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3.3.2 Mobility of mass selected ions at different temperature 

 The mobility of the mass selected styrene dimer ion (C8H8)2
+ was measured at 453, 

373, 173, and 125 K.  Figure 31-34 show the observed ATDs and the predicted distribution 

from transport theory for a single isomer of styrene dimer ion (C8H8)2
+.  A simple 

comparison of the ATDs with the predictions from transport theory revealed that the 

distributions are significantly broader at low temperatures (at 173 and 123K). 

 In addition the mobility of the mass selected styrene trimer ion (C8H8)3
+ was 

measured at 123 K.  Figure 35 shows the experimental ATDs for styrene trimer compared 

with the predicted distribution from the transport theory for a single isomer.  The 

broadening of the distribution from the experimental compared to the theory suggests the 

presence of other structures for styrene trimer.  Table 7 summarizes the measured reduced 

mobilities (Ko) for the styrene dimer and trimer ions. 

Table 7: Summary of the average gas phase ion mobilities for the styrene dimer and the 
trimer at different drift cell temperatures. 

 
Drift Cell Temp.(K) Ko(cm2

V
-1

s
-1)(Styrene )2 Ko(cm2

V
-1

s
-1) (Styrene)3 

453 4.88 N/A 

373 5.34 N/A 

173 7.27 N/A 

125 7.78 6.20 
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Figure 31: Arrival time distribution of (C8H8)2
+

 ions at drift cell temperature of 453 K 
(circles) and the predicted distribution from transport theory (solid 
line).Experimental conditions are: 50 µs pulse width, injection energy is 15 eV, 
1.417 Torr He inside the drift cell, the drift cell temperature is 180.0 oC, 16 V 
voltage difference between the entrance and the exit lenses and E/N = 5.96 Td. 
The reduced mobility Ko = 4.88 cm2V-1s-1. 
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Figure 32:  Arrival time distribution of (C8H8)2

+
 ions at  drift cell temperature of 373 K 

(circles) and the predicted distribution from transport theory (solid 
line).Experimental conditions are: 50 µs pulse width, injection energy is 15 
eV, 1.278 Torr He inside the drift cell, the drift cell temperature is 99.70 oC 18 
V voltage difference between the entrance and the exit lenses and E/N = 6.12 
Td. The reduced mobility Ko = 5.34 cm2V-1s-1. 
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Figure 33:  Arrival time distribution of (C8H8)2

+
 ions at  drift cell temperature of 174.85 K 

(circles) and the predicted distribution from transport theory (solid 
line).Experimental conditions are: 50 µs pulse width, injection energy is 15 
eV, 0.812 Torr He inside the drift cell, the drift cell temperature is -98.3 oC, 
20 V voltage difference between the entrance and the exit lenses and E/N = 
5.02 Td. The reduced mobility Ko = 6.82 cm2V-1s-1. 
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Figure 34: Arrival time distribution of (C8H8)2
+

 ions at  drift cell temperature of 125.4 K 
(circles) and the predicted distribution from transport theory (solid 
line).Experimental conditions are: 50 µs pulse width, injection energy is 15 
eV, 1.430 Torr He inside the drift cell, the drift cell temperature is -147.25 oC 
,40 V voltage difference between the entrance and the exit lenses and E/N = 
4.09 Td. The reduced mobility Ko = 7.78 cm2V-1s-1. 
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Figure 35:  Arrival time distribution of (C8H8)3
+

 ions at drift cell temperature of 125.40 K 
(circles) and the predicted distribution from transport theory (solid line). 
Experimental conditions are: 50 µs pulse width, injection energy is 15 eV, 
1.026 Torr He inside the drift cell, the drift cell temperature is -147.75 oC 40 
V voltage difference between the entrance and the exit lenses and E/N = 5.69 
Td. The reduced mobility Ko = 6.20 cm2V-1s-1. 
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3.4  Styrene Oligomers Containing Cu+ and Ag+ Generated by LVI 

3.4.1 Ion Mobility Measurements of the Styrene Oligomers Containing Cu+  
 
 Figure 36 shows the mass spectrum of Cu+(C8H8)n. These cluster ions were 

produced by pulsed supersonic adiabatic expansion, followed by LVI of the Copper target.  

These ions were allowed to pass the first quadrupole mass filter, which was set in an RF 

only-mode, and then injected into the drift cell (containing He as a buffer gas) with the 

lowest injection energy possible.  After exiting the cell, the ions were focused into the 

second quadrupole where they were mass-scanned.  The mass spectrum in Figure 36 shows 

the Cu+(C8H8)n, (for n= 2-4), and the Styrene cluster ions (C8H8)n
+

, (for n= 2-9).  It is worth 

noting that Cu+(C8H8)2 ( 271 m/z) is extremely high in intensity compared to the other 

ions, and that a peak with m/z 269  is also observed, which can be assigned to Cu+C16H14.  

Although similar mass spectra were collected on many different occasions, yet the 

Cu+(C8H8)1 peak was never observed.  

 Ion mobility experiments were preformed on Cu+(C8H8)2, Cu+(C8H8)3 and (C8H8)2
+  

that observed in the mass spectra.  The average reduced mobilities (Ko) for these ions are 

summarized in Table 8   

 Figure 37-Figure 39 show the observed ATDs of Cu+(C8H8)2, Cu+(C8H8)3 and 

+(C8H8)2 at room temperature.  In addition, these figures display excellent agreements of 

the experimental arrival time distributions to the predicted ones from the transport theory. 

