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Study of small benzene clusters by pulse molecular beam 
mass spectrometry 
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A simple method for separating contributions of different-sized clustem formed in a pulse 
supersonic beam to a mass-spectral signal has been suggested. The method is based on the 
analysis of time ptdse profiles measured for different ions of the beam and makes it possible 
to calculate mass spectra of small clusters. The electron impact mass spectrum of the benzene 
dimer has been obtained and analyzed in the framework of the concept of intracluster ion- 
molecular chemistry. 
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Van der Waals clusters are of  interest as models of  an 
intermediate state between the gas and solid states. The 
study of  their properties makes it possible to better 
understa,~d the mechanism of several phenomena  (crys- 
tal growth, formation of  aerosols, etc.). The study of  the 
interaction between molecules  inside clusters also can 
form a missing link connect ing gas-phase bimolecular  
reactions and the chemistry of  so lu t ions)  S m a l l v a n  deft 
Waals benzene complexes  have been studied previously 
by various methods:  deflect ion of  a molecular  beam in 
an electric field, z IR 3-5 and UV spectroscopy, 6 electron 
diffraction, 7 and mul t iphoton ionization combined with 
t ime-of - f l igh t  mass spectrometry.  8-12 Homogeneous  
condensat ion o f  benzene vapor in a supersonic molecu-  
lar beam is usually used for the generat ion of  clusters, 
and a mass spec t rometer  is most frequently used as the 
detector.  In these experiments ,  the condensat ion results 
in a set of  clusters of  different sizes, and it is difficult to 
separate signals of  particles of  a certain size by any 
method e f  detect ion.  It is difficult to identify particles in 
the beam due to the possible superposition of  residual 
ions formed by the fragmentat ion of  heavy clusters into 
molecular  ions of  lighter clusters. At present, only t ime-  
of-flight mass spectrometry with mul t iphotou dichro- 
matic ionization makes it possible to identify compo-  
nents of  a cluster mixture assigned to particular lines of  
the absorption spectrum. The absorption spectra of the 
benzene d imer  (C6H6)28 and the excitation spectra of  
(C6H6)29a, (C6H6)3, 9b and (C6H6) n (n = 2--  4) 10 have 
been obtained and the bond energies and ionization 
potentials of  neutral and ionic clusters (C6H6),, (n = 
I - -5)  I/" have been determined by this m e t h o d  When the 
traditional method  of  ionization is used, the data of 
electron impact mass spectra for clusters of  a certain size 
are necessary to determine the composi t ion of clusters 

and to select the experimental condit ions for studying 
clusters of  a certain size, 

The purpose of  this work is to develop a method for 
determining the contributions of  different-sized clustem 
to the intensity of  mass-spectral lines and to calculate 
the mass spectra of small oenzene clusters. 

Experimental 

The installation was described in detail in Ref 13 Clusters 
are formed in a supersonic beam when a mixture of benzene 
vapor and a carrier-gas expands~ A gas mixture with benzene 
vapor saturated at 20 °C was prepared in a glass flask attached 
to the chamber of the beam source The traditional system for 
beam formation, consisting of a nozzle with a hole 012 mm in 
diameter, and a separator with a hole 06 mm in diameter was 
used in the installation An MS 7303 quadrupole mass spec- 
trometer was used as the detector. The energy of ionizing 
electrons was usually 70 eV. The separator and the ion source 
of the mass spectrometer were separated by a diaphragm 3 mm 
in diameter. The distance between the hole of the separator 
and the ionization zone was 12,5 cm. The system of differen- 
tial evacuation consisted of two diffusion oil pumps f}~r evacu- 
ation of the zones of beam formation and a diffusion mercuw 
pump for evacuation of the chamber of the analyzer The 
stationary, presstires in the nozzle--separator and analyzer 
chambers were 10 ~s and 10 -6 Torr, respectively 

A previously described 13 system o[ pulse input was used to 
decrease the total gas flow to the mass spectrometer~ The time of 
the open state of the valve was ~500 las, and the pulse frequency 
was ~2--4 Hz The system lot registering the ion current in- 
cluded a secondaw-electron multiplier, an electrometric ampli~ 
tier, and a set of KAMAK modules connected with a controlling 
computation complex based on an IBM PC/ATo The ion 
current was measured by the system of KAMAK units and 
synchronized with the work of the pulse valve, Pulse pmtiles 
were measured by an F4226 ADC, which stored a total of 1024 
measurements at intervals from 10 to 0,4 I.~s. 
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Fig, I. Pulse profiles for the mass-spectral line of the carrier, 
gas (argon, m/z 40) at pressures in the chamber of the beam 
source p = 500 (I) and 100 (2) Torr for a 7 % mixture of 
C6Hf, in a rgon  Pulses are normalized at the points of the 
maximum intensity 

