2.397
∆S‡ (J K-1 mol-1) ICH3 ) 3.0 amu Å2 19.72 23.06 26.46 29.69 32.71

ICH3 ) 3.1 amu Å2 19.58 22.93 26.32 29.55 32.58
E0 (eV) 2.122 2.167 2.187 2.194 2.195

fit 2 ∆E ) 2.201 eV or 212.4 kJ mol-1

R* (Å) 1.997 2.097 2.197 2.297
∆S‡ (J K-1 mol-1) ICH3 ) 3.0 amu Å2 22.69 26.02 29.42 32.65

ICH3 ) 3.1 amu Å2 22.56 25.88 29.28 32.52
E0 (eV) 2.130 2.175 2.195 2.202

fit 3 ∆E ) 2.213 eV or 213.5 kJ mol-1

R* (Å) 1.997 2.097 2.197 2.297
∆S‡ (J K-1 mol-1) ICH3 ) 3.0 amu Å2 25.80 29.21 32.61 35.85

ICH3 ) 3.1 amu Å2 25.66 29.08 32.48 35.72
E0 (eV) 2.142 2.187 2.207 2.214

dissociation channel NHNH2+ + CH3
•

B3-LYP/6-31+G(d) ∆Ea ) 2.578 eV or 248.7 kJ mol-1

R* (Å) 2.461 2.561 2.661 3.061 3.561 3.661 3.761 4.061 4.361 4.461
∆S‡ (J K-1 mol-1) 13.32 16.29 19.31 30.65 42.70 44.86 46.98 53.46 60.20 62.21
E0 (eV) 2.112 2.184 2.241 2.401 2.514 2.529 2.541 2.566 2.576 2.578

corrected to mG3 product energy ∆E ) 2.725 eV or 262.9 kJ mol-1

R* (Å) 2.561 2.661 3.061 3.561 3.661 3.761 4.061 4.561
∆S‡ (J K-1 mol-1) 16.29 19.31 30.65 42.70 44.86 46.98 53.46 64.21
E0 (eV) 2.330 2.388 2.548 2.661 2.675 2.687 2.712 2.725

fit 1c ∆E ) 2.528 eV or 243.9 kJ mol-1

R* (Å) 2.561 3.061 3.761 4.061 4.461
∆S‡ (J K-1 mol-1) 17.24 31.64 52.34 58.83 67.62
E0 (eV) 2.134 2.351 2.491 2.516 2.528

fit 2 ∆E ) 2.528 eV or 243.9 kJ mol-1

R* (Å) 2.561 3.061 3.761 4.061 4.461
∆S‡ (J K-1 mol-1) 19.25 33.71 53.52 60.01 68.81
E0 (eV) 2.134 2.351 2.491 2.516 2.528

fit 3 ∆E ) 2.528 eV or 243.9 kJ mol-1

R* (Å) 2.561 3.061 3.761 4.061 4.461
∆S‡ (J K-1 mol-1) 20.68 35.18 55.17 61.67 70.47
E0 (eV) 2.134 2.351 2.491 2.516 2.528

dissociation channel N2H2
+• + CH4

d

fit 1c

∆S‡ (J K-1 mol-1) 17.26
E0 (eV) 2.350

fit 2
∆S‡ (J K-1 mol-1) 20.48
E0 (eV) 2.350

fit 3
∆S‡ (J K-1 mol-1) 20.48
E0 (eV) 2.350

a Energy difference between the equilibrium ion and the plateau on the potential energy curve (energy value taken atRC-H ) 2.597 Å andRC-N

) 4.561 Å). b ∆Sq calculated using the free rotor model from East and Radom procedure24 on the calculations of the third-law entropies. Two
values for the moment of inertia of the methyl group have been used giving slightly different results.c Fit 1 for methyl and methane losses corresponds
to fit 1 for hydrogen loss, etc.d Rearrangement process, transition state estimated, see text for explanations.
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have reported experimental IEa for methylhydrazine and tet-
ramethylhydrazine ions: 7.70( 0.15 eV for MH and 6.78(
0.04 eV for TMH. Their methylhydrazine IEa agrees well with
our mG3 calculated IEa of 7.64 eV.14 However, their value for
tetramethylhydrazine is∼0.25 eV lower than our calculated
mG3 IEa of 7.02 eV.11 Depending on the IEa value used, the
internal energy range is shifted by∼0.25 eV. We found during
our fitting process of the breakdown curves of the TMH ion
that the calculated mG3 IEa produced product ion enthalpies of
formation more in line with theory than the experimental IEa

determined by Meot-Ner et al.26 (see Table 6). We cannot
explain the discrepancy between our calculated mG3 IEa and
the experimental IEa reported by Meot-Ner et al.26 The
calculated (mG3) IEa11,14 for methylhydrazine and 1,1-dimeth-
ylhydrazine agree with their reported values and gave product
ion enthalpies of formation consistent with theory.

