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Hidden rearrangement processes in short�lived negative molecular ions

M. V. Muftakhov, P. V. Schukin, and R. V. Khatymov�

Institute of Molecule and Crystal Physics, Ufa Research Center, Russian Academy of Sciences,
151 prosp. Oktyabrya, 450075 Ufa, Russian Federation.

Fax: +7 (347 2) 31 3538. Е�mail: LMSNI@anrb.ru

The study of resonant electron capture by nitrobenzene molecules showed that some
fragmentary negative ions are unstable toward electron autodetachment. The measured ap�
pearance energy of the neutral component of an [M – H]– ion beam does not agree with the
energetics of direct dissociation in a molecular ion. The estimation calculations show that the
low appearance energy of [M – H]0 neutral components is caused by isomerization of a
molecular ion of nitrobenzene to the 2�nitrobenzene structure followed by the formation of a
phenoxide ion in the autodetachment state.
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Negative ions (NIs) in the autodetachment states are
formed due to resonant capture of electrons by molecules.
The total cross section of electron capture (σC) and the
cross section of dissociative electron capture (σDEC),
which leads to the appearance of smaller fragments, are
related by the correlation1

σDEC = σCexp(–τd/τa), (1)

where τa is the lifetime of a molecular negative ion
([M]–) with respect to electron autodetachment, and τd is
the time necessary for its dissociation to smaller frag�
ments. It follows from Eq. (1) that electron autodetach�
ment competes with dissociative processes, due to which
fast fragmentation channels occur mainly of possible
routes for molecular ion decay. Rearrangement processes
occur, as a rule, in such [M]–, whose composition in�
cludes acceptor groups or atoms. Hidden processes of

H�shift and isomerization can occur against the back�
ground of explicit rearrangements in [M]–, which are
identified by peaks of characteristic ions [M – HHal]–,
[M – H2O]–, and others in the mass spectra. It is difficult
to identify them only from the mass spectrum, because
the elemental composition of rearrangement ions and that
of ions formed without rearrangements through dissocia�
tion are often the same. However, [M]– decay products in
the fast and slow processes differ in structure and, hence,
in enthalpy of formation. The energies of these processes
are different, and the mechanism can be determined by
analysis of the energy balance of monomolecular decom�
position

Eapp([A]–) = ∆Hf°([A]–) + ∆Hf°(B) – ∆Hf°(AB) + E´, (2)

where Eapp([A]–) is the experimentally measured appear�
ance energy for the [А]– fragmentary ion; ∆Hf°([A]–),
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∆Hf°(B), and ∆Hf°(AB) are the standard enthalpies of
formation of the [А]– ion, uncharged B fragment, and
AB molecule, respectively; E´ is the excessive energy of
the process.

Nitroaromatic compounds are characterized by the
skeletal rearrangement in [M]– to liberate the [M – NO]–

fragmentary ions,2 which indicates that an electron cap�
tured by the molecule can be kept for a long time. This
fact allowed us to study nitrobenzene in order to detect
other rearrangement processes.

Experimental

Experiments were carried out on an MI�1201 single�focus
magnetic mass spectrometer modified for generation and detec�
tion of negative ions.3 This instrument makes it possible to ob�
tain a dependence of the mass peak intensity on the electron
beam energy in a range of 0—80 eV. The ion source was equipped
with an electron monochromator4 that decreased the energy
scatter of the electron beam at the half�height (∆E1/2) to 0.05 eV
at an electron current of 1 nA. The electronic and ionic optics of
the ion source were tuned according to the requirements of a
minimum possible value of ∆Е1/2 with retention of an ion signal
intensity sufficient for its reliable detection. The electron energy
scale was calibrated by maxima in the curves of the effective
yield of the SF6

–/SF6 (~0 eV) and NH2
–/NH3 (5.65 eV) ions.

