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The photofragmentation of nitrobenzene and the isomers of nitrotoluene in 
the gas phase are studied in the wavelength region 210-270 nm using a pulsed UV 
laser in conjunction with a time of flight mass spectrometer. 

Laser induced mass spectra are analysed and compared with those produced 
by the electron impact (EI) technique. 

The generation of the observed fragment ions is explained by invoking 
different fragmentation pathways followed by these molecules. 

Observed differences in the mass spectra of the o-, m-, and p-nitrotoluene 
isomers are discussed as a possible way for a laser based method for their 
identification. 
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1. INTRODUCTION 

The photodissociation of nitroaromatic molecules has been studied for 
almost 50 years [1-10]. Many techniques have been used during this time in order to 
better understand their decomposition mechanisms. The wide interest for these 
molecules is due to two major reasons. The first is related with the fact that they 
dissociate easily and therefore are very suitable for molecular dissociation studies. 
Secondly, and closely related with the former, is their usage as energetic materials. 

Nitrobenzene and the nitrotoluene isomers (ortho-, meta- and para-) could be 
thought of as the simplest nitroaromatics and the knowledge of their photochemistry 
is essential for the understanding of the entire group of nitro-explosive compounds 
which includes DNT and TNT. This knowledge is a pre-requisite for the sensitive 
and selective detection of these materials. 

The photodecomposition of the nitrobenzene molecule has been extensively 
studied using laser light [11-16]. Some uncertainties still remain about the 
dissociation pathways involved [17]. The case of the nitrotoluenes is different. 
Although the fragmentation of their molecular ions has been well studied [3,6,7,9,18-
21], a little work has been presented for molecular fragmentation using lasers 
[10,15,22-24]. These studies do not cover all the isomers and have been carried out 
using mainly a small number of discrete wavelengths. 
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1. INTRODUCTION 

The photodissociation of nitroaromatic molecules has been studied for 
a1most 50 years [1-10]. Many tecru首queshave been used during this time in order to 
better understand their decomposition mechanisms. The wide interest for these 
molecules is due to two major reasons. The first is related with the fact that they 
dissociate easily and therefore are very suitable for molecular dissociation studies. 
Secondly， and closely related with the former， is their usage as energetic materials. 

Nitrobenzene and the nitrotoluene isomers (ortho-， meta-and para-) could be 
thought of as the simplest nitroaromatics and the knowledge of their photochemistry 
is essential for the understanding of the entire group of nitro・explosivecompounds 
whlch inc1udes DNT and TNT. This knowledge is a pre-requisite for the sensitive 
and selective detection of these materials. 

The photodecomposition of the nitrobenzene molecule has been extensively 
studied using laser light [11-16]. Some uncertainties stil1 remain about the 
dissociation pathways involved [17]. The case of the nitrotoluenes is different. 
Although the fragmentation of their molecular ions has been wel1 studied [3ん7，9，18・
21]， a 1itt1e work has been presented for molecular仕agmentationusing lasers 
[10，15，22・24].These studies do not cover al1 the isomers and have been carried out 
using main1y a small number of discrete wavelengths. 
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In this paper, the UV laser induced dissociation of nitrobenzene, and the 
isomers of nitrotoluene, in gas phase is presented. The Electron Impact mass spectra 
of these molecules have also been recorded for reasons of completeness, and 
compared with laser induced mass spectra. 

The wavelength range (210-270 nm) has been chosen for two reasons. The 
first one is related to the opportunity to study the molecular fragmentation with 
respect to the ionization thresholds. In other words to find out if the 
photodissociation could also take place before the ionization of the molecules. For 
aromatic molecules it was believed that the extensive fragmentation observed after a 
multiphoton absorption process was the result of fragmentation of the molecular 
ion(XXXX). However, Yang el al. [25] in their study of the benzaldehyde molecule 
found experimental evidence for both processes and have established the notation DI 
(dissociation followed by ionization) and ID (ionization followed by dissociation). 
Whetten el al. [26] have also explained the production of neutral carbon atoms from 
the fragmentation of benzene and some related compounds through the DI 
mechanism. For the case of nitrobenzene both the dissociation routes have been 
suggested by Kosmidis el al [17]. 
Secondly, it is known that from the dissociation of nitroaromatics that NO fragments 

are produced. The A^£ <—X^TI absorption band for the neutral NO molecule lies 
in this wavelength region (VQ_O =226.3 nm). Thus the resonance enhanced two 
photon ionization signal from the liberated NO molecules could be used for the 
sensitive detection of the parent molecules. 