To fit the methylhydrazine and tetramethylhydrazine ion
breakdown curves, we have used the same VTST procedure as
described in our previous study of the fragmentation of 1,1-
dimethylhydrazine ions.15 The results for all these fits are
summarized in Tables 2 and 3 and the resulting fits are shown
in Figures 5 and 6. Only small changes were needed to the
energy of the potential energy curves relative to the mG3 results
to obtain satisfactory fits.

In all four breakdown curves of ionized methylhydrazine, the
hydrogen loss channel has been fitted in the internal energy
range of 1.90-2.80 eV. Data for the methyl and methane losses
channels were only collected for a parent ion residence time of
1.116µs and were fitted up to 3.50 eV. At the B3-LYP/6-31+G-
(d) level of theory, ten transition states were found in the internal
energy range of 1.90-4.00 eV for the methyl loss channel. This
was reduced to a more practical five to carry out the fitting
(Table 2), and the quality of the fits has not been affected by
that simplification.

The∆Sq(45)MH values for the hydrogen loss channel ranged
from 46 J K-1 mol-1 at Eint ≈ 2.25 eV to 23 J K-1 mol-1at Eint

≈ 4.00 eV. These values are larger than those derived for the

hydrogen loss channel in our previous study of the 1,1-
dimethylhydrazine ions15 at the same level of theory (∆Sq-
(59)UDMH ) 26 J K-1 mol-1 at Eint ) 2.32 eV to 16 J K-1

mol-1 atEint ) 3.56 eV). For methyl loss, the∆Sq(31)MH ranges
from 70 J K-1 mol-1 at Eint ≈ 2.58 eV to 17 J K-1 mol-1 at
Eint ≈ 4.00 eV. These values are similar to those derived for
the methyl loss channel of 1,1-dimethylhydrazine ions15 with
the only difference being the internal energy range (∆Sq(45)UDMH

) 65 J K-1 mol-1 at Eint ) 2.32 eV to 29 J K-1 mol-1 at Eint

) 3.56 eV). The∆Sq for the methane loss channel of MH ion
ranges from 17.3-20.5 J K-1 mol-1 (depending on the fit used).
∆Sq(30)MH does not vary with the internal energy because only
one estimated transition state was used to fit the experimental
curve ofm/z 30.

For the tetramethylhydrazine ion, atEint ≈ 1.80 eV, ∆Sq-
(73)TMH for the loss of a methyl radical is 39 J K-1 mol-1 and
decreases to 23 J K-1 mol-1 atEint ) 4.00 eV. For the methane
loss channel (fragment ionm/z 72), the entropy of activation
decreases from∼12.7 J K-1 mol-1 betweenEint ) 1.80 to∼3.30
eV to approximately-22.9 J K-1 mol-1 betweenEint ≈ 3.30
to 4.00 eV. Because the methane loss reaction necessarily
involves a rearrangement, it is curious that two very distinct
transition states were needed to obtain a satisfactory fit to the
experimental data for this channel. Methane loss is a fairly minor
process and so it is possible that the need for two transition
states is simply an artifact of the fitting procedure. If it is not,
though, it could indicate that the reaction proceeds via two
distinct mechanisms depending on the internal energy.

If we compare the∆Sq for methyl loss from the three ions
we see that as methyl substitution increases on the hydrazine
backbone, the∆Sq values decrease:∆(∆Sq(31)MH) ) 53 J K-1

mol-1 with ∆Eint ) 1.42 eV,∆(∆Sq(45)UDMH) ) 36 J K-1 mol-1

with ∆Eint ) 1.24 eV and∆(∆Sq(73)TMH) ) 16 J K-1 mol-1

with ∆Eint ) 2.20 eV. This is likely due to the remaining, post-
dissociation, steric hindrance of the methyl torsions as methyl-
substitution increases.

Appearance Energies.Eighteen and twenty-five fragment
ions have been observed in the breakdown curves of ionized
methylhydrazine and tetramethylhydrazine, respectively, from
threshold up to hν ≈ 32 eV. Tentative structures or empirical
formulas have been assigned to each fragment ion and can be
found in Tables 4 and 5. These tables also contain the previous
experimental appearance energies as well as an indication of
the ionization technique used to generate the fragment ions.
Figures 7 and 8 show the relative abundances of all fragment
ions of MH and TMH ions as a function of photon energy. In
the breakdown curve of methylhydrazine, a fragment ion was
observed atm/z 32. Because this ion was not observed in the
MIKE and CID mass spectra of CH3NHNH2

+•, it was assumed
to be due to an impurity and its AE has not been reported in
Table 4. In the breakdown diagram of tetramethylhydrazine ion,
we observed fragment ions atm/z 86 andm/z 87 corresponding
to H losses, but it was not feasible to determine reliable AEs
for these ions from the TPEPICO data. An ion atm/z 74 was
also observed but was attributed to a decomposition byproduct.