The appearance energy of ions was determined from the onset of
the SF6

– ion peak with an error of ±0.05 eV. An additional
electrode was mounted in a region of the ion receiver to deviate
the charged component of the ion beam in the transversal elec�
tric field and to detect neutral components formed by electron
autodetachment when ions were flying through the second field�
free region.5 The average lifetime of NIs relatively to electron
autodetachment was calculated by the equation5

τa = t/ln(1 + [N]0/[N]–), (3)

where [N]0 and [N]– are the relative peak intensities of neutral
components and ions, respectively; t is the time�of�flight by ions
of the second field�free region (for ions with m/z 122 at an
accelerating voltage of 1300 V, t = 8.48 µs). Nitrobenzene was
delivered to the ionization chamber by a standard injection sys�
tem for liquids and gases. To decrease the influence of activation
of ions upon collisions on experimental results, a moderate inlet
of a sample was used: the vapor pressure in the ion source re�
gion, which was monitored by a magnetic ionization detector,
did not exceed 10–3 Pa, and the residual pressure was not higher
than 5•10–5 Pa. For calculation of the thermochemical con�
stants of molecules and radicals, we used the expression similar
to Eq. (2)

D(A—B) = ∆Hf°(A) + ∆Hf°(B) – ∆Hf°(AB), (4)

where D(A—B) is the bond dissociation energy in the AB mol�
ecule.

Results and Discussion

The mass spectrum of nitrobenzene NIs obtained at a
constant electron energy of 4 eV contains more than

20 mass peaks, whose intensity range is four orders of
magnitude. Along with the peak of the above�mentioned
[M – NO]– ion, we found peaks of the [M – OH]– and
[OH]– ions, being the products of rearrangement pro�
cesses in [M]–. No other ions indicating explicitly the
H�shift or isomerization reactions were observed, and the
[M – H]– ions are not exception in this respect. The
threshold energy for H�atom elimination was calcu�
lated from the values ∆Hf°(NO2C6H4

–) = 19 kJ mol–1,6

∆Hf°(NO2Ph) = 67 kJ mol–1, and ∆Hf°(H) = 218 kJ mol–1

(see Ref. 7) using Eq. (2). This energy is 170 kJ mol–1

(1.76 eV).

NO2C6H5 + е    NO2C6H5
–  NO2C6H4

– + Н (5)

This does not contradict the measured appearance en�
ergy (2.85 eV) for the first broad peak with a maximum at
3.7 eV in the curve of the effective yield of the [M – H]–

ions (Fig. 1). This suggests preliminarily that fragmentary
ions can be formed through simple bond cleavage. The
peak under discussion is nonsymmetric, which is caused
by [M]– decay from two resonance states close in energy.
The second peak at 7 eV (more narrow and symmetric)
indicates the single initial state of [M]–. The curve of the
effective yield of [M – H]0 neutral components is pre�
sented in Fig. 1. This curve shows that the [M – H]– ions
are formed in the autodetachment states. Mass spectro�

Fig. 1. Curves of the effective yield of the [M – H]– ions and
[M – H]0 neutral components (shown by dashed lines) from
nitrobenzene at different electron energies (Ee).
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metric observation of electron autodetachment by frag�
mentary NIs is a rare phenomenon. This process can
occur only in polyatomic ions, whose internal energy ex�
ceeds the electron affinity energy of the corresponding
neutral components. Similar phenomenon has been re�
ported earlier.8

An interesting fact concerning nitrobenzene should be
mentioned. The appearance energy for the first peak in
the curve of the neutral component yield with a maxi�
mum at 4.0 eV is 3.51 eV. However, the threshold energy
of electron autodetachment by the NO2C6H4

– ions is
equal to the C—H bond dissociation energy in the mol�
ecule (ignoring the kinetic energy released at the moment
of dissociation). Since in nitrobenzene and benzene
(D(C6H5—H) = 464 kJ mol–1 (4.81 eV))7 they differ in�
significantly, we concluded that the measured appearance
energy for [M – H]0 is by 1.3 eV lower than the calculated
energy. We found a similar divergence in the study of
p�fluoroazobenzene. The analysis of this phenomenon
suggested the formation of fragmentary ions with differ�
ent structures.9 Evidently, fragmentation of molecular NIs
of nitrobenzene in the low�energy region is not restricted
by simple bond cleavage. The estimation calculations show
that the low appearance energy of neutral components
corresponds to the isomerization process of phenoxide
ion formation followed by electron autodetachment