2. EXPERIMENTAL DETAILS 

The experimental arrangement (Fig.l) consists of a Lumonics TE-861M XeCl 
pulsed excimer laser used to pump a Lumonics EPD-330 dye laser which was 

LeCroy 9304 Digital Oscilloscope 

Lumonics 
TE-660M 

Excimer Laser 

Pump 
Beam 

Lumonics EPD-330 
Dye Laser 

Second Harmonic 
Generation unit 

Fig.l:Diagram showing the experimental arrangement 

operated with laser dyes 
stilbene 420, coumarinl20, 
coumarin 47 and 
coumarin 307 to 
produce radiation in the 
range 420 to 540 nm. 
The fundamental 
radiation was frequency 
doubled using BBO'A', 
BBO 'B' cut and KDP Bl 
crystals to cover the range 
210-270 nm. Wavelength 
tracking at maximum 
fluence was accomplished 
using an Inrad Model 5-12 
SHG autotracking system. 
Frequency doubled pulses 
were typically of 6 ns 

duration and maximally about 0.5 mj in energy. 
The fundamental and frequency doubled laser beams were separated by an Inrad 
Harmonic Separator model 752-104. The frequency doubled beam was focused into a 
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high vacuum chamber using a 30cm quartz lens which focused to a spot size of 50 
um diameter and the pulse energy of the beam was measured using a Molectron J3-
09 pyroelectric joulemeter. Laser pulse energy was varied using a Newport 935-5 
attenuator. 

The sample vapour was admitted to the acceleration region of the TOF mass 
spectrometer through a 0.5 mm diameter hole in the centre of the sample stub using 
a precision leak valve and capillary tube arrangement. The laser-sample interaction 
occurred at a distance of 1mm from the surface of the sample stub and ions passed 
into a 1.20 m field-free drift space where they were detected by a standard Thorn-
EMI 18-dynode electron multiplier. The TOF mass spectrometer was operated in the 
Wiley-McLaren configuration at a resolution of 220 at m/z=77. 

The TOF mass spectra were accumulated by taking the output of the electron 
multiplier directly to a LeCroy 9304 175MHz digitising oscilloscope, where signals 
were averaged typically over 500-1000 laser shots. 

The Electron Impact (EI) spectra were recorded using a Kratos MS12 system 
combined with a DS55 data acquicition system. 

Nitrobenzene (NBz) and the nitrotoluenes (NT) isomers were obtained from 
the Aldrich Chemical Co., England, and were used as supplied by the manufacturers 
without further purification. 

3. RESULTS and DISCUSSION 

The EI mass spectrum of NBz is shown in Fig.2. In t . ame figure laser 
induced mass spectra of NBz, at two different wavelengths, . •; also presented. 
There are some differences between these spectra, the most characteristic of which is 
the absence of the m/e=30 peak (which corresponds to the NO+ ion) from the EI 
spectra. The significance of this fragment has already been mentioned. 
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Fig 2: i)The 70 eV electron impact mass spectrum of NBz, ii)Laser induced (17uj per pulse) TOF 
spectra of NBz at (a) 225nm and (b) 270nm. The high mass fragments are shown at x8 
magnification 

Differences also exist between the laser induced mass spectra, although they 
have been recorded using the same laser intensity. This illustrates the wavelength 
selective nature of the photon-induced dissociation. 

Using different wavelengths and laser intensities the fragmentation of NBz is 
studied in the range of 220-270 nm. 
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have been recorded using the same laser intensity.百usillustrates the wavelength 
selective nature of the photon-induced dissociation. 

Using different wavelengths and laser intensities出.efragmentation of NBz is 
studied in the range of 220・270nm.
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The parent ion (C6HsN02+) is observed for wavelengths shorter than 251.5 run. This 
is evidence that a 2-photon ionization process is involved (IP=9.86eV) [27]. With the 
same laser intensity, and all other experimental parameters unchanged, the parent 
ion was not observed for longer wavelengths. Thus the observed fragmentation in 
this wavelength region must be attributed to a DI dissociation route. 