The characteristic pulses for the carrier-gas A~ at the 
pressures in the beam <ource p = 100 and 500 Tort are 
presented in Fig. I, The delay between opening of the valve 

and the beginning of measurements t I was I00 gs, and time 
resolution was 10 ~s~ The same conditions were used for 
measuring the mass spectra of the pulse beam. The intensity of 
the pulse beam was calculated as the difference between the 
sum of  the measurements of ADC during the whole period (t m) 
of the open state of the valve and the sum of  the measurements 
of ADC during the same time period t m after the delay (t 2 = 
8 ms) following closing of the valve when the signal achieved a 
stationary background level. The detailed shapes of the pulse 
profiles were measured with a time resolution of 04  !as at t I = 
350--500 t~s, When pulse profiles measured for different masses 
of ions were compared, a correction to the flight time of ions 
in the zone of the quadrupole analyzer was in t roduced 

Results and Discussion 

Electron impact mass spectra of  the cluster beam. 
Elec t ron  i m p a c t  mass spec t ra  o f  the  s u p e r s o n i c  b e a m  o f  

a 5 % C6H6/a rgon  mixture  were  r e c o r d e d  at p ressures  
from 100 to 600 Torr  in the c h a m b e r  o f  the  beam 

source .  In the  lat ter  case,  ions with masses  up to the  five 
t imes  the  mass  o f  b e n z e n e  were  d e t e c t e d .  

"the mass  s p e c t r u m  o b t a i n ed  using rough  m e a s u r e -  
men t s ,  at p = 600 Tor t  in the  range o f  we igh t s  f rom 24 

to 230 a ,m.u ,  is p re sen ted  in F;g, 2. The  resul ts  o f  m o r e  

de ta i led  m e a s u r e m e n t s  in the  range o f  the  mos t  in t ense  

lines is s h o w n  in Fig. 3. 
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Fig. 2. Electron impact mass spectrum of the pulse beam for a 5 % mixture of  C6H 6 in argon at p = 600 Torr in ranges of  m/z 
from 24 to 80 (a), 80 to 158 (b), and 158 to 236 (c). 
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Fig. 3. Groups of peaks located near peaks of main cluster ions(C~H6),, + = (C6H6), + (n = I, 2, 3) p, Torr: 100 (a, c); 500(b. 
d, e)  

Figure 2 shows the spectra of  three regions located 
by tile shift in the value corresponding to the molecular  
weight of  benzene  M = 78. The spectrum in the upper 
part of  Fig. 2 is s imilar  to that of  the mono me r  and 
contains  groups of  peaks assigned to ions of  the compo-  
sition C6Hx +, C5Hx +, C4Hx +, C3Hx +, and C2Hx +. In .  
the range of  higher  mass numbers,  peaks of  (C6H6)2 + 
(m/z 156), (C6H6)3 + (m/z  234), (C6H6)4 + (m/£ 312), 
and (C6H6)5 + (m/z 390) are observed as well as the 
adjacent  peaks corresponding to the loss of hydrogen 
a toms from these ions. The ratio of  the heights of  
the  peaks  o f  the  main  l ines  is the  fo l lowing:  
h78:hi56:h234:h312:h390 = 1000: 2 0 : 1 . 8  : 1.5 : l 0. 

The presence of  the intense background lines in the 
m/z 100 and m/z 200 range (groups of  isotopic peaks of  
Hg ++ and Hg +) prevents the detect ion of  cluster ions. 
The area of  max imum noise (M = 198--204) creates a 
blank for measur ing fragmentary ions of  the composi t ion  
(C6H6)2C3H6+--(C6H6)2 C4+; however, the appearance 
of  ions of  this type is highly improbable.  

The change in the intensity of  the peaks as the 
pressure decreases to p = 100 Torr ,  at which it can be 
assumed tile main componen t s  of  the beam are mono-  
mers and dimers ,  is evidence for considerable fragmen- 
tat ion of the heavy clusters (Fig. 3). 