Figure 9 shows portions of the time-of-flight (TOF) spectra
of methylhydrazine recorded at photon energies of 24.45 and
30.95 eV. In the spectrum recorded at 24.45 eV, the peaks are
well resolved and can be associated with fragments possessing
relatively small kinetic energies. An AE of 27.95 eV has been
determined for the doubly charged parent ion in the present
work. The observation of the doubly charged ion (m/z 22.5)
indicates that at least some of these species have lifetimes greater
than the few microseconds required to reach the detector. In

Figure 4. Potential energy curve, calculated at the B3-LYP/6-31+G-
(d) level of theory, for the loss of a methyl radical from the
tetramethylhydrazine ion and the sum-of-states as a function of the
C-N bond distance. The transition states are identified by circles and
correspond to minima in the sum-of-states (Nq

min).
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the spectrum recorded at 30.95 eV, which is above the threshold
for double ionization, some of the peaks have broadened
substantially and must be attributed to fragments possessing
significant kinetic energies. This broadening is particularly
evident in the peaks corresponding to the CH3

+ and NHNH2
+

fragments. The large kinetic energy probably results from a
charge separation reaction in the doubly charged parent ion
yielding two singly charged species. The large kinetic energy
is due to a Coulomb explosion between the initial ion-pair. A
triplet profile is observed in the TOF peak shape for the CH3

+

fragment in the spectrum recorded at 30.95 eV. The central peak
corresponds to fragment ions formed directly with very little
kinetic energy. The other two peaks correspond to CH3

+

fragments formed with large kinetic energies, (probably a few
eV, via a Coulomb explosion) and directed predominantly
toward or away from the channelplate detector. Energetic
fragments ejected in directions approximately perpendicular to
the spectrometer axis are lost on apertures along the flight path,
thereby producing dips in the TOF peak profile.

Thermochemistry. The∆fH0 for the fragment ions (m/z 73,
m/z72,m/z45,m/z31, andm/z30) have been determined from

the variational fits of the breakdown curves and from the mG3
calculations. These results are listed in Table 6 along with
reported values. The enthalpies of formation have been deter-
mined from the following equations:19

The ∆fH0 of the parent ion AB+• and neutral fragment B•

were taken from our mG3 calculations (Table 6). To calculate
∆fH0 from the VTST results, we have used the procedure
described in our prior study of 1,1-dimethylhydrazine ions.15

TheE0 for the transition state found at the lowest internal energy
studied was used. Uncertainties in the enthalpy of formation
arise from the uncertainties in IEa, theE0, and the photon energy.

The adiabatic ionization energy has a direct effect on the value
of the enthalpy of formation as discussed previously. Using the
Meot-Ner et al.26 IEa for tetramethylhydrazine gave a∆fH0 of

TABLE 3: Transition States, Entropies of Activation (600 K), and Energies of Activation (0 K) for the Unimolecular
Dissociations of the Tetramethylhydrazine Ion in the Internal Energy Range of 1.60-4.00 eVa

dissociation channel (CH3)2NNCH3
+ + CH3

•

B3-LYP/6-31+G(d) ∆Eb ) 1.706 eV or 165 kJ mol-1

R* (Å) 2.366 2.466 2.666 2.766
∆S‡ (J K-1 mol-1) 5.12 8.48 14.14 17.52
E0 (eV) 1.650 1.675 1.694 1.698

corrected to mG3 product energy ∆E ) 1.757 eV or 170 kJ mol-1

R* (Å) 2.366 2.466 2.766
∆S‡ (J K-1 mol-1) 5.12 8.48 17.52
E0 (eV) 1.701 1.726 1.749

fit 1c ∆E ) 1.816 eV or 175 kJ mol-1

R* (Å) 2.366 2.466 2.766
∆S‡ (J K-1 mol-1) 25.10 28.47 37.51
E0 (eV) 1.760 1.785 1.808

fit 2 ∆E ) 1.806 eV or 174 kJ mol-1

R* (Å) 2.366 2.466 2.766
∆S‡ (J K-1 mol-1) 24.03 27.39 36.44
E0 (eV) 1.750 1.775 1.798

fit 3 ∆E ) 1.831 eV or 177 kJ mol-1

R* (Å) 2.366 2.466 2.766
∆S‡ (J K-1 mol-1) 26.25 29.61 38.66
E0 (eV) 1.775 1.800 1.823

fit 4 ∆E ) 1.791 eV or 173 kJ mol-1

R* (Å) 2.366 2.466 2.766
∆S‡ (J K-1 mol-1) 23.02 26.39 35.43
E0 (eV) 1.735 1.760 1.783

dissociation channel C3H8N2
+• + CH4

fit 1c

estimated TSd 1 2
∆S‡ (J K-1 mol-1) 14.16 -18.76
E0 (eV) 2.000 1.500

fit 2
estimated TS 1 2
∆S‡ (J K-1 mol-1) 11.78 -24.62
E0 (eV) 2.000 1.400

fit 3
estimated TS 1 2
∆S‡ (J K-1 mol-1) 12.94 -23.28
E0 (eV) 2.000 1.400

fit 4
estimated TS 1 2
∆S‡ (J K-1 mol-1) 11.78 -25.39
E0 (eV) 2.000 1.400

a Internal energy range when IEa ) 7.02 eV.11 b Energy difference between the equilibrium ion and the plateau on the potential energy surface
(energy value taken atRC-N ) 3.266 Å).c Fit 1 for methyl loss corresponds to fit 1 for methane loss, etc.d Estimated TS 1 ranging fromEint ) 1.60
eV to ∼3.20-3.40 eV and estimated TS 2 fromEint ≈ 3.20-3.40 to 4.00 eV.