The appearance in the mass spectra of ions with m/e=107 (= C6H5NO , 
nitrosobenzene) and that of atomic oxygen [17,28] suggests the existence of the 
dissociation pathway: 

C6H5N02 —> QH5NO + 0 . 
Similarly the observation of the phenoxy ion ( C6H5O, m/e=93) and that of NO 
implies a fragmentation: 

C6H5NO2 —> QH5O +NO. 
Finally the phenyl ion (C6H5, m/e=77 ) and the NO2 ion are indicative of a third 
decomposition pathway: 

C6H5N02 —> C6H5 + N 0 2 

(3) C6H5N02 (2) (1) 

Fig.3: Proposed photodissociation pathways of nitrobenzene molecule. 
Pathways (1), (2), and (3) are related to a dissociation ionization (DI) 
route while (4) to an ionization dissociation (ID) route. 

For wavelengths shorter than X=251.5 nm the ID dissociation route is also 
possible. From the studies of the fragmentation of the NBz ion, the appearance 
potentials for the different dissociation channels are well known. The measured 
yield of the phenyl ion production from the NBz dissociation shows a sharp increase 
at X=225nm (=11.02eV for two photon absorption) [17]. This increase can not be 
explained through the DI route, but a ID mechanism must be invoked. It is 
characteristic that the wavelength position where this sudden increase of the phenyl 
ion is observed is consistent with the appearance potential (=11.8 ±0.16eV) 
proposed by Nishimura et al [29] for the NO2 loss channel from the NBz ion. 
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(a) 
The proposed photodissociation 
pathways for the NBz molecule are 
presented in Fig.3. The pathways 
(1), (2) and (3) are related to a DI 
route, while (4) is an ID route. 
Photon absorption by the C5H5 and 
C6H5 ions lead to lighter 
hydrocarbons and atomic 
production. The fragmentation of 
the phenoxy ion by CO loss is 
represented by dashed arrows. 
The EI spectra of the NT isomers are 
presented in Fig.4. Once again the 
observation of particular masses is an 
unambigious indication for the 
existence of certain dissociation 
pathways. Thus the ion peak at 
m/e=107 and that at m/e=30 suggest 
an -NO loss channel while that at 
m/e=91 is indicative of an -NO2 loss 
pathway. 
An interesting difference in the 
spectrum of o-nitrotolouene 
(Fig.4a) is the appearence of the ion 
peak at m/e=120. This is related to 
an unusal ortho- effect in which an 
-OH loss occurs. Several studies 
have been carried out regarding the 
formation of this -OH radical [3,30] 
and especially about the 
origin of its hydrogen atom. It is 
now believed that this atom comes 
from the -CH3 group [6] .The 
appearence potentials for the 
majority of the above mentioned 
dissociation channels have been 
determined from the studies of 
molecular ion fragmenation. 
An uncommon spectral feature 
(m/e=31) is observed in the EI 
spectrum of m-NT. One explanation 
for this feature could be -HNO loss 
from the protonated molecular ion 
fragmentation. 
The laser induced spectra of the NTs 
are expected to be strongly 

dependent on the wavelength and the intenstity of the laser beam. This is illustrated 
in Fig.5. In Fig.5a the mass spectra of o-NT at different wavelengths are presented, 

m/e 

Fig.4:The 70 eV EI mass spectra of (a) ortho-
(b) meta-, and (c) para-nitrotoluene 
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while in Fig.5b the spectra have been expanded in order to observe the higher rrr.is 
ion peaks. 

The parent ion peak (m/e=137) is absent in some of the recorded mass spectra. 
The ionization potential for o-NT is reported to be 9.42 eV [20]. Observation of the 
parent ion peak in the mass spectra where the laser light has wavelength shorter than 
263 nm (=4.71eV), is evidence that (for the laser intensity range used) a two photon 
absorption mechanism is involved in the molecular ionization process. 
The mass spectra in Fig.5 are recorded using the same laser intensity with the other 
experimental parameters constant. Thus the recorded fragmentation with laser light 
of wavelengths longer than 263 nm must be attributed, again, to a DI mechanism. 
This observation is valid for all of the NT isomers. 