This suggests that only one structure is present in each case or if these are multiple 

structures, they must have essentially the same mobility.  In the case of Cu+(C8H8)2 the 
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comparison suggests that only one isomer is present.  To investigate this possibility, the 

mobility of the Cu+(C8H8)2 was measured at 173 K.  The experimental arrival time 

distribution of the Cu+(C8H8)2 and the predicted distribution from transport theory are 

displayed in Figure 40 which shows an excellent agreement between the experimental and 

calculated distributions.  This further supports the suggestion that only one isomer is 

present for Cu+(C8H8)2.  The mobility of the styrene trimer ion Cu+(styrene)3 could not be 

measured at low temperatures due to the very weak signal intensity. 
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Figure 36:  LVI Mass spectrum of Cu+(C8H8)n injected into pure He.  Experimental 
conditions are: 0.124 W Laser power,10 µs pulse width, gate entrance 100 V, 
1.520 Torr He inside the drift cell, the drift cell temperature is 26.3 oC, 
voltage difference between the entrance and the exit lenses is 60 V. 
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Figure 37:  Arrival time distribution of Cu+(C8H8)2 ions (circles)at drift cell temperature 
of 300 K and the predicted distribution from transport theory (solid line). 
Experimental conditions are: 0.124 W Laser power,10 µs pulse width, gate 
entrance 100 V, 1.520 Torr He inside the drift cell, the drift cell temperature 
is 26.48 oC, voltage difference between the entrance and the exit lenses is 20 
V.E/N = 4.59 Td. The reduced mobility Ko = 5.71 cm2V-1s-1. 
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Figure 38:  Arrival time distribution of Cu+(C8H8)3 ions (circles) at drift cell temperature 
of 300 K and the predicted distribution from transport theory (solid line). 
Experimental conditions are: 0.124 W Laser power,10 µs pulse width, gate 
entrance 100 V, 2.524 Torr He inside the drift cell, the drift cell temperature 
is 26.58 oC, voltage difference between the entrance and the exit lenses is 40 
V.E/N = 5.53 Td. The reduced mobility Ko = 4.90 cm2V-1s-1. 

 



80 

 
 
 
 
 
 
 
 

Figure 39:  Arrival time distribution of (C8H8)2
+ ions (circles) at drift cell temperature of 

299 K and the predicted distribution from transport theory (solid line).  
Experimental conditions are: 0.15 W Laser power, 10 µs pulse width, gate 
entrance 70 V, 1.384 Torr He inside the drift cell, the drift cell temperature is 
26.73 oC, voltage difference between the entrance and the exit lenses is 20 
V.E/N = 5.53 Td. The reduced mobility Ko = 5.72 cm2V-1s-1. 
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Figure 40:  Arrival time distribution of Cu+(C8H8)2 ions (circles) at drift cell temperature of 
173 K and the predicted distribution from transport theory (solid line).  
Experimental conditions are: 0.130 W Laser power,100 µs pulse width, gate 
entrance 110 V, 0.895 Torr He inside the drift cell, the drift cell temperature is 
-98.55 oC, voltage difference between the entrance and the exit lenses is 25 V. 
E/N = 5.70 Td. The reduced mobility Ko = 6.96 cm2V-1s-1. 
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Table 8:  Summary of the average gas phase ion reduced mobilities  (Ko) Cu+(C8H8)2, 
Cu+(C8H8)3 and (C8H8)2

+ produced by LVI. 

 
Species Ion Ko (cm2

V
-1

s
-1) at 304 K Ko(cm2

V
-1

s
-1) at 173 K 

Cu+(C8H8)2 5.7 6.96 

Cu+(C8H8)3 4.42 ---- 

(C8H8)2
+ 5.7 ----- 
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Figure 44:  Arrival time distribution of Ag+(C8H8)3 ions (circles)at drift cell temperature 
of 300 K and the predicted distribution from transport theory (solid line).  
Experimental conditions are: 0.141 W Laser power, 20 µs pulse width, gate 
entrance 140 V, 1.552 Torr He inside the drift cell, the drift cell temperature 
is 26.73 oC, voltage difference between the entrance and the exit lenses is 20 
V. E/N = 4.50 Td. The reduced mobility Ko = 4.64 cm2V-1s-1. 

 



  89 

 
 
 
 
 

300 600 900 1200 1500 1800

 Io
n 

In
te

ns
ity

 ( 
ar

b.
 u

ni
ts

)

Experemental

ATD (µS)

Transport theory

II

I 

 
 

Figure 45:  Arrival time distribution of Ag+(C8H8)2 ions (circles)at drift cell temperature 
of 176 K and the predicted distribution (for I isomer) from transport theory 
(solid line).  Experimental conditions are: 30 µs pulse width, entrance gate-
voltage energy is 100 eV, 0.908 Torr He inside the drift cell, the drift cell 
temperature is -97.0 oC ,40 V voltage difference between the entrance and the 
exit lenses and E/N = 6.10 Td. The reduced mobility Ko = 7.0(I) and 5.65(II) 
cm2V-1s-1. 
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igure 46:  Arrival time distribution of Ag+(C8H8)2 ions (circles)at drift cell temperature 
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F
of 124 K and the predicted distribution ( for I isomer)from transport theory 
(solid line).  Experimental conditions are: 30 µs pulse width, gate entrance- 
voltage 100 V, 0.643 Torr He inside the drift cell, the drift cell temperature 
is -149.0 oC, 27 V voltage difference between the entrance and the exit 
lenses and E/N = 6.04 Td. The reduced mobility Ko = 7.26 (I) and6.23 (II) 
cm2V-1s-1. 
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Figure 47: ATDS of Ag+(C8H8)2 ( lower inset) and Ag+(C8H8)3 at drift cell temperature 
of 176 K. 
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Table 9: Summary of the average reduced mobilities (Ko) Ag+(C8H8)2, and Ag+(C8H8)3 

produced by LVI  
 

Species Ion Ko  (cm2
V

-1
s
-1) 

at 300 K 
Ko (cm2

V
-1

s
-1) 

at 176 K 
Ko (cm2

V
-1

s
-1) 

at 123 K 
Ag+(C8H8)2 5.6 7.0(I), 5.65(II) 7.6 (I), 6.23(II) 

Ag+(C8H8)3 4.6 ----  
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3.5 Structure Determination of The Styrene Dimer and Trimer Cations 