AB + e- f AB+• + 2e- (3)

AB+• f A+ + B• (4)

∆fH0(A
+) ) E0(A-B+•) + ∆fH0(AB+•) - ∆fH0(B

•) (5)
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the product ion, (CH3)2NNCH3
+, that did not agree with our

calculated mG3 value (Table 6). Using IEa ) 6.78( 0.04 eV,26

the derived∆fH0 of (CH3)2NNCH3
+ was 854( 7 kJ mol-1,

which is 25 kJ mol-1 higher than our calculated mG3 value of
829 kJ mol-1. Again, using our calculated mG3 IEa of 7.02
eV11 the ∆fH0 of the trimethylhydrazyl ion was found to be
833( 5 kJ mol-1. Dibeler et al.8 reported an experimental∆fH
of (CH3)2NNCH3

+ that is 9-13 kJ mol-1 lower than our mG3
or VTST values.

The derived∆fH0 of CH2NHNH2
+, using the mG3 IEa )

7.64 eV11,14 to fit the breakdown curve of ionized methylhy-
drazine, gave a value of 862( 5 kJ mol-1, which is in very
good agreement with our calculated mG3 value of 864 kJ mol-1.
For the fragment ionm/z 45 from the methylhydrazine ion,

Dibeler et al.8 reported a∆fH that is 5-10 kJ mol-1 lower than
our determined values. However, they did not suggest any
structure for this ion. Burgers et al.1 reported a∆fH0 for CH2-
NHNH2

+ based on its appearance energy from the 2-hydrazi-
noethanol ion (AE) 9.1 eV)1, which is 48 kJ mol-1 lower
than our calculated mG3 enthalpy of formation. The group4 later
reported a revised∆fH0 for CH2NHNH2

+, which is only 10 kJ
mol-1 lower than our mG3 value. Nguyen3 calculated the∆fH298

of CH2NHNH2
+ to be 860( 12 kJ mol-1 at the MP4SDTQ/

6-311++G(2d,2p) level of theory, which is 14 kJ mol-1 higher
than our calculated 298 K mG3 value of 846 kJ mol-1.

For the fragment ionm/z 31 (NHNH2
+), the ∆fH0 was

calculated from the VTST fits to be 959( 5 kJ mol-1, which
is 18 kJ mol-1 lower our calculated mG3∆fH0 of 976 kJ mol-1.