C7H7N05 NOo O7H7O C7H7N02 
^nr-^v*yn«pv*--245 nm 

lsyr~y->rx*~~257.5 nm 

NO 

r 260 nm 

^ r — y^-V*—^— *"*Vl" » " V 265 nm 

-267.5 nm 

( a ) (b) 
Fig.5. a)Laser induced TOF mass spectra of o-NT at different wavelengths b) The high mass 

fragments are shown after magnification 

The dissociation in these cases, it is believed, takes place from an intermediate 
valence state. For all the molecules studied in this work, a transition to a valence 
state appears in the one photon absorption spectrum in this wavelength range which 
has broad and structureless band shape characteristic of a strong dissociative state. 
Thus the fragmentation could occur while the molecules are in resonance with this 
state. 

All the above presented dissociation pathways for the EI mass spectra are 
indentified also in the laser induced fragmentation spectra. In addition some other 
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ion peaks (e.g. m/e=16,27,46 ) are observed, which, in conjuction with their 
wavelength and intensity depedence, are expected to help in the explanation of the 
photodissociation of these molecules. 

The fragmentation from the ionic states of the parent molecule have been 
extensively studied, especialy for the o-NT. 

Shao and Baer [20] have suggested that the molecular ion is isomerised to a 
more stable isomer before its decomposition which leads to the m/e=120 ion peak. 
The appearance potential for this -OH loss channel has been calculated to be 9.3±0.1 
eV, which is below the ionization threshold. A value of 9.69 eV has been 
experimentally found by Matyuk et al. [27]. The observation of this peak in the mass 
spectra recorded with laser wavelength 267.5nm (=9.27eV for two photon 
absorption) clearly supports the former suggestion. 
Antonov et al [23] have studied this dissociation pathway using a two step excitation 
scheme. They found that the signal for the m/e=120 peak increased after the end of 
the first (337nm) excitation step, which supports the model for the formation of an 
intermediate particle through an intramolecular rearrangment. 

For the explanation of the existence in the spectra of the NO and NO2 ion peaks 
(m/e=30, 46 respectively) with X >250nm, once again a DI mechanism must be 
invoked, since for the - NO2 loss channel from the parent ion a threshold of lleV 
(=225nm, for two photon absorption) has been found. 
Unfortunately, to our knowledge, there are no theoretical calculations of electronic 
states for the NT molecules. This reduces the possibility to answer the question 
about the mechanism involved in the generation of these fragments e.g. if it is a 
consequence of the existence in this energy region of a direct repulsive electronic 
state along the C-N bond coordinate, or if the production of NO/NO2 is due to a 
rearrangment process of the nitro group, as have been proposed for the case of NBz 
[16,17]. 

The observed m/e=16 ion peak is attributed to atomic oxygen production. This 
conclusion is based on the observed resonance enhancment of this peak when the 
laser wavelength was tuned on 225.6nm where the 2p4 3P —> 2p33p3P two photon 
transition in atomic oxygen is lies. This, in conjuction with the appearence of an ion 
peak at m/e=121 present in the mass spectra of all NTs, suggests the existence of 
another dissociation channel, in which a -O loss occurs: 

C7H7NO2 —> C7H7NO + 0 . 
In the spectra of Fig.5 a peak at m/e=128 is presented. The loss of mass 9 from 

the parent molecule does not make sense. A similar peak was observed previously 
[13]. A possible explanation could be an adduct generation from the produced 
fragments, although the low presure in our experiment does not favour such 
processes. 

With the exception of the peak at m/e=120, the mass spectra of the other two 
isomers could be explained using the same o-NT dissociation pathways. 

The TOF mass spectra of the p-NT at 213 and 266nm have been presented 
previously [24]. At 226 nm, a strong peak at m/e=105 is found which was 
explained as -NO loss minus several hydrogens, while at 213nm the dominant peak 
was found to be the NO2 ion. Our experimental results support this wavelength 
depedence of the fragmentation process. 
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ion peaks (e.g. m/e=16，27，46 ) are observed， which， in conjuction with their 
wavelength and intensity depedence， are expected to help in the explanation of the 
photodissociation of these molecules. 

