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ABSTRACT: The relative extents of loss of NO2 and NO were determined by 70 eV electron ionization and tandem
mass spectrometry using B/E linked scans to investigate metastable (unimolecular) and collision-induced dissociation
processes for molecular ions formed by electron ionization ofpara-substituted nitrobenzene compounds. The
substituents used (NO2, CHO, H, OCH3) represent a wide range of electron donor–acceptor properties. Loss of NO2

was favored by electron-withdrawing groups, while an electron-donor group favored loss of NO. Ion fragmentation
mechanisms are consistent with the hypothesis that NO2 to ONO (nitro to nitrite) isomerization precedes the loss of
NO. Ring fragmentation (loss of CO) was observed only after all of the electron-withdrawing groups had dissociated.
while the electron-donor group OCH3 remained attached to the ring in the analogous CO elimination. These results
are placed in the context of the thermolysis behavior of nitroaromatic explosives. Copyright 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Nitroaromatic compounds comprise an important class of
explosive materials. The identity of the parallel and
consecutive pathways of thermal decomposition is
central to defining the ignition, combustion and explosion
characteristics of these highly reactive materials. Un-
fortunately, the mechanisms in the condensed phase are
complex and difficult to define and characterize kineti-
cally. Although it is generally risky to equate the findings
of unimolecular chemistry in the gas phase directly to the
dense condensed phase, it appears that the reaction
schemes induced by heat, light and ionizing radiation in
different phases of nitroaromatic compounds, and for the
radical cations and anions in the gas phase, are similar.1–4

Consequently, the unimolecular reaction of gaseous ions
of nitroaromatic compounds will likely provide useful
guides to the elementary processes in bulk compounds
under more practical conditions.

The processes

C6H5NO2
�� ! C6H5

� � NO2
� �1�

C6H5NO2
�� ! C6H5ONO�� �2�

are widely indicated to be initial steps of decomposition
and rearrangement of nitroaromatic ions5–9 and neutral
compounds,10,11 especially in the absence of anortho-
related substituent. The presence of anortho substituent
frequently expands the number of reactions through
interactions with the NO2 group.4 The process

C6H5ONO�� ! C6H5O� � NO� �3�

usually follows process (2) for the formation of NO or
C6H5O (neutrals or ions); hence, NO formation is
described as a two-step process. Unlike nitroaliphatic
compounds, where the nitrite isomer the analogous
neutral molecule reactant of process (3) has been
isolated12 and its dissociation behavior studied by mass
spectrometry,13 no aryl nitrite compound appears to have
been isolated to date. However, the most recent work on
nitrobenzene ions, including reported multi-photon dis-
sociation in a time-of-flight mass spectrometer (TOF-
MS)14–16or a Fourier transform mass spectrometer (FT-
MS),17 the cavity-ring-down technique,18 pyrolysis of
nitrobenzenes in a mass spectrometer19 and ab initio
quantum mechanical calculations,18,20 strongly supports
the existence of process (2) as an intermediate step in NO
elimination.

Our attention is mainly focused on the influence of
substituents in the positionpara to the NO2 group on the
relative rates of decomposition reactions (1)–(3). The
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effectof thesubstituentontheseprocessesis notapparent
from the gaseousproductsliberatedby pyrolysisof the
condensedphase,4b althoughuseful insightshave been
reportedpreviously using spectrometry.6 In this work,
four para-substitutednitrobenzenecompoundshaving
substituentswith widely differentelectrondonor–accep-
tor properties21 were investigatedwith tandem mass
spectrometry(MS–MS) via metastableand collision-
induced dissociation(CID) processes.These methods
enableprocess(1) to bedistinguishedfrom processes(2)
and(3) in the parentmolecularion without interference
from secondary reactions. Substituent control6 over
processes(1)–(3)cantherebybeobtained.