NO2C6H5
–  2�NOC6H4OН– 

 2�NOC6H4O– + Н  2�NOC6H4O + Н + е, (6)

for which the threshold energy is 3.34 eV (calculations are
given below). Skeletal rearrangement with the step of mi�
gration of the nitro group oxygen atom to the benzene
ring has been substantiated previously2 by the results of
analysis of the metastable peak shape in the mass spec�
trum of the nitro compound corresponding to the process
[M]– → [M – NO]–.

Formula (4) was used to calculate the enthalpy of
2�phenoxide radical formation. In formula (4), the un�
known ∆Hf°(2�NOC6H4OH) value was estimated as fol�
lows. Based on ∆Hf° for monosubstituted benzenes,7,10

∆Hf° of nitrosophenol was calculated using the additive
macroincrementation scheme11 (regardless of mutual ar�
rangement of functional groups)

∆Hf°(NOC6H4OH) = ∆Hf°(NOPh) +

 + ∆Hf°(PhOH) – ∆Hf°(C6H6) =

= 201 + (–96) – 83 = 22 kJ mol–1.

The resulting value was refined, because the additive
scheme ignores the mutual influence of substituents
in the benzene π�system. For instance, p�nitrophenol
(∆Hf° = –117 kJ mol–1)7 exhibits stabilization compared
to the calculated value (∆Hf° = –112 kJ mol–1), while the
ortho�isomer is characterized, on the contrary, by desta�

bilization (∆Hf° = –105 kJ mol–1).7 Since the NO group
is weaker than the NO2 group in polarizability,12,13 the
stabilization effect in nitrosophenol should not exceed
that in nitrophenols. Therefore, this value was accepted
(estimated) as 5 kJ mol–1. Taking into account this cor�
rection, the above calculated enthalpy of formation
of 2�nitrosophenol (∆Hf° = 22 kJ mol–1) finally was
27 kJ mol–1. The O—H bond dissociation energy in
phenols is 362 kJ mol–1.7 Therefore, ∆Hf°(2�NOC6H4O) =
362 – 218 + 27 = 171 kJ mol–1. Finally, for the threshold
energy of the process described by Eq. (6) we have

Еapp([М – Н]0) = ∆Hf°(2�NOC6H4O) +

+∆Hf°(Н) – ∆Hf°(NO2Ph) =

= 171 + 218 – 67 = 322 kJ mol–1 (3.34 eV).

The structure of the [M – H]– ions in the high�energy
region differs from that in the low�energy region, which
follows from analysis of the dependence of the average
lifetime on the electron energy (Fig. 2). The τa value
determined in mass spectrometric experiment is an inte�
gral characteristic of NIs decay in a strictly specified time
interval of measurements. Since 1/τa can formally be in�
terpreted as a macrocanonical decay rate constant, the
τa function should be continuous and monotonic within
the energy region of the decay. Two peaks are far apart in
the curve of the yield of the [M – H]– ions, and the

Fig. 2. Plot of the average lifetime of the [M – H]– ions from
nitrobenzene relatively to electron autodetachment (τa) vs. elec�
tron energy (Ee).
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regions of their abundance are not virtually overlapped.
Electron autodetachment within each region is charac�
terized by a pronounced dependence of τa: the lifetime
decreases with an increase in the electron energy, which
is caused by an enhancement of the efficiency of the
process with an increase in the internal energy of ions. At
the same time, the τa function is not monotonic in the
energy region covering both peaks: the function under�
goes a sharp jump at the boundary of two regions.