The peaks with m/z 91, 115, 127--130, and 141 
cannot  be assigned to residual ions of  the d imer  due to 
the possible f ragmenta t ion of  the heavier clusters. "To 
de te rmine  the cont r ibut ion  of  the dimers,  the contr ibu-  
tions of  different clusters to the signals of  the residual 
ions must be de te rmined .  

Pulse profi les.  Numerous  measurements  of  t ime pro- 
files of  the pulses of  componen t s  of  the molecular  beam 
under  various exper imenta l  condi t ions  show that the 
shape of  the pulse depends  substantial ly on both the size 
of  the cluster  and the type of  carr ier-gas as well as on 
the pressure in the beam source and the d iamete r  of  the 

nozzle. These dependences  can be explained in terms of  
the Kan t rov i t s - -Gray  rate distr ibution for supersonic 
beams, i4 The Frontal regions of  the normal ized pulses 
for the lines with rn/z 40 (At+), m/z 78, 156, 234, 312, 
and 390 at the t ime resohltion of 0.4 ps are presented in 
Fig. 4. The pressure in the beam source was 300 Torr ,  
and the tempera ture  in the source was insignificantly 
increased,  which made it possible to obtain a gas mix-  
ture with a concentra t ion o f - 3 0  %+ Each curve was 
obtained by averaging 20 to 100 pulses, depending  on 
the absolute value of the signal. The progressively higher 
temperature  and the effect of  rate sl ipping typical of  
heavy particles m a supersonic beam 14 result in an 
increase in the t ime for achieving an ionizat ion zone and 
greater blurring of  the pulse density tbr heavier pa r t i c l e s  
Only the pulse for m/z. 40 (Fig. 4) reflects the rate 
distr ibution of  argon atoms, while the o ther  pulses are 
complex  curves reflecting along with the rest of  the 
f ragmentat ion of  clusters the fact that their  behavior  
shows only a general  tender~.cy to change shape at raft.- 
otis masses. 
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Fig. 4. Pulse profiles for the main mass-spectral lines for a 
beam of C6H 6 in argon (30 % C6H 6 in argon; p = 300 Torr), 
m/z: 40 [Ar +] (/); 78 [(C6H6) +] (2); 156 [(C6H6)2 +1 (3); 234 
[(C6H6)3 +] (4); 312 [(C6H6)4+1 (5); and 390 [(C6H6)5 +1 (6)  
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Fig. 5, Pulse profiles for lines of tile group of ions CrHx* for a 
beam of C~,tt 6 in argon (5 % mixture of C6H 6 in argon 
p = 300 Torr). 73 (/);  74 (2); 75 (3); 76 (4); 77 (5); 78 (6} 
and 79 (7)  

The  analysis o f  tile shapes of  the pulses measu red  l~r 
the mass-spec t ra l  peaks o f  the C~,H, + ions in the 5 % 
mix ture  o f  C6H 6 in argon at p = 300 T o r t  (Fig. 5) 
shows that  f r a g m e n t a l ,  ions of  heavy clusters  also make 
a cons ide rab le  con t r ibu t ion  to the signals o f  the m o l e c u -  
lar (m/z 78) and isotopic  (m/z 79) ions. At the same 
t ime ,  the l ines o f  the ions with m/z 75- -77  are main ly  
caused  by m o n o m e r s ,  with a small  con t r i bu t ion  due to 
the f r agmen ta t i on  o f  clusters.  

For  quan t i t a t ive  analysis,  it is necessary  to d e t e r m i n e  
the  "basic" pulse  profi les for m o n o m e r s ,  d imer s ,  and-  
larger d u s t e r s  unde r  cer ta in  cond i t ions  o f  the fo rmat ion  
o f  the  m o l e c u l a r  beam and then  to use t h e m  for m o d e l -  
ing the  cons t i tuen t  (due to f r agmenta t ion  processes)  
profiles.  To  obta in  the "basic" pulse,  C 6 H 6 / a r g o n  mix-  