The fragmentation from the ionic states of the paren.t molecule have been 
extensively studied， especialy for the o-NT. 

Shao and Baer [20] have suggested that the molecular ion is isomerised to a 
more stable isomer before its decomposition which leads to the m/e=120 ion peak. 
τ'he appearance potential for this -OH los5 channel has been calculated to be 9.3:t0.l 
eV， which is below the ionization threshold. A value of 9.69 eV has been 
experimentally found by Matyuk et al. [27]. The observation of this peak in the mass 
spectra recorded with laser wavelength 267.5nm (=9.27eV for two photon 
absorption) c1early supports the former suggestion. 
Antonov et al [23] have studied this dissociation pa出wayusing a two step excitation 
scheme. They found that the signal for the m/e=120 peak increased after the end of 
the first (337nm) excitation step， which supports the model for the formation of an 
intermediate particle through an intramolecular rearrangment. 

For the explanation of the existence in the spectra of the NO and N02 ion peaks 

(m/ e=30， 46 respectively) with 入>250nm，once again a DI mechanism must be 
invoked， since for the -N02 loss channel from the parent ion a threshold of lleV 
(=225run， for two photon absorption) has been found. 
Unfortunately， to our knowledge， there are no theoretical ca1culations of electronic 
states for the NT molecules. This reduces the possibility to answer the question 
about the mechanism involved in the generation of these fragments e.g. if it is a 
consequence of the existence in this energy region of a direct repulsive electronic 
state along the C-N bond coordinate， or if the production of NO/N02 is due to a 
rearrangment process of the nitro group， as have been proposed for the case of NBz 
[16，17]. 

The cbserved m/e=16 ion peak is attributed to atomic oxygen production. This 
conclusion is based on the observed resonance enhancment of this peak when the 
laser wavelength was tuned on 225.6nm where the 2p43pー>2p33p3p two photon 
transition in atomic oxygen is lies. This， in conjuction with the appearence of an ion 
peak at m/e=121 present in the mass spec仕aof all NTs， suggests the existence of 
another dissociation channel， in which a心 1055occurs: 

C7H7N02ー>C7H7NO +0. 
In the spec甘aof Fig.5 a peak at m/ e=128 is p 
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Fig. 6 The laser induced mass spectra of p-NT at (a) 215nm and (b) 250 nm. 

In Hg.6 the mass spectra of p-NT at two discrete wavelengths are presented. 
In the spectrum at 215nm (Fig.6a) the ion peaks observed at higher masses than 

the parent ion masses could be explained as clusters formed through collisions 
between the parent molecule and a fragment. In our experiment, that was observed 
only for the case of p-NT, although much heavier masses has been reported in the 
TOF spectra of o- and m- NTs using an ArF laser (=193nm) [13]. 

NO C7H7 Q 

12W 

Fig.7 Laser induced TOF spectra of m-NT recorded at 250nm and several pulse energies. 

In Fig. 7 the depedence of the mass spectra with laser intenstity is presented for the 
case of m-NT at 250nm. Thus, while at low laser intensities, the peak at m/e=91 (-
NO2 loss) was the stonger one, is not the case when higher intensities were used. In 
this case, the NO ion peak is dominant and simultanously the peaks which 
correspond to lighter hydrocarbons also increase, suggesting further fragmentation 
of the heavier masses. 
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Fig.6百lelaser induced mass s戸ctraof p-NT at (a) 215nm and (b) 250 nm. 

In l'ig.6血.emass spec回 ofp-NT at two discrete wavelengths are pre民 nted.
h仕lespec甘umat 215run (Fig.6a) the ion peaks observed at higher masses than 

the parent ion masses could be 似 plainedas clusters formed through collisions 
between出eparent molecule and a fragment. In our exper泊¥enιthatwas observed 
only for the ca民 ofp-NT， although muu'l heavier masses has been reported in the 
TOFspec凶 ofo・andm-NTs using an ArF laser (=193nm) [13]. 
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Fig.7 Laser induce<1 TOF s伊ctraof m-NT recorded at 250nm and回veralpulse energies. 