  We have employed DFT level of calculations with the 6-31G** basis set using the 

Gaussian 98 software61 to optimize the geometries of different styrene dimer, C16H16
+, and 

trimer C24H24
+ isomers.  These geometries are based on the proposed formation 

mechanisms available to us from the literature18,19,27,28,30,31,33,35-37,46.  Eleven different 

isomers for the styrene dimer and four different isomers for the styrene trimer were 

considered.  The structures of the dimer isomers (Sty2 a-k) and for the trimer isomers 

(Sty3 a-d) are shown in Table 10Table 11, respectively.  The dimer isomers a and b were 

proposed by Flory36, isomer c was proposed by Kirchner and Patat35  isomer e can be 

formed via a cationic mechanism46, isomers g, h and i can be formed by bimolecular 

reactions of monoradicals31, and finally isomers j and k were proposed by the Mayo's 

mechanism.22 The DFT calculations were conducted by Dr. Yehia Ibrahim 

(yibrahim@vcu.edu), as part of the collaboration in this project. 

 The theoretical calculations of the possible structural candidates of the oligomers 

ions are then used to compute angle averaged cross sections (Ωs) for comparison with the 

measured ones42.  The calculations of Ωs at different temperatures using the MOBCAL 

program42.  Table 10Table 11 list the total energies of the optimized structures of the 

styrene dimer and trimer cations and the calculated reduced mobilities (Ko) and collision 

cross sections (Ω) using the trajectory methods (TM)42  at different temperatures.  The 

discussion of the calculated results and the correlation with the experimental value will be 

presented in section 3.7. 
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3.5.1 Styrene Dimer cation C16H16
+ 

Table 10: Optimized structures for styrene dimer cations at B3LYP/6-31** level, total 
energy E (in atomic units), calculated cross sections (Ω) and reduced mobility 
(Ko) using the trajectory methods(TM) at different temperatures. 

 

E (au) T (K) Ω (Å2) 
 

Ko 
(cm2.V-1.s)-1 

Sty2

a 

 

-619.068894309

125 

174 

303 

373 

453 

109.07 

101.08 

91.52 

88.74 

86.38 

7.66 

7.01 

5.86 

5.45 

5.08 

Sty2

b 

 

-619.058438800

125 

174 

303 

373 

453 

110.17 

101.59 

90.96 

88.18 

85.90 

7.58 

6.97 

5.90 

5.48 

5.11 

Sty2

c 

 

-619.061030344

125 

174 

303 

373 

453 

111.86 

102.96 

92.76 

90.16 

88.17 

7.47 

6.88 

5.78 

5.36 

4.98 
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T (K) Ω (Å2) 
 

Ko 
(cm2V-1.s)-1 

Sty2d 

 

-

619.057829871 

125 

174 

303 

373 

453 

108.30 

100.41 

91.18 

88.71 

86.68 

7.71 

7.05 

5.88 

5.45 

5.06 

Sty2e 

 

-

619.094975347 

125 

174 

303 

373 

453 

109.36 

100.44 

90.26 

87.48 

85.20 

7.64 

7.05 

5.95 

5.53 

5.15 

Sty2f 
-

619.058892784 

125 

174 

303 

373 

453 

105.91 

97.49 

87.54 

84.71 

82.55 

7.89 

7.26 

6.13 

5.71 

5.32 

Sty2g 

 

-

619.072926115 

125 

174 

303 

373 

453 

111.83 

103.03 

92.60 

89.68 

87.27 

7.47 

6.87 

5.79 

5.39 

5.03 
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T (K) Ω (Å2) 
 

Ko 
(cm2V1s)-1 

Sty2h 

 

-619.074115409 

125 

174 

303 

373 

453 

112.87 

104.60 

95.00 

92.39 

90.35 

7.40 

6.77 

5.65 

5.23 

4.86 

Sty2i 

 

-619.082484334 

125 

174 

303 

373 

453 

110.53 

102.34 

92.56 

89.81 

87.52 

7.56 

6.92 

5.80 

5.39 

5.01 

Sty2j 

 

-619.097408849 

125 

174 

303 

373 

453 

107.11 

98.41 

88.36 

85.68 

83.48 

7.80 

7.20 

6.07 

5.64 

5.26 

Sty2k 

 

-619.089475991 

125 

174 

303 

373 

453 

115.94 

106.48 

95.49 

92.55 

90.25 

7.21 

6.65 

5.62 

5.23 

4.86 
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3.5.2  Styrene Trimer cation C24H24
+ 

Table 11: Optimized structures for styrene trimer cations at B3LYP/6-31** level, total 
energy E (in atomic units), calculated cross sections (Ω) and reduced mobility 
(Ko) using the trajectory methods(TM) at different temperatures. 

 

E (au) T (K) Ω (Å2) 
 

Ko 
(cm2V1s)1 

Sty3a 

 

-928.780538965 
 

125 
303 

 

154.95 
127.01 

5.44 
4.20 

Sty3b 

 

-928.781075445 
 

125 
303 

 

153.47 
128.11 

5.47 
4.17 

Sty3c -928.781338626 
 

125 
303 

 

157.42 
128.09 

5.33 
4.17 

Sty3d 

 

-928.784490035 
 

125 
303 

 

142.95 
119.05 

5.87 
4.49 
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3.6 Exploratory Study of the Gas Phase Polymerization of Styrene Initiated with a 

Free Radical Initiator 

3.6.1   Experimental Results 

 In order to explore the possibility of the initiating the gas phase polymerization of 

styrene using a free radical initiator, we used the AIBN (2,2'-Azo-bis-isobutyronitrile 

(C8H12N4)) initiator.  First, the AIBN was allowed to decompose in the gas phase at T = 