Table I. Mass spectrum of the benzene dimer (n = 2) 
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Fig. 6. Pulse profiles for lines with m/z 49 for a 5 % mixture 
of C6H 6 in argon (/) and m/z 78 (C~,H6 +) (2--5) at various 
concentrations of the gas mixture of C¢~H¢, in argon in the 
chamber of the beam source (%): 02  (2)~ 05  (3); 35  (4); and 
7(5)~ 

tures s t rongly di luted with argon,  which  should  p roduce  
beants with a low degree of  c o n d e n s a t i o n ,  were  ttsed. 
r i t e  profi les for rn/z 78 (C6H6 +) at var ious c o n c e n t r a -  
t ions o f  benzene  in argon in a range from 0.2 to 7 % are 
shown in Fig. 6 (p = 300 Tort ) .  Decreas ing  the  c o n c e n -  
t ra t ion m a d e  it possible to obtain  profi les  with a decrease  
in the "cluster"  effect. The  profi le  for the  peak with m/z 
78 (2) measured  at a benzene  c o n c e n t r a t i o n  o f  0.2 % is 
close to the  profi le  for the peak with m/z 49 (1) at a 
c o n c e n t r a t i o n  o f  7 % (Fig. 6), wh ich  indica tes  t he  pos-  
sibility o f  measur ing  the "basic" profi le  o f  the  m o n o m e r  
pulse on the  l ine with m/z 49. Tes t ing  all fairly intense 
lines in the range o f  m/z from 24 to 79 (see ti le first 
c o l u m n  in Table  1) made  it possible to establ ish that  

Mass Ion Neutral Intensity (%) Mass Ion Intensity 

fragment n = 115 n = I* n = 2* 

26 C2H2+ C4H 4 34 28 0.7 104 CsHs* No pulse 
37 C3H + C3H 5 4.l 30  0.2 115 C9H7 + 25 
38 C~It 2" C3H 4 58 II 0 09  116 C~}H8 + No pulse 
49 C4|t  + C2lt 5 25 26 ,,01 127 CIoH7 ÷ I I  
50 C4H2 -~ C2114 15~7 160 30  128 CIoH8 + 18 
51 C4H3+ C21t 3 186 170 7,7 129 CIoH9 + 0,8 
52 C4H4 + C2H 2 19.4 180 6,8 130 CIoHIo* 03  
63 C5H3 + CH 3 28 27 1~5 141 CIIH9 + (]~3 
73 C¢~H* 5 It 15 -- <01 151 CI2tl7 + 1,2 
74 C6H?+ 4 H 46  50 <0,1 152 C~21F8 ~ 42  
75 C6t-t 3" 3 H 16 1,5 OI 153 CI2H9 +~ 36  
76 C,~, H 4 + 2 H 60  5,7 12 154 CI?HIo + 31 
77 C6H5+ H 144 190 7,8 155 CI2HII + 11,4 
78 Coil6 + 1000 1000 1000 156 CI2HI2 + 1000 
79 ;C6H7 + 6 4  65  6.4"* 157 ;CI2HI2 + 129 
79 C6H7 + 44"* 158 2iCI2HI2 + 16 

Note. Each row of Table I corresponds to a nentral fragment of a certain mass The left part of Table I contains 
tile data for ions with masses lower than 79, intensities are normalized to the line with rn/z 78; for lines with m/z 
> 79, intensities are normalized to tile line with rn/z 156 i means components containing the isotope 13C 
* The data are the average values of three to seven experimental series, in which mixtures of C6Ht, in argon with 
concentrations from 0.2 to 30 % were used at p = 300 Tor r  
*" The values were estimated from the total value /79 = 10.8 % 
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Fig. 7. Dependences of the pulse shape on the energy of 
ionizing electrons (E e) for lines of ions with m/z 78 (C6H6 +) 
(a) (5 % mixture of C6|t 6 in argon; p = 500 Ton-) and m/z 
156 [(C6H6)2+1 (b) (3 % mixture of C6H 6 in argon; p = 
500 TorrL EJeV: 70 (/); 55 (2); 45 (3); 35 (4); 30 iS); 25 (6); 
20 (7); and 15 (gL 

the m i n i m u m  contr ibut ion  from the fragmentat ion of  
clusters is observed for the lines with m/z 49, 73, and 74. 
At low concent ra t ions  of benzene (0.2 to 0.5 %), suffi- 
ciently exact profiles can be obtained only for the mono-  
mer  and dimer.  In addi t ion,  decreasing the pressure is 
not an efficient m~thod for obtaining "basic" pulse pro-  
files, because due to a decrease in condensat ion along 
with a decrease in contr ibut ions  from the fragmentat ion 
of  clusters to the shapes of  the pulses "blurring" of  the 
shape of  the front occurs,  which decreases the accuracy 
of  the subsequent  quanti tat ive analysis  