In Fig. 7 the depedence of the mass spec住awith laser intenstity is presented for the 
case of m-NT at 250nm. Thus， while at low laser intensities， the peak at m/e=91 (-
N(hloss ) was the stonger one， is not the case when higher intensities were used. In 
this case， the NO ion peak is dorninant and simultanously the peaks which 
correspond to lighter hydrocarbons also increase， suggesting further fragmentation 
of血eheavier masses. 
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Fig.8 The laser induced mass spectra of the (a) ortho-.(b) meta- and (c) para-nitrotoluene at 
213nm using the same laser intensity 

In Fig. 8 the mass spectra of the three isomers are presented. They have been 
recorded at 21311m, using the same laser intensity. The possibility for a laser-based 
^identification method of the NT isomers is of course a challenge. Previously G. Xu 
and J. A. Herman [31] have demonstrated a method for this indentification using a 
cyclotron resonance mass spectrometer in an NT+/NO reaction. 

From the spectra in Fig. 8, it is clear that the o-NT has an unambiguous 
fingerprint with the peak at m/e=120, which can be used for its detection. In a 
similar way in the case of p-NT, the two high mass peaks above the parent ion can be 
used as identification. The problem with these ion peaks is the uncertainty about 
their origin. Alternatively, the much stronger NO ion peak could be used (about one 
order of magnitude stronger than that from m-NT). A combination of these two 
features can be also utilised. 

CONCLUSIONS 

The laser induced fragmenation of NBz and NT isomers are studied in the 
wavelength region of 210-270 nm. The observed dissociation is discussed with 
respect to the molecular ionization. It is concluded that both DI and ID dissociation 
mechanism are possible for these molecules. 

From the analysis of the mass spectra, the different dissociation pathways are 
identified and compared with that presented in the literature. 

The observation through a resonance enhancement of the m/e=16 ion peak in 
conjuction to the m/e=121 peak suggest the existence of an -O loss channel in the 
case of NTs. 

Preliminary evidence has shown that the unambiguously different mass spectra 
can be used to distinguish the isomers of nitrotoluene. 
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In Fig. 8 the mass spectra of the three isomers are presented. They have been 
recorded at 213nm， using the same laser intensity. The possぬilityfor a laser-based 
indentification method of the NT isomers is of co旧日achallenge. Previously G. Xu 
and J. A. Herman [31] have demons回 teda method for血isindentification using a 
cyclo也onresonance mass spec甘ometerin an NT+ /NO reaction. 

From the spectra in Fig. 8， it is clear that the 0・NThas an unambiguous 
fingerprint with 佐官 peakat m/e=120， which can be used for its detection. In a 
s凶l.i1arway in the case of p-NT， the two high mass peaks above the parent ion can be 
used as identification.百l.eproblem with these ion peaks is血euncertain句， about 
their origin. Alternatively， the much s住ongerNO ion peak could be used (about one 
order of magnitude stronger than血atfroin m-NT). A combination of these two 
features can be also uti1ised. 

CONCLUSIONS 

The laser induced fragmenation of NBz and NT isomers are studied in th~ 
wavelength region of 210-270 nm. The observed dissociation is discussed with 
respect to the molecular ionization. It is conc1uded出atboth DI and ID dissociation 
mechanism are possible for血esemolecules. 

From the analysis of the mass spectra， the different dissociation pa出waysare 
identified and compared with出atpresented in the literature. 

The observation位l.Iougha resonance enhancement of the m/ e=16 ion peak in 
conjuction to血em/ e=121 peak suggest世l.eexistence of an 心 losschannel in the 
団関ofNTs.

Preliminary evidence has shown that the unambiguously different mass spectra 
can be used to distinguish the isomers of nitrotoluene. 

ACKNOWLEDGEMENτち

τ五iswork has been carried out with the support of the Defence Research 
Agency (DRA)， Fort Halstead， Kent. CK acknowledges receipt of an EC Human 
Mobility Fellowship while RD would like to出ankSERC for a research ぬldentship.