EXPERIMENTAL

Experimentswereperformedwith aVG AutoSpectriple-
sector hydrid massspectrometerof EBEqQ geometry
(E = electricsector,B = magneticsector,q = r.f. quadru-
pole and Q = quadrupolemass filter). 1,4-Dinitroben-
zene, 4-nitrobenzaldehyde,nitrobenzeneand 4-nitro-
anisolewereobtainedfrom Aldrich Chemical.

The influenceof a para substituenton the fragmenta-
tion channelsof the NO2 groupin the four nitrobenzene
derivatives was investigated by the use of three
techniques:70eV electron ionization (EI) relative ion
intensitymassspectraandunimolecular(metastable)and
CID processesin the first field-free region using B/E
linked scans.The B/E unimolecularscanprovidesall of
the fragment ions from a selectedparent ion that are
usually formed by low internal energypathways,often
requiring isomerizationand/or rearrangementprior to
dissociation.TheB/Emethodhastheadvantageoverthe
EI approachthat the daughterionsspecificto the parent
ion areunambiguouslydetermined.B/ECID experiments
provideinformationonall possibledissociationpathways
leadingto fragmentions from a selectedparention. The
substituenteffectis mostclearlyobtainedin thismanner,

although it may be qualitatively indicated in the EI
spectra.SomeCID experimentswere performedat low
collisionenergiesin ther.f.-only quadrupoleto determine
the lower energydissociationpathway.

In addition to Hammett scale comparisonsof sub-
stituentelectrondonor–acceptorproperties,semiempiri-
cal MO calculations using the AM1 method22 were
carriedout on thesemolecules.The mid-point potential,
Vmid, of theC—NO2 bondis defined23 as(VC� VN)/2R,
where VC and VN are the atom chargesbasedon a
Mulliken populationanalysisand R is the C—N bond
distance.This modelof the chargedensityvariationhas
beenusedpreviously to correlateseveralpropertiesof
nitroaromaticcompounds.23–25

RESULTS

The experimental findings for each compound are
discussedbelow before comparisonsand conclusions
aremadeconcerningthis classof compounds.

1,4-Dinitrobenzene

The NO2 substituenton the Hammett scale is highly
electronwithdrawing (sp =�0.78).21 Consequently,the
influenceof electrophilicsubstitutionon -NO2 elimina-
tion is highest for this molecule.Figure 1 shows the
fragmentationpathwaysfor the molecularion (m/z168)
determinedby the metastableand CID reactionsof the
molecularion andits fragmentions.The locationof the
positive charge on the even-electroncations is not
specifiedin any of the fragmentationschemesof this
paper, in recognition of the fact that some charge
delocalization is expected. The dissociation scheme
shows many more pathways than were observedby
Yinon26 from the CID of the sameion. However, it
supportsthe fragmentationschemeproposedby Fields

Table 1. Substituent characteristics and ion current ratios (peak heights scaled to the peak height for NO for the parent ion) of
para-substituted nitrobenzene compounds

Para substituent sp Vmid Technique (Lossof NO2)/(lossof NO)

NO2 �0.78 �0.63 CID 13
Metastable 5

EI 30
CHO �0.42 �0.62 CID 3.3

Metastable 1.5
EI 20

H 0 �0.59 CID 1
Metastable 0.5

EI 10
OCH3 ÿ0.27 �0.54 CID 0.08

Metastable 0.06
EI 0.25
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and Meyerson.27 As summarizedin Table 1, the EI,
metastableand CID B/E scansall clearly show the
preference for the loss of NO2. It is widely
known7,9,14,16,17,28that the C6H4O

�� cation (m/z 92)
losesCO to form C5H4

��, againconfirmedhereby the
B/E scanof the m/z 92 fragmentation.It is of interest
that m/z 92 is the highestmassfragment in Fig. 1 to
exhibit CO loss.