The dependence  of  the pulse shape on the energy of 
the ionizing e lect rons  can be used to determine  the 
"basic" pulses. 1-he normal ized  profiles for m/z 78 (at 
and m/z 156 (b) obta ined when the energy of  the elec-  
trons was gradual ly  decreased from 70 to 15 eV are 
presented in Fig. 7. The change in the shapes of  tile 
profiles in Fig. 7, a corresponds to a decrease in the 
intensity of  tile signal at t imes t > 200 ~as, after which 
clusters achieve the ionizat ion zone, from its intensity at 
the t imes of  the t ransport  of  monomers  t = 100--170 rts. 
The observed behavior  for the line of  tile d imer  with m/z 
156 (Fig. 7, b) shows that considerable f ragmentat ion 
of  clusters with n > 2 occurs to form a d imer  ion. At the 
same t ime,  the s trong dependence  of  the character  of 
f ragmenta t ion  on the energy of  the e lectrons in the 
range of E = 15--40 eV is significant,  if it is taken into 
account  that the dissociat ion energies of  ionic clusters of 
benzene  with n = I - -5  are equal to 0.2 to 0.7 eV and 
tile ionizat ion potent ia ls  of  the clusters range from 9.24 
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Fig. 8. Monomeric and individual cluster components of com- 
plex profiles for lines with m/z 78 (curve /), 156 (curve 2) Ca), 
and 234 (curve 3) (6) Basic profiles, re~z: 49 (4); 156 (5); 
234 (6); 312 (7, g); and 390 (9") E~ = 70 eV (I--4, 7, and 
qL 15 e'v 15, 6, and g) Mixture of 5 % C6H6 in argon; 
p = 300 Ton-. Curves / ;  2~ and 3"show profiles obtained by 
calculation, which are linear combinations of basic profiles 
with coefficients presented in Table 2. 

to 8.5 eV. 12 The shapes of  the pulses for the lines with 
m/z 49, 73, and 74 are independent  of  the energy of  the 
ionizing electrons.  This confirms the conclusion that no 
noticeable anmunts  of C4 H+, C6H +, and C6H2 + ions 
are formed in the f ragmentat ion of tile clusters. The  
shapes of  the pulses for the lines with m/z > 80 substan-  
tially depend on the energy of  the ionizing electrons for 
a 5 % C6H6/argon mixture at p > 300 Tort .  Therefore ,  
the "basic" d imer ic ,  t r imeric,  and te t rameric  pulse pro-  
files were measured for mixtures with low concent ra -  
tions of  C6H 6 in argon (0.5--1.7 %) using an electron 
energy of 15 e V  

Mass  spect ra  of small benzene clusters .  The partial 
contr ibut ions from each cluster and from the m o n o m e r  
to the intensity of the pulse of  a given line were ca lcu-  
lated on the basis of measurements  of  the "basic" pulses 
using fitting by the least-squares method by the formula: 
Ira(t) = 2am..'i,,(t), where 1., is the intensity (in rel. 
units) of the complex  pulse lbr the mass-spectral  line o1 
the ion with the mass m; i~ are the intensities of  normal -  
ized "basic" pulses of  (C6H6) n components ;  and ct.,., are 
the partial coefficients de te rmined  by fitting; the sum 
was taken o, 'er all componen t s  with n = I - -5 .  

The result of  fitting is ilhtstrated in F ig .  8 using the 
separation of the contributions to the pulses lbr the lines 
with m/z 78 (a), 156 (a) and 234 (b) ~ an example (input 
of  a 5 % mixture of C6H6 in argon at p = 300 Torr).  The 
normalized pulses for the lines with m/z 49 (E = 70 eV) 
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Table 2. Coefficients a,,,, ,T reflecting contributions of (CrHr},~ 
clusters to the intensity of the pulse of the ionic current for the 
mass-spectral line of the ion with mass rn for mixtures of 05 
and 5 %, CrH 6 in argon ~ = 300 Torr) 

m 0 5 %  5 %  

n = l  n=2  n~3 n = I n = 2 n;_~ 3 n ~ 4  n~ 5 

51 093 0.07 089 003 008 
52 088 012 0.81 003 0,16 
77 093 007 078 009 0 13 
78 080 020 0.58 028 006" 008 
79 0.74 0.26 049 035 016 
156 097 003 0 12 041" 046 
234 032" 011"* 057 
312 032*" 068 