-538-



REFERENCES 

1. V.H. Schuler and A.Woeldike, Phys. Z., 45,171 (1944) 
2. S.H. Hastings and F.A. Matsen, J. Am. Chem. Soc, 70 ,3514 (1948) 
3. J.H.Beynon, R.A.Saunders, A.Topham and A.E.Williams, J.Chem. Soc. 6403 (1965) 
4. G.Porter and B. Ward, Proc. R. Soc. London Ser A 303 ,139 (1968) 
5 P.Brown, Org. Mass. Spectrom., 4,533 (1970 ) 
6. A.R. Butcher and C.B. Thomas, Org. Mass. Spectrom. 19,306 (1979) 
7. F.W.McLafferty and F.M.Bockhoff, Org.Mass. Spectrom., 14,181 (1979) 
8. E.S. Mukhtar ,I.W. Griffiths, F.M.Harris and J.H. Beynon, Org. Mass 

Spectrom., 15,51 (1980) 
9. C.G. Herbert, E.A. Larka and J.H.Beynon, Org. Mass. Spectrom., 19,306 (1984) 
10. T. L. Bunn, A. M. Richard and T.Baer, J. Chem. Physics, 84,1424 (1986) 
11. E.C. Apel and N.S. Nogar, Int. J. Mass Spectrom. and Ion Froc, 70,243 

(1986) 
12. G.W. Lemire, J.B. Simeonsson and R.C. Sausa, Anal. Chem., 65,529 (1993) 
13. J.B. Simeonsson, G.W. Lemire, and R.C. Sausa, submitted for publication to 

Applied Spectr. 
14. A. Marshall, A. Clark, R. Jennings, K.W.D. Ledingham and R. P. Singhal, Int. J. 

Mass Spectrom. and Ion Proc, 112,273 (1992) 
15.A. Marshall, A. Clark, R. Jennings, K.W.D. Ledingham, J. Sander and R. P. 

Singhal, Int. J. Mass Spectrom. and Ion Proc., 116,143 (1992) 
16. D.B. Galloway, J.A. Bartz, L. G. Huey and F.F. Crim, J. Chem. Phys., 98, 

2107 (1993) 
17. C.Kosmidis, KW.D. Ledingham, A.Clark, A. Marshall, R. Jennings, J. Sander and 

R.P. Singhal, submitted for publication to Int. J. Mass Spectrom. and Ion Proc. 
18. F.M.Harris, E.S.mukhtar, I.W Griffiths and J.H.Beynon, Proc. R. Soc. London 

Ser.A 374,461 (1981) 
19. T. Baer, J.C. Morrow, J.Dong Shao and S. Olesik J.Am. Chem. Soc.,110,5633, (1988). 
20. Jian-Dong Shao and T.Baer, Int. J. Mass Spectrom. and Ion Proc., 86357 (1988) 
21. J. Chul Choe and M. Soo Kim, J. Phys. Chem. 95,50, (1991) 
22. A. Marshall, A. Clark, K.W.D. Ledingham, J. Sander and R. P. Singhal, Int. J. Mass 

Spectrom. and Ion Proc., 125, R21 (1993) 
23. V.S. Antonov, I N Knayazev, V.S. Letokhov, V.M. Matiuk, V.G. Movshev and 

V.KPotapov, Optics Lett. 3,37 (1978) 
24. J. Zhu, D. Lusting, I. Sofer and D.M. Lubman, Anal. Chem. 62,2225 (1990) 
25. J.J. Yang, D.A. Gobell, R.S. Pandolfl and M.A. El-Sayed, J. Phys. Chem., 87, 

2255 (1983) 
26. R.L.Whetten, Ke-Jian Fu, RS.Tapper and E.R. Grant, J Phys. Chem., 87, 

1484 (1983) 
27. V.M. Matiuk, V.K.Potapov and A.L. Prokhoda, Russ. J. Phys. Chem., 53, 

538 (1979) 
28. A. Clark, C. Kosmidis, K.W.D. Ledingham, A.Marshall, J. Sander, R.P. 