4-Nitrobenzaldehyde

The CHO group is moderatelyelectron withdrawing
(sp =�0.42)on theHammettscale.21 Figure2 showsthe
fragmentationpathwaysof the p-nitrobenzaldehyde ion
determinedby B/EmetastableandCID scans.Thelossof
NO2 dominatesover the loss of NO by the parent
molecularion in theEI andB/ECID spectrasummarized
in Table1. Thefragmentationpatternalsoshowstheloss
of HNO2 and HNO, suggestingpossibly the facile
migrationof H from the CHO group.HNO2 is alsolost
from 4-nitrobenzoicacid,29 possiblyin thesamemanner
or by abstractionof H by free NO2. The abundancesof
HNO2 and HNO may, therefore, not necessarilybe
simply relatedto asubstituenteffectbecauseamulti-step
internalrearrangementmayhaveoccurred.Thelossof N
from them/z134cationto form them/z120radicalcation

occurswith an abundanceof 3% relative to the most
abundantfragmention, m/z 105, and is good evidence
that the nitrite isomerhasformed.We believe that the
lossof N is notmerelyanartifactof linkedscansbecause
thesequentiallossof N andO is seenin nitrobenzene(see
below).

Nitrobenzene

The H atomis the baselinesubstituentin nitrobenzenes
on the Hammett scale (sp = 0).21 The fragmentation
schemeshownin Fig. 3 was constructedfrom the B/E
metastableandCID data.Accordingto the(lossof NO2)/
(lossof NO) ratiosin Table1, thesetwo processesareof
approximately equal abundance when collisionally
activated.Process1 dominatesprocessess(2) and(3) in
the EI spectra,but doesso to a lesserextent than the
electron-withdrawing NO2 and CHO substituentsdis-
cussedabove.In themetastablespectrum,dissociationof
theparention via lossof NO by processes(2) and(3) is
favoredoverprocess(1). Thedifferentresultsfor thetwo
B/E scans reflect the sampling of only low-energy
decompositionmechanisms,while collisional activation
increasesthe internal energyin the molecular ion and
sampleshigher energyprocessesalso found in the EI
massspectra.We may infer that processes(2) and (3)

Figure 1. Fragmentation pattern of 1,4-dinitrobenzene determined from the B/E metastable and CID spectra
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havea lower overall activationenergythanprocess(1).
This explanation is in line with earlier experimental
findings30–33 regarding the activation energy of these
processesfrom the molecularcation[process(1) ca 37–
46kcalmolÿ1, processes(2) and (3) ca 9 kcalmolÿ1

(1 kcal= 4.184kJ)] and from RRKM/QET calculations9

[process (1) 27.4kcalmolÿ1, processes(2) and (3)
23.5kcalmolÿ1]. It is further supportedin this work by
performing low-energyCID experimentson the nitro-
benzeneparention usingther.f. quadrupole.The(lossof
NO2)/(lossof NO) ratio decreasedto 1:8at 10eV energy
consistentwith a lower activationenergyfor the lossof
NO.

A general result from this suite of experimentson
C6H5NO2

�� is clear evidencesupportingthe stepwise
mechanismfor NO loss.TheCID spectrumof C6H5NO��
(m/z107)showsdecompositionto bothC6H5O

� (m/z93)
and C6H5

� (m/z 77). The O-bondedC6H5O
� fragment

ion canonly be formedvia isomerization/rearrangement
of the N-bondedsubstituentsince N atom elimination
from C6H5NO�� is impossible.Lossof N from m/z107is
a minor channel with an abundanceof about 4%
comparedwith the mostabundantchannelwhich forms
C6H5

�� via lossof NO. Finally, aswasobservedfor 1,4-
dinitrobenzeneand 4-nitrobenzaldehyde,the ring re-

mainsintactuntil theC6H5O
� fragmentis formedwhich

thenfragmentsto C5H5
� with the lossof neutralCO.