TABLE 4: Appearance Energies for Fragment Ions from Methylhydrazine

m/z fragment ion AE (eV) ionization technique ref

45 CH2NHNH2
+ 9.85( 0.05 TPEPICO present work

CH5N2
+ 10.2( 0.1 electron ionization Dibeler et al.8

10.18( 0.1 electron ionization Foner and Hudson30

9.2( 0.1 photoionization Akopyan and Vilesov31

CH3NNH2
+ 10 electron ionization Syage32

44 CH4N2
+ 12.45( 0.10 TPEPICO present work.

10.4( 0.2 electron ionization Dibeler et al.8

10.5 electron ionization Syage32

9.92( 0.1 electron ionization Foner and Hudson30

9.4( 0.1 photoionization Akopyan and Vilesov31

CH3N2H+ 10.5 electron ionization Syage32

43 CH3N2
+ 13.85( 0.20 TPEPICO present work

11.9( 0.3 electron ionization Dibeler et al.8

14.8( 0.3 electron ionization Dibeler et al.8

9.2( 0.2 photoionization Akopyan and Vilesov31

11.5 electron ionization Syage32

42 CH2N2
+ 17.45( 0.20 TPEPICO present work

15.2( 0.2 electron ionization Dibeler et al.8

16.5 electron ionization Syage32

41 CHN2
+ 22.95( 0.50 TPEPICO present work

28 electron ionization Syage32

31 H3N2
+ 10.25( 0.05 TPEPICO present work

10.7( 0.3 electron ionization Dibeler et al.8

11 electron ionization Syage32

9.82 electron ionization Burgers et al.1

9.5( 0.1 photoionization Akopyan and Vilesov31

CH5N+ 11.3( 0.1 photoionization Akopyan and Vilesov31

30 H2N2
+ 10.05( 0.05 TPEPICO present work

11.2( 0.2 electron ionization Dibeler et al.8

CH2NH2
+ 11.5 electron ionization Syage32

29 CH3N+ or N2H+ 11.65( 0.10 TPEPICO present work
HN2

+ 13.3( 0.3 electron ionization Dibeler et al.8

CHNH2
+ 12.5 electron ionization Syage32

28 CH2N+ or N2
+ 12.35( 0.10 TPEPICO present work

13.2( 0.3 electron ionization Dibeler et al.8

CHNH+ 12 electron ionization Syage32

27 CHN+ 20.45( 0.40 TPEPICO present work
24 electron ionization Syage32

22.5 CH5N2
2+ 27.95( 1.00 TPEPICO present work

36 electron ionization Syage32

18 NH4
+ 12.25( 0.10 TPEPICO present work

10.5 electron ionization Syage32

17 NH3
+ 11.95( 0.10 TPEPICO present work

12 electron ionization Syage32

16 CH4
+ or NH2

+ 15.85( 0.20 TPEPICO present work
NH2

+ 14.5 electron ionization Syage32

15 CH3
+ or NH+ 14.45( 0.20 TPEPICO present work

14.1( 0.3 electron ionization Dibeler et al.8

14 electron ionization Syage32

14 CH2
+ or N+ 19.90( 0.25 TPEPICO present work

CH2
+ 22 electron ionization Syage32

13 CH+ 22.95( 0.50 TPEPICO present work
24 electron ionization Syage32

12 C+ 26.95( 1.00 TPEPICO present work
33 electron ionization Syage32
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Dibeler et al.8 reported a∆fH of 992 kJ mol-1 that is 16-33 kJ
mol-1 higher than our∆fH0 values. van Garderen et al.4 derived
the∆fH298of N2H3

+ from its AE (CH3
• loss from CH3NHNH2

+•)
to be 954 kJ mol-1. Matus et al.2 calculated the∆fH0 of N2H3

+

to be 969 kJ mol-1 at the CCSD(T) level of theory, and their
results are in excellent agreement with our own calculated∆fH.
Nguyen3 reported a∆fH298 for NHNH2

+ of 974 ( 8 kJ mol-1

at the MP4SDTQ/6-311++G(2d,2p) level of theory, which is
9 kJ mol-1 higher than our 298 K mG3 calculated∆fH of 965
kJ mol-1. The fragment ionm/z 30 (N2H2

+•) has a VTST∆fH0

of 1155( 5 kJ mol-1. Given the presence of a barrier to this
reaction, it is safe to assume that this value is an upper limit to
the true value, and hence we can rule out the cis-HNNH+ ion
structure. Thus, ionm/z 30 could be either the iso-diazene ion
(H2NN+•) or the trans-diazene ion (HNNH+•). A more thorough
computational study of the mechanism would be needed to
confirm the ion structure. Dibeler et al.8 reported a∆fH for this
fragment ion (1247 kJ mol-1) that is much higher than our
calculated mG3∆fH0 for all three N2H2

+• isomers.

The ∆fH0 for the fragment ionm/z 72, C3H8N2
+•, has been

calculated from the VTST fits and mG3 calculations. The VTST
derived∆fH0 is 1064( 5 kJ mol-1, which is 68-124 kJ mol-1

higher than the mG3 calculated∆fH0 of the five linear isomers
of C3H8N2

+• and 120-203 kJ mol-1 higher than the mG3
calculated∆fH0 values of the cyclic isomers VIII and IX (Figure
2). Cyclic isomers VI and VII have a∆fH0 of 1055 and 1051
kJ mol-1, respectively, which are both in reasonable agreement
with our VTST derived value. Obviously, there is a large barrier
to methane loss in ionized TMH, and the fitting procedure is
giving us the height of this barrier and not the true thermo-
chemical threshold to the reaction.

Proton affinities of some NN-containing neutral molecules
have been determined from the following equations, using the
VTST derived∆fH0 reported above and compared to reported
values (Table 7):27

TABLE 5: Appearance Energies for Fragment Ions from Tetramethylhydrazine

m/z fragment ion AE (eV) ionization technique ref

87 C4H11N2
+ TPEPICO present work

86 C4H10N2
+ TPEPICO present work.

73 C3H9N2
+ 8.79( 0.05 TPEPICO present work

9.1( 0.1 electron ionization Dibeler et al.8

72 C3H8N2
+ 9.14( 0.05 TPEPICO present work

8.9( 0.1 electron ionization Dibeler et al.8

71 C3H7N2
+ 10.04( 0.05 TPEPICO present work

10.7( 0.1 electron ionization Dibeler et al.8

58 C2H6N2
+ 11.44( 0.10 TPEPICO present work

10.5( 0.1 electron ionization Dibeler et al.8

13.3( 0.5 electron ionization Dibeler et al.8

57 C2H5N2
+ 10.54( 0.10 TPEPICO present work

12.4( 0.2 electron ionization Dibeler et al.8

47 CH7N2
+ or C2H9N+ 11.54( 0.10 TPEPICO present work

17.94( 0.50 TPEPICO present work
46 CH6N2

+ or C2H8N+ 11.54( 0.10 TPEPICO present work
10.9( 0.2 electron ionization Dibeler et al.8