Singhal and M. Campbell, J. Phys. B, 26, L665,(1993) 
29. T. Nishimura, P.R. Das and G.G. Meisels, J. Chem. Phys., 84,6190 (1986) 
30. S. Meyerrson,I.Puskas and E.K. FieldsJ. Am. Chem. Soc, 88,4974 (1966) 
31. G. Xu andJ.A. Herman, Rapid Comm. Mass. Spectrom. 6,425 (1992) 

- 539 — 

REFERENCES 

1. V.H. 5chuler and AルVoeldike，Phys. Z.， 45，171 (1944) 
2. S.H. Hastings and F.A. Matsen， J. Am. Chem. 50c.， 70 ， 3514 (1948) 
3. J.H.Beynon， R.A.Saunders， A.Topham and A.E.Williams，J.Chem. Soc. 6403 (1965) 
4. G.Porter and B. Ward， Proc. R. Soc. London Ser A 303，139 (1968) 
5 P.Brown， Org. Mass. Spectrom.， 4，533 ( 1970 ) 
6. A.R. Butcher and C.B. Thomas， Org. Mass. Spectrom. 19，306 (1979) 
7. F.W.McLafferty and F.M.Bockhoff.， Org.Mass. Spectrom.， 14， 181 (1979) 
8. E.S. Mukhtar ，I.W. Griffiths， F.M.Harris and J.H. Beynon， Org. Mass 

Spectrom.， 15， 51 (1980) 
9. C.G. Herbert， E.A. Larka and J.H.Beynon， Org. Mass. Spec位om.，19， 306 (1984) 
10. T. L. Bunn， A. M. Richard and T.Baer， J. Chem. Physics， 84， 1424 (1986) 
11. E.C. Apel and N.S. Nogar， Int. J. Mass Spectrom. and lon Proc.， 70，243 

(1986) 
12. G.W. Lemire， J.B. Simeonsson and R.c. Sausa， Anal. Chem.， 65，529 (1993) 
13. J.B. 5泊leonsson，G.W. Lemire， and R.c. Sausa， submitted for publication to 

Applied Spec甘.

14. A. Marshall， A. Clark， R. Jennings， K.W.D. Ledingham and R. P. Singhal， lnt. J. 
Mass Spectrom. and lon Proc.， 112， 273 (1992) 

15.A. Marshall， A. Clark， R. Jennings， K.W.D. Ledingham， J. Sander and R. P. 
Singhal， lnt. J. Mass Spec甘om.and lon Proc.， 116， 143 (1992) 

16. D.B. Galloway， J.A. Bartz， L. G. Huey and F.F. Crim， J. Chem. Phys.， 98， 
2107 (1993) 

17. C.Kosmidis， KW.D. Ledingham， A.Clark， A. Marshall， R. Jennings， J. Sander and 
R.P. Singhal ， submitted for publication to lnt. J. Mass Spectrom. and lon Proc. 

18. F.M.Harris， E.S.mukhtar， I.W Griffiths and J.H.Beynon， Proc. R. Soc. London 
Ser.A 374，461 (1981) 

19. T. Baer， J.C. Morrow， ].Dong Shao and S. Olesik J.Am. Chem. 5oc.，110， 5633， (1988). 
20. Jian-Dong Shao and T.Baer， Int. J. Mass Spectrom. and lon Proc.， 86，357 (1988) 
21. J. Chul Choe and M. S∞Kim ， J. Phys. Chem. 95，50， (1991) 
22. A. Marshall， A. Clark， K.W.D. Ledingham， J. Sander and R. P. Singhal， Int. J. Mass 

Spectrom. and lon Proc.， 125， R21 (1993) 
23. V.S. Antonov， I.N Knayazev， V.S. Letokhov， V.M. Matiuk， V.G. Movshev and 

V.K.Potapov， Optics Lett. 3，37 (1978) 
24. J. Zhu， D. Lusting， 1. Sofer and D.M. Lubman， Anal. Chem. 62，2225 (1990) 
25. J.J. Yang， D.A. Gobell， R.S. Pandolfl and M.A. El・Sayed，J. Phys. Chem.， 87， 

2255 (1983) 
26. R.L.Whe仕en，Ke-Jian Fu， R.S.Tapper and E.R. Grant， J Phys. Chem.， 87， 

1484 (1983) 
27. V.M. Matiuk， V.K.Potapov and A.L. Prokhoda， Russ. J. Phys. Chem.， 53， 

538 (1979) 
28. A. Clark， C. Kosmidis， K.W.D. Ledingham， A.Marshall， J. Sander ，R.P 

- 539ー