94.7 oC and the EI mass spectrum was collected as shown in Figure 48-a.  The main m/z 

peaks observed are assigned to C8H12N2
+, C4H7N+, C4H6N+ and C3H4N+.  Second, styrene 

vapor was allowed to polymerize in absence of the initiator at T = 93.3 oC and the EI mass 

spectrum was collected as shown in Figure 48-b.  The mass spectrum shows the formation 

of the styrene dimer and its fragments ions.  Finally, when both styrene and AIBN vapors 

were heated to T = 95.4 oC, the resulting mass spectrum clearly indicated the formation of 

higher styrene oligomers up to styrene tetramer as shown in  Figure 48-c. In addition, a 

minor series [C8H12N2(C8H8)n
+, for n = 1-2] corresponding to the addition of styrene on 

C8H12N2
+ was also observed.  Other species observed correspond to C4H6N(C8H8)2

+ and 

C4H7N(C8H8)2
+, respectively.  It is very interesting to note that m/z peak 206 corresponds 

to C16H14
+is observed with significant intensity in the presence of styrene and AIBN.  This 

quiet different from the result obtained by heating styrene vapor in the absence of AIBN 

where the 206 m/z is a minor peaks as shown in Figure 48-b. 

Mobility measurement was carried out for the mass-selected styrene dimer (produced from 

a continuous flow of the heated styrene and AIBN vapors at T = 92.3oC) The measured 
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reduced mobility in He at 303 K was Ko= 5.82 cm2V-1s-1.  The Arrival time distribution of 

the mass-selected (C8H8)2
+ ions and the predicted distribution from transport theory are 

displayed in Figure 49. 
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Figure 48:  Mass spectra when the source contained: (a) only the initiator AIBN (2,2'-
Azo-bis- iso butyronitrile (C8H12N4) at T = 94.7 oC; (b) only styrene vapor at 
T = 93.3 oC and (c) styrene + AIBN at T = 95.4 oC. 
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Figure 49:  Arrival time distribution of mass selected (C8H8)2

+ (formed by EI of the 
continuous flow of the heated styrene and AIBN vapors at T = 92.3 
oC)(circles) and the predicted distribution from transport theory (solid line).  
Experimental conditions are: the source temperature is 92.3 oC, 50 µs pulse 
width, injection energy is 14 eV, 1.682 Torr He inside the drift cell, the drift 
cell temperature is 29.65 oC 25 V voltage difference between the entrance 
and the exit lenses. The measured reduced mobility Ko = 5.82 cm2V-1s-1. 
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3.7  Discussion of the Results for Styrene Dimers and Trimers 

 The styrene dimer formed in the gas phase has been a subject of several studies that 

established the covalent bonded nature of the dimer and suggested several cyclic structures 

for the dimer14,29.  However, to date no direct evidence has been reported to confirm the 

structure of the gas phase dimer.  In this work, we followed a systematic investigation to 

establish the nature of bonding and confirm the structures of the styrene dimers and trimers 

in the gas phase.  First, a dissociation energy (injection energy) study of the non-covalent 

benzene dimer was carried out and compared to the mass-selected styrene dimer ion.  This 

comparative study was carried out by the injection of the mass-selected benzene dimer 

under the same experimental conditions as in the styrene dimer.  The mass spectrum 

displayed in Figure 50 indicates that only 17 % of the benzene dimer population survived 

the 15 eV injection energy.  However, in the case of the styrene dimer ion 90 % of styrene 

dimer population survived the collisions with an injection energy of 15 eV.  Using the 

binding energy argument, the benzene dimer has a binding energy of 17.8 kcal/mol 40, 

which implies with a good confidence that the styrene dimer binding energy is 

significantly higher than 18 kcal/mol.  Secondly, when the mass-selected styrene dimer ion 

was injected into the drift cell, the ratio of styrene dimer to the dissociated monomer did 

not to change as the drift cell temperature was increased from 303 K to 453 K.  The 

resulting mass spectrum is displayed in Figure 51. From the dimer/monomer intensity ratio 

displayed in Figure 51 a binding energy of at least 28 Kcal/mol for the styrene dimer could 

be estimated assuming a non-covalent interaction.  Finally, further evidence was obtained 
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from the dissociation products the mass-selected styrene dimer (C16H16
+)(displayed in 

Figure 14), which shows the sequential loss of CH3, C2H4, C2H5, and C6H6 from the dimer.  

This reveals that the styrene dimer ion (C16H16
+) is a covalently bonded, since it 

dissociated with a characteristic loss of stable chemical fragments.  The injection energy 

and temperature studies together lead us to the conclusion that the styrene dimer is 

covalently bonded.  In the case of higher oligomers as in the case of styrene trimer ion 

(C24H24
+), the dissociation products of the mass-selected trimer show the sequential loss of 

CH3, C2H4, C2H5, C6H6 and C7H7.  This mass spectrum (displayed in Figure 16) shows that 

the styrene trimer ion mainly dissociates into m/z = 180 (C14 H12
+).  If this is weakly 

bonded it will dissociate into its monomer.  This indicates that the structure of m/z 180 

must represent a stable molecular ion resulting from the dissociation of the styrene trimer 

ion.  Similar conclusions can be drawn based on the dissociation products of the higher 

styrene oligomer ions presented in Figure 17 and Figure 18. 
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Figure 50: Mass spectra of the mass selected Benzene dimer ion, C12H12
+

 injected into He 
with 15 eV injection energy . 
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Figure 51: Mass Spectrum of the mass selected C16H16
+ obtained by Electron Impact 

ionization.  Injected with 15 eV into He, the drift cell temperature is 180.0 oC. 
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 After establishing the covalent nature of the gas phase styrene oligomers observed 

in our experiments, it is important to provide direct structural information on these 

oligomers.  The combination of the measured collision cross sections and theoretical 

calculations can provide accurate structural information on the ionized styrene oligomers.  

The experimental based structure can be further confirmed by the analysis of the 

dissociation products of the mass-selected styrene oligomers ions.  The comparisons of the 

measured cross sections of styrene dimer and trimer ions at different temperatures with 

those calculated for the lowest energy structures representing different formation 

mechanisms are summarized in Table 10 and Table 11. 