12.3( 0.2 electron ionization Dibeler et al.8

45 CH5N2
+ or C2H7N+ 11.34( 0.10 TPEPICO present work

9.7( 0.2 electron ionization Dibeler et al.8

44 CH4N2
+ or C2H6N+ 11.04( 0.10 TPEPICO present work

11.2( 0.2 electron ionization Dibeler et al.8

11.2( 0.1 electron ionization Gowenlock et al.33

43 CH3N2
+, C2H5N+ or 11.54( 0.10 TPEPICO present work

s-C3H7
+ 10.9( 0.2 electron ionization Dibeler et al.8

13.2( 0.3 electron ionization Dibeler et al.8

42 CH2N2
+ or C2H4N+ 11.54( 0.10 TPEPICO present work

12.2( 0.2 electron ionization Dibeler et al.8

41 CHN2
+ or C2H3N+ 20.44( 0.50 TPEPICO present work

∼13 electron ionization Dibeler et al.8

40 CN2
+ or C2H2N+ 20.94( 0.50 TPEPICO present work

39 C2HN+ TPEPICO present work
32 H4N2

+ 11.64( 0.10 TPEPICO present work
12.3( 0.1 electron ionization Dibeler et al.8

31 H3N2
+ 13.04( 0.10 TPEPICO present work

30 H2N2
+ 11.64( 0.10 TPEPICO present work

11.9( 0.2 electron ionization Dibeler et al.8

29 CH3N+ or N2H+ 14.94( 0.20 TPEPICO present work
28 CH2N+ or N2

+ 12.14( 0.10 TPEPICO present work
13.1( 0.2 electron ionization Dibeler et al.8

27 CHN+ 14.54( 0.20 TPEPICO present work
26 CN+ or C2H2

+ 18.94( 0.50 TPEPICO present work
18 NH4

+ 12.24( 0.10 TPEPICO present work
17 NH3

+ 17.94( 0.50 TPEPICO present work
16 CH4

+ or NH2
+ 19.94( 0.50 TPEPICO present work

15 CH3
+ or NH+ 14.14( 0.20 TPEPICO present work

14 ( 1 electron ionization Dibeler et al.8

14 CH2
+ or N+ 22.94( 0.50 TPEPICO present work

M + H+ f MH+ (6)

PA(M) ) -∆rxnH ) ∆fH(M) + ∆fH(H+) - ∆fH(MH+) (7)
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For N2H3
+, CH2NHNH2

+, and CH3NNH2
+,15, ∆fH0 have been

derived from the VTST fits of the breakdown curves. Using
these enthalpies of formation, a PA was obtained for each
reported∆fH0 of the corresponding neutral molecule. The lowest
reported PA4 of trans-N2H2 is 764( 8 kJ mol-1, which is in
good agreement with our determined values (PA≈ 778( 5 kJ
mol-1 using our VTST∆fH0(NHNH2

+) and PA) 768 kJ mol-1

using the mG3∆fH0). The present∆fH0 of NHNH2
+ results in

average PA values for NNH2 (i.e., the bare N atom) and cis-
HNNH of 890( 5 and∼ 798( 5 kJ mol-1, respectively. There
have been no previously reported PAs for these two compounds.
Methyldiazene (CH3N)NH) has two sites to accept a proton
(its substituted nitrogen atom and its terminal nitrogen atom)
and thus two different proton affinities. Hunter and Lias28

reported the PA of each nitrogen to be 845 and 841 kJ mol-1,
respectively. These values are in good agreement with the PA

TABLE 6: Enthalpies of Formation of the Methylhydrazine and Tetramethylhydrazine Ions and of Their Ionic and Neutral
Fragments

m/z ion or neutral ∆fH (kJ mol-1) method ref

88 (CH3)2NN(CH3)2
+• 809 mG3 calculations (0 K) Boulanger et al.11

772 mG3 calculations (298 K) Boulanger et al.11

73 (CH3)2NNCH3
+ 833( 5 VTST fit (0 K)a present work

829 mG3 calculations (0 K) present work
799 mG3 calculations (298 K) present work
820 electron ionization Dibeler et al.8

72 C3H8N2
+• 1064( 5 VTST fit (0 K)a present work

isomer I 996 mG3 calculations (0 K) present work
970 mG3 calculations (298 K) present work

isomer II 992 mG3 calculations (0 K) present work
966 mG3 calculations (298 K) present work

isomer III 966 mG3 calculations (0 K) present work
941 mG3 calculations (298 K) present work

isomer IV 953 mG3 calculations (0 K) present work
928 mG3 calculations (298 K) present work

isomer V 940 mG3 calculations (0 K) present work
916 mG3 calculations (298 K) present work

isomer VI 1055 mG3 calculations (0 K) present work
1029 mG3 calculations (298 K) present work

e 1152 estimated Holmes et al.12

isomer VII 1051 mG3 calculations (0 K) present work
1024 mG3 calculations (298 K) present work

isomer VIII 861 mG3 calculations (0 K) present work
832 mG3 calculations (298 K) present work

e 1025 estimated Holmes et al.12

isomer IX 944 mG3 calculations (0 K) present work
916 mG3 calculations (298 K) present work