4-Nitroanisole

The methoxy substituentis electron donating on the
Hammett scale (sp =ÿ0.27).21 Figure 4 shows the
fragmentation pattern deduced as before from the
metastableandCID processes.The dissociationtenden-
ciesin boththeEI andB/Espectraclearlyrevealthat the
parention losesNO [processes(2) and(3)] in preference
to NO2 [process(1)] underall experimentalconditions.
As was the casefor nitrobenzeneion, process(2) must
haveoccurredbecauseCH3OC6H4O

� (m/z123) comes
from m/z 137 with about7% efficiency. The latter ion
implies the existenceof the CH3OC6H4ON�� isomerin
orderto releaseN.

The low-energyCID spectrumof CH3OC6H4O
� (m/z

123) revealsthat fragmentationof the ring takesplace
while theCH3O substituentremainsattachedto thering.
This mechanismdiffers from that observedfor electron-
withdrawing substituentsdescribedabove,all of which
wereeliminatedprior to ring openingandlossof neutral
CO.

Figure 2. Fragmentation pattern of 4-nitrobenzaldehyde determined from the B/E metastable and CID spectra
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DISCUSSION

The elimination of NO was shown to proceedvia the
rearrangementprocessgiven by reactions(2) and(3) by
determining the fragmentation patterns for the 4-

nitroanisoleand nitrobenzeneions. In thesecasesN is
lost from anion originatingfrom theparention minusO.
The lossof N canonly occurif theC—O—N isomerof
the NO substituentexistsasm/z107 from C6H5NO2

��,
m/z 134 from CHOC6H4NO2

�� and m/z 137 from
CH3OC6H4NO2

��. The transition state for process(2)
has been proposed to be an ion–dipole interaction
betweenC6H5

�� andNO2
�.17

Becausethe two decompositionchannelsof most
interestin this work areprocess(1), thelossof NO2, and
processes(2) and (3), leading to the loss of NO, it is
necessaryto commenton thepossibility thatNO2 might
be lost by homolysisof theC—O bondafterprocess(2)
occurs.Thiswouldcomplicatetheuseof thelossof NO2

andNO to measuretherelativeextentsof process(1) and
processes(2) and(3). A comparisonof therateconstants
for the lossof NO2 (fast) andNO (slower)7,17 suggests,
however, that formation of NO2 by process (2) is
unlikely. The reasoningis that since the dissociation
energiesof the C—N and C—O bonds of C6H5NO2

and C6H5ONO, respectively, are similar (ca
70kcalmolÿ1),4,20 but the O—NO bond of C6H5NO is
weak (17–24kcalmolÿ1),20,34 the ratesof loss of NO2

and NO would be expectedto be similar if NO2 came
from the C6H5ONO� isomer.As just noted,they have
beenfound to be different.17 The logical explanationis
thatNO2 resultsfrom process(1),whichis expectedto be
fast,whereasNO comesfrom processes(2) and(3) which

Figure 3. Fragmentation pattern of nitrobenzene deter-
mined from the B/E metastable and CID spectra

Figure 4. Fragmentation pattern of 4-nitroanisole determined from the B/E metastable and CID spectra
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areexpectedoverallto beslower.Furthersupportfor this
can be drawn from the dissociationbehavior of the
methylnitrite ion,CH3ONO�, whichdoesnothaveeither
CH3

� or NO2
� as dissociationchannelsof any signifi-

cance.13

The relative orderof the activationenergiesfor NO2

lossandNO loss is clearly indicatedby the metastable
and low-energy CID spectra.Lowering of the kinetic

energyof collisionalactivationof thenitrobenzenecation
using the r.f. quadrupole(�10eV), rather than akeV
collisional activation,favors processes(2) and (3) over
process(1). This indicatesthatprocesses(2) and(3) have
an activation energythat is overall lower than that of
process(1). Similar conclusionshavebeenreachedon
nitrobenzenefrom photodissociation,14,17,32 shock tube
data,10 RRKM/QET9 andab initio quantummechanical
calculations.20 At higherinternalenergythesimplebond-