" Data for n = 3~ ** Data for n = 4, 

{curve 4), m/z 156 (15 eV) (curve 5), m/z 234 (15 eV) 
(curve 6), and m/z 312 (70 eV) (curve 7), which present 
the "basic" pulses of the monomer,  dimer, trimer, and 
clnste~ with n > 3, respectively, and the complex pulses 
for the lines with m/z 78 (70 eV) (curve [), m/z 156 
(70 eV) (curve 2") are shown in the upper part of Fig. 8 
The partial coefficients cDs,, (n = t - -4)  and a156,n (n = 
2--4) obtained by fitting, which reflect the structure of the 
complex pulses (curves I and 2),  are presented in 
Table 2. 

The resulting profiles of the pulses (curves 1" and 23,  
which were calculated using the coefficients c~78,, and 
c~156,,, are shown in Fig. 8, a. Three "basic" pulses 
(curves 6, & and 9), which were used for fitting the pulse 
of the line with m/z 234 (70 eV) (curve 5'), and the 
resulting profile (curve 3) are presented in Fig. 8 b. The 
ct234,,, coefficients (n = 3--5) were used for the calcula- 
tion of the profile (3). The coefficients obtained by fitting 
the complex pulses for the lines with m/z 51, 52, 79, 156, 
234, and 312 and the data for a tenfold diluted mixture are 
also presented in Table 2. All mentioned coefficients a m .  

are related to the nomtalized profiles It is not necessary 
to use normalized pulses, because the ratio of real intensi- 
ties of pulses for different lines and the partial coefficients 
related to these pulses must be known for obtaining the 
m ~  spectrum of a cluster of n size. 

The calculated relative intensities of the lines in the 
mass spectrnm of (CrHr) 2 are presented in Table I. Tile 
presence of the dimeric component  was checked for all 
lines of the mass spectrum of the monomer,  Is whose 
intensities exceed 1 %  of the intensity of the line w th  m/z. 
78, except the lines with m/z 39 and 29 due to the very 
high value of the pulse ['or the line with argon rn/z 40 and 
the considerable background line with re~z. 28. The ratio 
of the intensities of the lines with ml/z and m2/z for n = I 
and 2 were calculated from the equation: (lml : /~2) = 
cb,,l,,,/s I " a,,,2.,ffs 2, where s~ and s 2 are the sensitivities of 
the apparatus at which the pulses for rnl/z and rnz/z were 
measured. The agreement of the obtained spectrum fi)r 
monomer with the published data can be considered as a 
rneasure of the reliability of the experimental data lk}r the 
dimer~ The ratio of the intensities of the lines with m/z 78 
and m/z 156 in the spectrum of the dimer turned out to be 
equal to 89 : 11, and somewhat was different from the 
value of 93 : 7 obtained in Ref. 2 in the study of the 
electrical focusing of a molecular beam. It was also de- 
termined in Re['. 2 that (C6Hr) 2 is a polar combination. 
This made it possible to distinguish the signal of the dimer 
from those of the nonpolar monomer  and trimer. The 
disagreement between our data and the published data 
may be associated with the geometry of (C6H6)2: the fact 
that dimers are polar 2 means that C6H 6 molecules are 
oriented perpendicularly, although only equivalent C6H 6 
molecules were tbund in the dimer in the spectroscopic 
study, 8 which means their orientation was parallel. It is 
assumed s,8 that both structures can exist, and each can 
predominate under different experimental conditions of 
the formation of the beam. Both of the structures are 
detected in our experiment, while only the polar structure 
is observed in Re£ 2; therefore, tire difference in the 

Table 3. Ion-molecular gas-phase reactions related to intracluster chemistry of the 
benzene d imer 

Reaction Ion mass 

Cet4~ + + Ct~H~ 

C~14( ~ + C6tt ~ 
v 

C~,H4+ + C6He, 

C4t14 ÷ + CrH 6 

C4tt 3' + C611 ~ @ ~  

C 4 t t f  + C{~H{} - ~  

C3H3 + + C6H6 - - t  ; 