46 CH3NHNH2
+• 864 mG3 calculations (0 K) Boulanger et al.11,14

844 mG3 calculations (298 K) Boulanger et al.11,14

45 CH2NHNH2
+ 862( 5 VTST fit (0 K)b present work

864 mG3 calculations (0 K) present work
846 mG3 calculations (298 K) present work
816 electron ionization Burgers et al.1

854 electron ionization Dibeler et al.8

860( 12 ab initio calculations (298 K) Nguyen.3

854( 21 electron ionization van Garderen et al.4

31 HNNH2
+ 959( 5 VTST fit (0 K)b present work

976 mG3 calculations (0 K) present work
965 mG3 calculations (298 K) present work
895 electron ionization Burgers et al.1

992 electron ionization Dibeler et al.8

969.0 calculations (0 K) Matus et al.2

957.7 calculations (298 K) Matus et al.2

974( 8 ab initio calculations (298 K) Nguyen.3

954 experimental van Garderen et al.4

30 N2H2
+• 1155( 5 VTST fit (0 K)b present work

trans-HNNH+• 1147 mG3 calculations (0 K) present work
1140 mG3 calculations (298 K) present work

iso-NNH2
+• 1156 mG3 calculations (0 K) present work

1149 mG3 calculations (298 K) present work
cis-HNNH+• 1171 mG3 calculations (0 K) present work

1164 mG3 calculations (298 K) present work
1247 electron ionization Dibeler et al.8

CH4 -62 mG3 calculations (0 K) present work
-70 mG3 calculations (298 K) present work

CH3
• 149 mG3 calculations (0 K) Boulanger et al.15

146 mG3 calculations (298 K) Boulanger et al.15

H• 216 mG3 calculations (0 K) Boulanger et al.15

218 mG3 calculations (298 K) Boulanger et al.15

a IEa(TMH) ) 7.02 eV, calculated mG3 value from Boulanger et al.11 b IEa(MH) ) 7.64 eV, calculated mG3 value from Boulanger et al.11,14
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reported by van Garderen et al.4 at the SDCI+ Pople/6-31G**//
6-31G* level of theory: 841 kJ mol-1 for the substituted N
atom and 845 kJ mol-1 for the terminal N atom. However,
Nguyen3 reported a PA for CH3NNH at the MP4SDTQ/6-
311++G(2d,2p) level of theory that is∼30 kJ mol-1 lower
than those reported by Hunter and Lias28 and van Garderen et
al.4 Nguyen’s value3 is in agreement with our calculated mG3
PA of 818 kJ mol-1 for the terminal N atom of CH3NNH, which
is slightly higher than that of the substituted one (PA(CH3NNH)
) 815 kJ mol-1). The PA of CH2)NNH2 has also been
calculated to be∼857 kJ mol-1 at the substituted nitrogen atom.
The PA at the terminal nitrogen atom is lower,∼838 kJ mol-1.
The carbon proton affinity in CH2)NNH2 was calculated to be
809 kJ mol-1 using the calculated mG3 enthalpies of formation.
The calculated PAs of hydrazine, methylhydrazine, 1,1-dim-
ethylhydrazine, and tetramethylhydrazine using the mG3 pro-
cedure are also reported in Table 7. Consistent with trends
observed for homologous alkylamines, aliphatic alcohols and

bromides,27 the PA of the substituted nitrogen atom in the
hydrazine derivatives increases with increasing methyl substitu-
tion. This can be traced to the lowering of the energy of the
nitrogen lone pair orbital upon methyl substitution.

Figure 5. Comparison between the experimental breakdown curve and
the theoretical fit (fit 2) using the variational transition states of the
hydrogen and methyl losses of the methylhydrazine ion. The parent
ion m/z 46 is represented by a black triangle, the fragment ionm/z
45 by a light gray square, the fragment ionm/z 31 by a dark gray
diamond, and the fragment ionm/z30 is represented by an open circle.
The theoretical fits are represented by the solid lines (black for parent
ion m/z 46, light gray for fragment ionm/z 45 and dark gray for
fragment ionm/z 31) and by a black dashed line for the fragment ion
m/z 30.

Figure 6. Comparison between the experimental breakdown curves
and the theoretical fit (fit 2) using the variational transition states of
the methyl loss of the tetramethylhydrazine ion. The parent ionm/z 88
is represented by a black triangle, the fragment ionm/z 73 by a dark
gray diamond, and the fragment ionm/z 72 by an open circle. The
theoretical fits are represented by the solid lines (black for parent ion
m/z 88 and dark gray for ionm/z 73) and a black dashed line for
fragment ionm/z 72.