 In the case of styrene dimer ion, the measured and the calculated cross sections at 

different temperatures are displayed in Figure 52-Figure 55.  Figure 52 shows that the 

measured cross section at 125 K agrees with the calculated cross sections of structures j, e, 

i, a, d, f and b within the experimental error (5%).  However, isomer j (1-Phenyltetralin) is 

the lowest in energy structure closest to the measured cross section at 125 K.  At 174 K the 

measured cross section is still in agreement with the theoretical one of the lowest energy 

isomer j as shown in Figure 53. At room temperature (303 K) the lowest energy structure 

that matches the measured cross section is structure e (1-methyl 3-phenyl indane) as shown 

in Figure 54.  At the highest temperature used of 453 K, the measured cross section is in 

agreement with the theoretical structures corresponding to isomer k (1, 3 diphenyl but-1-

ene) and h (1, 4 diphenyl but-1-ene) as shown in Figure 55, however isomer k is the lower 

in energy compared to isomer h, and therefore, isomer k is the proposed structure at 453 K.  
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The comparison between the measured and the calculated cross-sections of the styrene 

dimer at different temperatures is shown in Table 12.  

 

 

 

Table 12:  Summary of the experimental and theoretical cross sections for the styrene    
dimer. 

Temperature (K) Ω(exp) (Å
2 ) Ω(Calc) (Å

2 ) Structure 

125 108 107.1 j 

173 97.5 98.4 j 

303 92.2 90.3 e 

453 89.9 90.3 k 
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Figure 52:  The calculated cross section vs the energy of the optimized structures of  
C16H16

+ at 125 K.  The solid line is the measured cross section.  The calculated 
cross sections were obtained for the optimized structures using the trajectory 
methods42. 
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Figure 53: The calculated cross section vs the energy of the optimized structures of  
C16H16

+ at 174 K.  The solid line is the measured cross section.  The calculated 
cross sections were obtained for the optimized structures using the trajectory 
methods.42 
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Figure 54: The calculated cross section vs the energy of the optimized structures of  
C16H16

+ at 303 K.  The solid line is the measured cross section.  The calculated 
cross sections were obtained for the optimized structures using the trajectory 
methods.42  
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Figure 55: The calculated cross section vs the energy of the optimized structures of  
C16H16

+ at 453 K.  The solid line is the measured cross section.  The calculated 
cross sections were obtained for the optimized structures using the trajectory 
methods.42  
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  The results shown in Table 12 indicate that there are three different isomers for the 

styrene dimer present under our experimental conditions.  However, only one peak in the 

arrival time distributions (ATDs) was observed even at a lower cell temperature of 125 K.  

Since the measured cross sections for most of the proposed structures are very close, 

within 5 %, a well-resolved peak for each isomer cannot be observed.  This is because our 

drift cell, has a resolving power of about 20.  Thus only isomers with more than 5% 

difference in cross sections can be separated. However, using the cross section of the three 

lowest energy isomers j, e and k in Table 12, we can construct composite of ATDs, which 

reproduce the measured ATDs.  Figure 56 displays a comparison of the measured ATD at 

305 K, of the styrene dimer cation (C8H8)2
+ with the predictions of transport theory for the 

three structural isomers j, e and k.  This Figure displays an excellent fit to the sum of the 

isomers j (1-phenyltetralin)(dashed line), k (1,3 diphenyl but 1-ene) (dots) and e (1-methyl 

3- phenyl indane) with a relative abundance of 36, 36 and 28%, respectively.  This 

suggests that at room temperature we have three structures j, k, and e.  This may also be 

verified by examining the dissociation products of the mass selected styrene dimer.  For 

example, the loss of the CH3 group supports the presence of isomers k and e. The loss of 

the benzene, C6H6 and C2H4 fragments supports the presence of both isomers j and e.  

Figure 57 and Figure 58 display the comparison of the measured ATDs, at 125 K and 453 

K, of the styrene dimer cation (C8H8)2
+ to the predictions of transport theory for the three 

structural isomers j, k and e.  At temperature of 125 K the best fit is obtained when the 

relative abundance of j, k and e isomers is 63, 31, and 6% respectively.  At a temperature 

of 453 K, Figure 58 indicates an excellent fit for isomers j, e and k when the relative 
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abundance is 11, 5 and 84 %, respectively.  The temperature study and the good 

comparison to the calculated ATDs for the three different structural isomers with the 

proper relative abundance indicate that upon injection and heating the cyclic isomers j and 

e are and converted into the linear structure k.  Unfortunately, those isomers could not be 

separated because of the resolving power of the current mobility cell.  It should be possible 

to separate the broad ATDs using high resolution drift tube with resolving power of 50-

10067. 

 Now, that the structures for styrene dimers have been determined, the mechanism 

of formation and the observed fragmentation pathways can be explained.  In the case of 

isomers j  (1-phenyl tetralin) and k (1,3 diphenyl but 1-ene), they both can be formed via 

the Mayo's mechanism21,22. In the case of the j isomer, two styrene molecules cyclize via 

Diels -Alder addition forming an intermediate (AH) followed by 1,3 H-Shift.  Upon 

ionization and then injection of the j radical cation, it losses C6H6 and C2H4 fragments to 

generate the dissociated products C10H10
+ and C14H12

+, respectively.  These fragments 

(with m/z = 180 and 130) were both observed in the mass spectrum as shown in Figure 14.  