Figure 5. Correlation of Vmid (de®ned in the Experimental
section) with the (loss of NO2)/(loss NO) ratio from the parent
ion

Figure 6. Mechanistic scheme for the effect of an electron-
withdrawing para substituent on the decomposition path-
way of the NO2 group in nitroaromatic compounds. The
charge shown is formal

Figure 7. Mechanistic scheme for the effect of an electron-donating para substituent on the decomposition pathway of the NO2

group in nitroaromatic compounds. The charge shown is formal
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breakingreaction(1) becomesthedominantreactionpath
becauseof the lower frequencyfactor of rearrangement
reactions.

The electron donor–acceptorcharacteristicsof the
substituentpara to the NO2 groupinfluencethe balance
of process(1) andprocesses(2) and(3). TheEI, CID and
metastableB/E spectra indicate that process (1) is
enhancedby electron-withdrawingsubstituents(Table
1), whereaselectron-donatingsubstituentsfavor pro-
cesses(2) and(3). Figure5 is a plot of Vmid of the C—
NO2 bond as a function of the para substituentvs the
ratio of currentsfor the ionscorrespondingto the lossof
NO2 andlossof NO from theparentmolecularion.While
monotonicrelationsdo not exist,a trendis foundamong
thesevariables,as well as the Hammettsp constants.
Consequently,the electrondensity in the aromaticring
appearsto havea major influenceon theratio of parallel
reactions leading to the liberation of NO2 and NO.
Figures6 and7 give qualitativemechanisticschemesof
how the electron-withdrawing and electron-donating
propertiesof the substituent,respectively,may have
affected the reaction pathways of the nitro group.
Inductively electron-withdrawing substituents (e.g.
CHO, NO2) weaken the C— N bond, whereas a
resonantly electron-donatingsubstituent (OCH3) will
destabilize the nitrite intermediate and stabilize the
single-bondcleavageproduct.

Whenanelectron-withdrawinggroupis attachedto the
ring, the ring remainsintact during fragmentationdown
to the phenoxyradicalcation.The first evidenceof ring
dissociationis from the C6H4O

�� ion. This finding is in
line with thefindingsof earliermassspectralstudies.35,36

On the other hand,when an electron-donorsubstituent
(CH3O) is present,we observedthat the ring dissociates
beforetheelectrondonorsubstituenthasreacted(Fig. 4).
Hencethe tendencyof the aromaticring to dissociateis
alsosubstituentdependent.

Finally, it is usefulto commentonthepossiblerelation
betweenthis work andthebehaviorof polynitroaromatic
explosivesin the condensedphase.Many such com-
pounds,including 2,4,6-trinitrotoluene,are observedto
producea largeamountof NO comparedwith NO2 when
theyareheatedslowly or flashheated.37,38Whena much
largernumber(19) of substituentsandflashheatingare
used,it is observedthat electron-donatingsubstituents
produce much more NO than electron-withdrawing
substituents.39 It is not possibleto quantitatethis pattern
becauseof the large numberof possibleintermolecular
processesandcompetingsecondaryoxidation–reduction
reactionsin the condensedphasebeforeNO appearsin
the gas phase.The patternof substituentcontrol over
process(1) vsprocesses(2) and(3) foundin thegasphase
is,however,qualitativelyreflectedin thepyrolysisresults
of actualexplosivesin thecondensedphase.

Process(1) hasa fasterrate(onestep)andproducesa
strongeroxidizing agent(NO2) thandoprocesses(2) and
(3) (two stepsandNO astheoxidizingagent).Therefore,

compoundswith electron-donatingsubstituentspara to
NO2 would be less sensitiveto impact initiation than
thosewith electron-withdrawinggroupsin this position.
Although the interactionsamongthesubstituentsaddan
additional complicationin polynitroamaticcompounds,
there is a rough tendency for electron-withdrawing
substituentsto produce more impact sensitivity than
electron-donatinggroups.39
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