The shape of the τa function does not allow one to
unambiguously determine the structure of ions in the
high�energy region, because the efficiency of electron
autodetachment is determined by the dependence of
the microcanonical decay rate constant on the internal
energy of NIs and their distribution function. The quan�
titative estimation of these parameters is a compli�
cated procedure and represents an independent prob�
lem,14 whose solution is beyond the present report. It is
most likely that the cyclic structure of the NO2C6H4

–

ion takes place in an energy region of 7 eV for the
[M – H]– fragmentary ions. This structure corresponds to
the requirement of minimum structural changes, which
becomes decisive under the conditions of competition of
electron autodetachment in [M]–. At the same time, we
do not ignore a possibility of [M]– dissociation with ben�
zene ring opening and formation of linear [M – H]–

ions, for example, HC≡CCH=CHC(NO2)=CH– or
H2C=C(NO2)CH=CHC≡C–. However, an electron can�
not be autodetached by such ions. The ∆Hf° values of the
corresponding radicals estimated by the additive micro�
incrementation scheme15 with allowance for group con�
tributions16 are 550 and 590 kJ mol–1, respectively. The
threshold energy for formation of the neutral components
is ~7.3 and ~7.7 eV, respectively. The structure of the
CH2=C(NO)C(O)=CHC≡CH oxy radical, whose ∆Hf° is
estimated as 420 kJ mol–1, can correspond to the experi�
mentally measured value of Еapp = 6.85 eV for the
[M – H]0 neutral components.
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32412a) and the Russian Science Support Foundation.

References

1. H. S. Massey, Negative Ions, Cambridge University Press,
Cambridge, 1976, 502 pp.

2. J. H. Bowie, Mass Specrtom. Rev., 1984, 3, 161.
3. V. I. Khvostenko, V. A. Mazunov, V. S. Fal´ko, O. G.

Khvostenko, and V. Sh. Chanbarisov, Khim. Fiz. [Chemical
Physics], 1982, 7, 915 (in Russian).

4. M. V. Muftakhov, Yu. V. Vasil´ev, E. R. Nazirov, and V. A.
Mazunov, Pribory i tekhnika eksperimenta [Experimental In�
struments and Equipment], 1989, 2, 166 (in Russian).

5. V. I. Khvostenko, Mass�spektrometriya otritsatel´nykh ionov
v organicheskoi khimii [Mass Spectrometry of Negative Ions in
Organic Chemistry], Nauka, Moscow, 1981, 160 pp. (in
Russian).

6. M. Meotner and S. A. Kafafi, J. Am. Chem. Soc., 1988,
110, 6297.

7. S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes,
R. D. Levin, and W. G. Mallard, J. Phys. Chem. Ref. Data,
1988, 17, Suppl. 1.

8. C. D. Cooper and R. N. Compton, Chem. Phys. Lett.,
1972, 14, 29.

9. M. V. Muftakhov, Yu. V. Vasil´ev, V. A. Mazunov, V. V.
Takhistov, and D. A. Ponomarev, Rap. Commun. Mass
Spectrom., 1995, 30, 275.

10. K. Y. Choo, D. M. Golden, and S. W. Benson, Int. J. Chem.
Kinet., 1975, 7, 713.

11. H. M. Rosenstock, J. Dannacher, and J. F. Liebman, Radiat.
Phys. Chem., 1982, 20, 7.

12. W. J. Hehre and J. A. Pople, J. Am. Chem. Soc., 1970,
92, 2191.

13. W. J. Hehre, L. Radom, and J. A. Pople, J. Am. Chem. Soc.,
1972, 94, 1496.

14. Y. V. Vasil´ev, R. R. Abzalimov, S. K. Nasibullaev, and
T. Drewello, Fullerene, Nanotubes, and Carbon Nano�
structures, 2004, 12, 229.

15. S. W. Benson, Thermochemical Kinetics, Wiley, New
York, 1976.

16. V. V. Takhistov, Organicheskaya mass�spektrometriya [Or�
ganic Mass Spectrometry], Nauka, Leningrad, 1990, 222 pp.
(in Russian).

Received March 9, 2005;
in revised form December 22, 2005



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
  ]
  /NeverEmbed [ true
    /Helvetica
    /Times-Roman
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