Finally, in the case of isomer k, it can be formed upon a free radical attack (m/z 105) to a 

second styrene molecule followed by termination through disproportionation.  Upon 

ionization followed by injection, this radical cation can lose a CH3 fragment to generate the 

ion C15H13
+ (m/z = 193).  The C15H13

+ ion is observed in the dissociation products of the 

styrene dimer cation as shown in Figure 14.  Finally, isomer e (1-methyl 3phenyl indane) 

can be formed via a cationic mechanism68.  Upon injection, this dimer can be dissociated 

into C15H13
+ (m/z 193) by the loss of CH3, and into C10H10

+ (m/z 130) by the loss of C6H6.  
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Both of these product ions were observed in the mass spectrum of the mass selected 

styrene dimer as shown in Figure 14.  The formation mechanism and the fragmentation 

pathways are summarized in Scheme 7 

 In the case of styrene trimer ion, the measured cross section at room temperature 

(118.4 ± 4 Å2) agrees well with the 1-phenyl-4 (1-phenyl ethyl tetralin) structure (structure 

d).  At a lower temperature, 125 K, the measured cross section is (135.6 ± 5 Å2).  This 

favorably agrees with the cross section calculated at 125 K for the same structure d.  This 

structure is among the four structures investigated as shown in Table 11. 

 Table 13 compares the experimental cross sections of the styrene trimer ion to the 

calculated ones for the four proposed structures a, b, c and d shown in Table 11.  The 

comparison of the measured ATDs and the styrene trimer ions with those calculated based 

on structure (d) are shown in Figure 59 and Figure 60 at temperature 125 K and 303 K, 

respectively. At 303K, isomer (d) results in an excellent agreement between the measured 

and the calculated ATDs are obtained as shown in Figure 59.  However, at 125 K Figure 

60 indicates that there are probably other isomers present, although isomer d still 

contributes significantly to the ATD's.  The resolution of the mobility measurements is 

enhanced that is why Figure 60 provides strong indication that other trimer structures are 

present.  The other calculated structures shown in Table 11 (isomers a, b and c) result in 

ATDs quiet different from the experimental one at 125 K as shown in Figure 61.  Future 

calculations should focus on identifying other possible trimer isomers that can reproduce 

the ATD.  It should be noted that the proposed structure (d) for the gas phase styrene 
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trimer is identical to the structure of the trimer isolated from the solution polymerization of 

styrene and identified using NMR.65 

 Based on the 1-phenyl-4 (1-phenyl ethyl tetralin) structure of the styrene trimer ion, 

a scheme was constructed to explain the dissociation products observed in the mass 

spectrum of the mass selected styrene trimer cation (Figure 16).  The formation mechanism 

of the styrene trimer ion and the explanation of the observed dissociation products are 

summarized in the Scheme 8. 

 

Table 13: Summary of the experimental and theoretical cross sections for styrene trimer. 

Structure Theoretical 

a b c d 

Experimental (Ω) 

Ω (304 K ) (Å2) 127.0 128.1 128.1 119.1 118.4 ± 4 

Ω(125 K) (Å2) 155.0 153.4 157.4 143.0 135.6 ± 5 

Stabilization 
Energy (kcal/mol) 2.48 2.14 1.98 0.00  

 

 The above results indicate that the observed represent ionized neutral oligomers 

formed by vapor phase thermal polymerization of styrene.  This is supported by several 

specific considerations: first, the styrene liquid contained in the bubbler used to supply the 

styrene vapor in the experiments formed a gel-like solution when heated.  In addition, a 

thick film was deposited on the wall of the bubbler and inside the delivery line located 

before the expansion nozzle.  Second, the appearance of larger oligomer ions in the mass 

spectrum depends on the temperature and the duration of heating of the styrene vapor. 
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Third, the same ions were observed (although with much weaker intensity) by directly 

ionizing the heated styrene vapor (with no beam expansion), thus eliminating the 

possibility of styrene clusters.  This was achieved by removing the cluster source, the 

pulsed nozzle, thereby minimizing any expansion that would lead to cluster formation.  

Continuous flow was accomplished by using either a continuous nozzle or a capillary tube. 
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Figure 56: Comparison of the measured ATD of Styrene dimer (C8H8)2
+(circles) drifting in 

1.136 Torr He at 303 K (E/N = 4.38 Td), with the predictions of the transport 
theory for three structural isomers.  These isomers are j (1-phenyltetralin) 
(dashed line), e (1methyl 3-phenyl indane) (dots) and k (1,3 diphenyl but 1-ene) 
(short dots).  
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Figure 57:  Comparison of the measured ATD of Styrene dimer (C8H8)2
+(circles) drifting 

in 1.430 Torr He at 125 K (E/N = 4.38 Td), with the predictions of the 
transport theory for three structural isomers.  These isomers are j (1-
phenyltetralin) (dashed line), e (1-methyl 3-phenyl indane) (dots) and k (1,3 
diphenyl but 1-ene  (short dots).  
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Figure 58:  Comparison of the measured ATD of Styrene dimer (C8H8)2
+(circles) drifting 

in 1.418 Torr He at 453 K (E/N = 4.47 Td), with the predictions of the 
transport theory for three structural isomers.  These isomers are j (1-
phenyltetralin)(dashed line), e (1-methyl 3-phenyl indane) (dots) and k (1,3 
diphenyl but 1-ene) (short dots).  
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Scheme 7: Mechanism of the styrene dimers' formation and the explanation of the 
observed fragmentation pathways 
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2. Formation of isomer (k) in the gas phase through the Mayo’s mechanism:
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Figure 59:  Comparison between the experimental and the calculated ATD for the styrene 
trimer (d) at room tempreature (303 K).  Arrival time distribution of mass 
selected (C8H8)3

+ ions (circles) and the predicted distribution from transport 
theory (solid line).  Experimental conditions are: 50 µs pulse width, injection 
energy is 15 eV, 1.141 Torr He inside the drift cell, cell temperature is 30.88 
oC, 20 V voltage difference between the entrance and the exit lenses and E/N = 
6.21 Td. The reduced mobility Ko = 4.54 cm2V-1s-1. 
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Figure 60:  Comparison between the experimental and the calculated ATD for the styrene 
trimer (d) at 125 K ( solid line).Arrival time distribution of (C8H8)3

+
 ions at 

drift cell temperature of 125.40 K (circles).  Experimental conditions are: 50 
µs pulse width, injection energy is 15 eV, 1.026 Torr He inside the drift cell, 
the drift cell temperature is -147.75 oC 40 V voltage difference between the 
entrance and the exit lenses and E/N = 5.69 Td. The reduced mobility Ko = 
6.20 cm2V-1s-1. 