Figure 7. Relative abundances of all fragment ions of methylhydrazine
in the photon energy range 9-32 eV.
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Bond strengths are important thermochemical values to know
to understand the chemical properties of molecules. The bond
dissociation enthalpy (DH) of a molecule AB is defined as the
enthalpy of the homolytic bond cleavage reaction of the
molecule AB and is calculated according to the equations written
below:29

The three methyl-substituted hydrazine ions dissociated by either
losing a methyl radical, a hydrogen atom, or both. The N-C
or H-C bond dissociation enthalpies in the neutral and ionic
hydrazines were derived from the VTST∆fH0 of the product
ions and from the calculated mG3∆fH0 and are listed in Table
8. The N-C bond dissociation enthalpies in the neutral
hydrazine derivatives are constant as the methyl substitution
increases on the hydrazine backbone showing that the effect of
methyl substitution on the stability of the radicals formed from
the homolytic bond cleavage reaction is similar to that for the
neutral molecules. However, in the radical cations the N-C
bond dissociation enthalpy decreases with methyl substitution.
The mG3 calculated DH(N-CH3) decreases from 262 kJ mol-1

in the MH+• to 230 kJ mol-1 in UDMH+• and to 170 kJ mol-1

in TMH+•. When the nitrogen-carbon bond is cleaved in the
parent radical cation, a singlet fragment ion is formed:

So we can conclude that the positive charge is better stabilized
in the fragment ion than in the parent radical cation as the methyl
substitution increases on the hydrazine backbone. The H-C
bond dissociation enthalpies were also calculated in the neutral
and ionic hydrazine derivatives. In the neutral hydrazines, the
loss of a hydrogen atom creates a carbon-centered radical, which
is not the case in the ion

We calculated the DH(H2C-H) in all three neutral hydrazines
to be ∼381 and ∼216 kJ mol-1 in the ions. The bond
dissociation enthalpies in the neutrals and ions stay constant as
the methyl substitution increases. No extra methyl stabilization
is expected in the fragment ions compared to the parent radical
cation because the charge is still solely located on one of the
two nitrogen atoms.

Summary

The lowest energy dissociation channels of methylhydrazine
and tetramethylhydrazine ions have been investigated using
TPEPICO spectroscopy, tandem mass spectrometry, and VTST.
The methylhydrazine ion dissociates by losing a hydrogen atom
to form fragment ionm/z 45, CH2NHNH2

+, a methyl group to
form fragment ionm/z31, NHNH2

+, and by rearranging to lose
methane and form fragment ionm/z 30, N2H2

+•. The tetram-
ethylhydrazine ion dissociates by losing a methyl radical to form
fragment ionm/z 73, (CH3)2NNCH3

+, and by losing methane
to form fragment ionm/z 72, C3H8N2

+•. VTST was used to
locate the transition states of the unimolecular dissociation

Figure 8. Relative abundances of all fragment ions of tetramethyl-
hydrazine in the photon energy range 8-30 eV.

AB f A + B (8)

∆rxnH ) ∆fH(A) + ∆fH(B) - ∆fH(AB) ) DH(A-B) (9)

Figure 9. Portions of the TOF mass spectra of methylhydrazine
recorded at photon energies of (a) 24.45 eV and (b) 30.95 eV.

(CH3)2NN(CH3)2
+• f (CH3)2NNCH3

+ + CH3
• (10)

(CH3)2NN(CH3)2 f (CH3)2NNCH2
•(CH3) + H• (11)

(CH3)2NN(CH3)2
+• f (CH3)2NN+)CH2(CH3) + H• (12)
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reactions (methyl and hydrogen losses) that were then used to
reproduce the TPEPICO breakdown diagrams. The transition
states of the rearrangement processes (methane loss) were
estimated in the fitting procedure. Only small adjustments were
needed to fit the experimental results. Enthalpies of formation
of fragment ions (m/z 73, m/z 72, m/z 45, m/z 31, andm/z 30)
were determined from the VTST fits to the TPEPICO data and
compared with those from mG3 calculations. Excellent agree-
ment was found for all fragment ions except for fragment ion
m/z 31, NHNH2

+, for which the VTST derived enthalpy of
formation was lower than the mG3 calculated one. Two
plausible structures of fragment ionm/z72 have been proposed
(i.e., isomers VI and VII). The breakdown diagrams of MH and
TMH ions were recorded from threshold to∼32 eV. Eighteen
and twenty-five fragment ions, respectively, have thus been
observed, and their AEs are reported. From the derived and
calculated∆fH0 of the fragment ions, PAs of small neutral
molecules (N2H2 and CH4N2) were determined as well as the
N-C and H-C bond dissociation enthalpies in the three
hydrazine derivatives.
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