CI?HI2 + ( I )  

C i2 t t t l  + (2) 
C t2Hl i  + ~ CI2Hg+ + t l  2 (3) 
CI?HI I  + ~ CIoHge + C2H2 + {4) 

CI2HI0 + (5) 
CI2HI0 + ~ CI2H8' + 1t 2 (6) 

C~H7 + + CH 3 

CIoH9 + 
CIoHg* + H 
CIoH7 + + FI? 
C9H7 + + CH2 

CIoHT* + H 

C7H7 ÷ + C2H 2 
C9H7 + + H 2 

(7} 

(8) 
{9) 

(10) 
II) 

12) 

13) 
14) 

15616 

15516 
15316 
12916 

15416 
15216 

11517 

12918 
12817,Is 
12718 
11519 

12717 

9118 
11518 
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ratios of intensities 178 : 1156 may be related to the differ- 
ent cross sections of  the output of CrH6 + from the 
perpendicular  and parallel dimeric structures. 

The difference in the shapes of  the pulses for clusters 
of  size n and n+ l  decreases as n increases, which de- 
creases the~accuracy of  the calculations; therefore, only 
the average data on the ratios of intensities can be given 
for clusters with n > 2:150 : 151 : /52:163 : 177 : 178 : /79 = 
I : I : 2.3 : 0.3 : 1.7 : 100 : 1 I. These data are related to the 
5 % CrH6/argon mixture at p = 300 T o r t  

For the lines with m/z > 78, the mass spectra of the 
trimer and te tramer were determined by fitting three 

~wameters: 178 : 179: IlLs :/t28: I t s :  1141 : I1.% : 1233 : /234:[235 = 
1000: 1 0 0 : 3 . 7 : 2 . 7 : 2 . 9 : 2 . 0 : 7 2 : 0 . 2 : 4 . 9 : 1 . 1  (n = 3) 

and /78: 179: /115: 1128: 1129: 1141: /156: 1234:1312 = 
1 0 0 0 : 7 1 : 6 . 8 : 5 . 0 : 4 8 : 0 . 1 : 3 9 : 1 ~ 7 : 3 . 1  (n = 4 ) .  

As can be seen from Table I, the "monomeric" and 
"dimeric" regions of the spectrum of the dimer do not 
correlate, The presence of intense lines with m/z 130, 116, 
and II7  corresponding to ions with masses 52, 38, and 39 
linked to a benzene molecule is expected, but instead, 
ions with m/z 115, 128, and 127 are obse~'ed. To explain 
the spectrum of  the ions, we used the approach described 
in Ref. I, where the analogy between the state of an 
ionized cluster and a system in which reagents exist during 
ion-molecular  reactions was suggested. In the framework 
of  this concept,  it can be assumed that ionization of one 
of  the (CrH6) 2 molecules is accompanied by fast dissocia-_ 
tion of  this molecule  according to the character  of the 
fragmentation of  the monomer ,  so the CrH6 +, C6H5 +, 
C6H4 +, C4H4 +, C4H3 +, C4H2 +, C3H3 + ions, each of 
which is one of  the reagents of  the intracluster reaction, 
are most probable, and a neutral benzene molecule acts 
the second reagent. The well studied ion-molecular  reac- 
tions 14-t6 of  benzene with the mentioned ion fragments 
are listed in Tai~le 3. It can be seen that the same ions 
were observed in the mass spectrum of the dimer. The 
only exception is the C6H7 + ion, which was determined 
by subtracting the value of  the intensity of the isotopic 
peak ofC6H6 + (6.4 %) from the measured intensity of the 
line with m/z 79 (10.8 %). This ion (C6H7 +) was not a 
product of bimolecular  reactions and can be considered to 
be a specific cluster tbrmation. 