 

 

 
 

500 750 1000 1250 1500 1750 2000

Io
n 

In
te

ns
ity

 ( 
ar

b.
 u

ni
ts

)

ATD ( µs)

 isomer d
 Exp



  124 

 

500 750 1000 1250 1500 1750 2000

 

Io
n 

In
te

ns
ity

 ( 
ar

b.
 u

ni
ts

)

ATD ( µs)

 isomer d
 isomer a
 isomer c
 Exp

 
 

Figure 61:  Comparison between the experimental and the calculated ATD for the styrene 
trimer (a, c and d) at 125 K .Arrival time distribution of (C8H8)3

+
 ions at drift 

cell temperature of 125.40 K (circles).  Experimental conditions are: 50 µs 
pulse width, injection energy is 15 eV, 1.026 Torr He inside the drift cell, the 
drift cell temperature is -147.75 oC 40 V voltage difference between the 
entrance and the exit lenses and E/N = 5.69 Td. The reduced mobility Ko = 
6.20 cm2V-1s-1. 
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Scheme 8: Mechanism of the styrene styrene trimer ions (C24H24
+) formation and the 

explanation of the observed fragmentation pathways: 
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The mass spectrum showed only styrene monomer, styrene dimer and their fragments as 

shown in Figure 48.  However, when the styrene vapor was passed over AIBN, the mass 

spectrum showed (styrene)n
+, n = 1-4 as shown in Figure 48.  This provides clear evidence 

that AIBN enhances the polymerization of styrene vapor.  AIBN is well known initiator 

that initiates styrene free radical polymerization in bulk the phase.  We were able to mass 

select the styrene dimer formed by AIBN initiator, and measure its mobility.  The 

measured mobility (Ko=5.82 cm2V-1s-1) is comparable to the ones obtained using the 

pulsed nozzle experiment. 

 A final experiment was performed to capture the actual initiating species in the gas 

phase thermal polymerization of styrene in the absence of any added free radical initiators.  

Styrene vapor was heated to 70-90 oC in a continuous flow using a capillary tube.  The 

resulting mass spectrum is shown in Figure 62.  It should be noted that under these 

experimental conditions, no expansion takes place and the number of collision. between 

the gas phase radicals and neutral styrene molecules should be very small.  It is interesting 

to note that the major ions formed in this experiment are the even-electron ions 

C16H15
+(m/z 207), C15H11

+( m/z 191) and C13H9
+(m/z 165).  This suggests that these ions 

are produced by the ionization of the free radical 207 amu and fragmentations of the 

generated C16H15
+ ion.  These fragmentations involved the loss of CH4 and C3H6 to 

generate the ions C15H11
+(m/z 191) and C13H9

+(m/z 165), respectively.  The observation of 

C16H15
+ ion (m/z 207) provides another strong evidence for the generation of the 207 amu 

free radical.  
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Figure 62:  Mass Spectrum of +(C8H8)n clusters ions produced by Electron Impact of the     
continuous flow of styrene vapor flown through a100 micron- needle. 
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(C16H15
.) in the gas phase. This is actually one of the primary radicals proposed by Mayo 

as initiator of the thermal polymerization of bulk styrene liquid. 

 These results support the assertion that styrene is thermally polymerized in the 

vapor phase.  This conclusion is supported by collision induced dissociation experiments 

of the mass-selected oligomer ions.  These experiments show elimination of specific 

molecular fragments (end groups) similar to typical polymer fragmentation69 thus 

confirming the covalent nature of the oligomer ions. Additionally, it is supported by the 

experimental mobility measurements, which agreed with the mobility calculated for the 

lowest energy structures. 

 The results also indicate that the electron impact ionization of expanded styrene 

vapor may induce styrene polymerization initiated by styrene radical cation within the 

generated styrene clusters.  This can be drawn from the fact that, one of the styrene dimer 

structures is 1-methyl 3-phenyl indane, which known to be produced by cationic 

mechanism. 

 Our results present direct evidence that supports and confirms the Mayo’s mechanism 

for styrene thermal polymerization.  As mentioned above Mayo proposed a termolecular 

reaction of styrene to form two primary radicals A (C16H15
.) 207 amu and MH 

(CH3CHC6H5
.) 105 amu.  In the mass spectrum of the continuous flow of styrene vapor 

using a capillary tube, we observed the ion (C16H15
+) m/z 207 correspond to the free 
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radical A..  This indicates that styrene vapor contains the initiating radicals A..  We did not 

observe the CH3CHC6H5
.) which correspond to m/z105. This may explain the gel-like film 

on the wall of the bubbler and inside the delivery lines.  The (CH3CHC6H5
.) radical has 

been reported to be more reactive than A (C16H15
.).  In addition, it may explain the 

dominance of the phenyltetralin derivative in gas phase styrene oligomers. 

 For the structure of the gas phase styrene trimer, strong evidence drawn from the 

experimental and theoretical mobility and the dissociation products of the styrene trimer 

ion indicates that the observed trimer has the structure of the lowest energy isomer (d).  

The formation of this isomer represents the combination of the two monoradicals (C16H15
.) 

and (C8H9
.).  This is consistent with Solomon's work 65and Pryor proposed -solvent cage28. 

Based on the results and discussion above, we propose the following mechanism for 

thermally initiated vapor-phase polymerization styrene:  After the formation of the AH 

adduct through Diels- Alder reaction, it will reacts with a third styrene molecule via 

Molecule Assisted Homolysis (MAH) to produce the two monoradicals A.(C16H15
.) and 

MH.(C8H9
.), or it forms a styrene trimer through a combination process.  If 

disproportionation occurs within the styrene clusters 1-PhT can be produced as dimer j.  