The relative intensi ty of the line with m/z. 130 
(C~0Hi0 +) can be used t)z,r the estimation of the prob- 
ability of  internal s tab i l i za t ion  because none of the 
chemica l  react ions  results in the format ion of  the 
CioHt0 ~ iolt. The excited CioHi0 + ion formed in the 
detachment  of  C2H 2 from the dimer can be further 
stabilized in several ways: (a) by evaporation of the mono- 
mer to form Call4 + + CrHr;  (b) by decomposi t ion in 
reaction (7) to form C9H7 + + CH3~ and (c) by internal 
stabilization. If it is assumed that the C9H7 + iota is mainly 
formed in reaction (7), the ratio of the intensities of the 
lines with m/z 52, 115~ and 130 gives an estimation of the 
cross  s e c t i o n s  o f  c h a n n e l s  (a) ,  (b),  and (c) as 
100 : 4 4  : 0~5 

Summarizing the aforementioned data, one can con-  
clude that the suggested mechanism of  the ionization of  
the benzene dimer includes two stages. The first is the 
ionization of  a benzene molecule followed by the frag- 
mentat ion of  the radical cation formed. The second stage 
includes two processes: evaporation of  the monomer  to 
give ions lbrming the "monomeric" region of the mass 
spectrum and the ion-molecular  reactions of  the cation 
with the adjacent molecule, which [brm ions in the mass 
range betwe~:n the monomer  and the dimer. The first 
process is predominant~ 

This work ,,,,'as financially supported by the Russian 
Foundation for Basic Research (Project No. 93-03-4933), 
The authors are grateful to the European Commission for 
support in the framework of  the program "Environment 
and Climate" (Grant  PL951494). 

R e f e r e n c e s  

I.J. F Ga~vey, W R Peifcr~ ~md M. T. Coolbauch, Ace 
Chem Res, 1991, 24, 48 

2. K C Janda, J C Hemminger, J S Winn, So E. Novick, 
S. J. Harris, and W Klemperer, 21 Chem Phys, 1975, 63, 
1419. 

3. M. F. Vet ,Ja, J o ML Lisy, H~ S~ Kwok, D J. Krajnovich, 
A. Trainer, Y R Shen, and Y. T Lee, J Phys. Chem., 1981, 
85, 3327. 
R. D. J o h ~ n ,  S. Burdenski, M. Ao Hoflbauer, C F, Giese, 
and W. R. Gentry, Z Chem. Phys., 1986, 84, 2624 

5. A. L St,ace, D. M. Bernard, J. J. Crook~s, and K. L. Reid, 
MoL Phys, 1987, 60, 671. 

6 P, R R Langridge-Smith, D V Brumbaugh, C A 
Hayman, and D H Levy, Z Phys Chem, 1981, 85, 3742 

7~ E J. Valente and L S. Battelle, 21 Chem. Phys,, 1984, 80, 
1451. 

8. K S. Law, M Schauer, and E R~ Bemstein, 21 Chem Phys, 
1984, 81, 4871 

9 (a) K H Fung, H L Selzle, and E W~ Schlag, J. Phys 
Chem., 1983, 87, 5113; (b) E. W Schlag, H L~ Selzle, 
J Chem. Faraday Trans,, 1990, 86, 2511 
J, B. Hopkins, D E Powers, and RL E Smalley, 21 Phy~ 
('hem., 1981, 85, 3739. 
K. Ohashi, P. |/ablanquie, and N. Nishi, Institute for Molecu- 
lar Science, Okazaki, Annual Review, 1990, 78. 
H. Krause, B. Ernstberger, and H L Neusser, ('hem Phys 
Lett., 1991, 184, 411~ 
S~ M Belotserkovets, N I Bntkovskay~ E~ S, Vasil'ev, and 
I~ l. Morozov, Prtb ~Felchno EK~perim [Equipment and E~- 
perimental Technique], 1992, No~ 5, 220 (in Russian) 

14 J B. Anderson, in Molecular Beams and Low-Density Gas- 
Dynamics, 4~ EO. P. P Wegener, Marcel Dekker Inc., New 
York, 1974, I 

15 Mass Spectral Data, American Petroleum Institute -- 
Reseach Project 44, Paulsboro, New Jer*~ey, 1948. 

16 J A. D Stockdale, J Chem Phys, 1973, 58, 3881~ 
17 C~ Lifshitz and B C Reuben, J Chem. Phys., 1969, 50,915 
18 L. 1. Virin, Yu A. Satin, and R. V. Dzhagatspanyan, Khim 

Vys. Enet~, 1967, 1,417 [High Energy Chem, 1967, I (Engl~ 
Transl.) I . 

19 L~ W Sick and S G. Lias, J Phys CTTem Ref Data, 1976, 
5, 1123. 

4~ 

10~ 

11. 

12 

13 

Received November 27, 1995; 
in revised form January 9, 1996 