However, if the two radicals A.(C16H15
.) and MH.(C8H9

.) diffuse out of the clusters, they 

can propagate with styrene molecules to generate styrene oligomers.  This mechanism is 

summarized in Scheme 9. 
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Scheme 9: Proposed mechanism for styrene vapor phase thermal polymerization. 
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CHAPTER 4 :  Metal Cations containing Benzene Clusters. 

4.1 Introduction 

Ion-molecule interactions play an important role in a diverse range of chemical and 

biochemical systems.  Examples include substitution reactions, transmembrane ion 

transport, ion protein binding, upper atmospheric chemistry and nucleation phenomena2-

6,70. With a gas phase ion and an experimentally selectable number of neutral solvent 

molecules, intrinsic ion neutral interaction can be studied in the absence of counter ions 

and as a function of size.  After the discovery of Ferrocene 71,72and the revealing of its 

bonding ability to form a sandwich structure ,  researchers around the world studied metal-

benzene complexes in the condensed phase.  In the gas phase these complexes were 

studied experimentally through Equilibrium high pressure mass spectrometry,73-75 

Collision-induced dissociation(CID)73-75, photodissociation spectroscopy7,76-81, and 

theoretical calculations to reveal the electronic structures82.  Kaya and coworkers83-93 

studied transition metal-benzene complexes and found that early elements in the first row  

have the tendency to form sandwich structures and multiple-Decker sandwiches especially 

in the case of vanadium.  They also measured the ionization energy using the 

photoionization method by using a tunable UV laser.  This study showed that the gas phase 

metal-sandwich structure is the same as the studied structure in the condensed phase.  

Bowers and coworkers confirmed this result94.  They used the ion mobility technique to 
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study V-benzene complexes, confirming that Vn
+(C6H6)n+1 cluster ions also possessed the 

sandwich structures94.  Recently Duncan and coworkers studied V-Benzene complexes 

using vibrational spectroscopy for V-mono and dibenzene complexes7,76-80.  They showed 

that the first and the second benzene molecule were directly attached to the vanadium 

cation and that it possesses the sandwich structure.  The study also shows that the third 

benzene is weakly bonded to the sandwich structure.77 

  In this Chapter, cluster beam- time of flight mass spectrometry, coupled with laser-

vaporization ionization techniques were used to study the interactions between singly 

charged metal ions and benzene clusters.  The mass spectra of the metal cation-containing 

benzene clusters M+(C6H6) for M = Na, K, Mg, Ca, Ba, B, Si, Al, Ga, Ge, Sc, Ti, V, Cr, 

Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Ag, Hf, W, Pt, Au and Pb, were investigated. 

 

4.2 Experimental Results 

 The metal cations were generated by vaporization/ionization of a metal target 

inside the source chamber using the second harmonic of Nd:YAG laser at ~10 mJ/pulse. 

Neutral clusters of benzene were produced by adiabatic expansion through the 0.5 mm 

pulsed nozzle at a repetition rate of 8 Hz.  The distance between nozzle and the metal rod 

is ~8 mm.  The jet was skimmed by a 3 mm conical skimmer and passed to the second high 

vacuum chamber maintained at 2.0x10-7 torr. The cluster ion beam was then analyzed 

using the pulsed TOF mass spectrometer. 

Figure 63 displays the TOF mass spectra and ion intensity distribution as a function of 

cluster size of M+ (benzene)n where M = Na and K.  In the case of Na+, the mass spectrum 
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shows that the major series observed is Na+(C6H6)n with local maxima at n =  3, 7, 13, and 

19.  In the case of K+, the mass spectrum shows the major series is K+(C6H6)n with local 

maxima at n =  1, 4, 13, 19, and 23. In all conditions (mostly deflection voltage, nozzle 

opening and delay ) M+(C6H6)13 is the strongest peak. 

Figure 64 displays the product distribution mass spectra and ion intensity distribution as a 

function of cluster size of M+ (Benzene)n where M is Mg, Ca and Ba. In the case of Mg+ 

the major series is Mg+(C6H6)n with local maxima at n =2, 13, 19, 21, 23.  At different 

conditions (mostly deflection voltage, nozzle opening and delay ) Mg+(C6H6)n, with n = 2 

and n =  13 are the strongest peaks. In case of Ca+ and Ba+ the mass spectra and ion 

intensity as function of cluster size distribution, also show local maxima at n = 1, 3, 7, 13, 

19 and 23.  The mass spectra also show a minor series due to ionized benzene clusters 

(C6H6)n
+ series. 

Figure 65 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M is Ga and Al.  In the case of Al+ the major series is 

Al+(C6H6)n with local maxima at n = 13, 19, 23, 26, 29. At certain conditions Al+(C6H6)13 

is the strongest peak formation of Alm
+(C6H6)n with m = 1-3 cluster series can be 

observed.  The intensity plot for Al2
+(C6H6)n series exhibit local maxima at n = 3 and 13 . 

The intensity plot for Al3
+(C6H6)n series shows local minimum at n = 9.There are no 

(C6H6)n
+ or (C6H6)nH+ series in this case.  In the case of Ga+, the mass spectrum displays 

the major series as Ga+(C6H6)n with local maxima at n = 3, 13, 19, 23, 26, 29, 32, 37. At 

certain conditions (mostly deflection voltage and nozzle regime) Ga+(C6H6)13 is the 

strongest peak. At high laser ablation power, (C6H6)n
+ series and fragments of benzene 
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(m/z 51, 63 ) can be observed . These series are stronger at high laser power. This can be 

an indication of plasma ionization or direct multiphoton ionization of benzene. 

Figure 66 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M = W and Mn and Cr.  In the case of W+ the mass spectrum 

shows that the major series is W+(C6H6)n with local maxima at n = 6, 13, 19, 23, 26.  

Formation of W2
+(C6H6)n cluster series can be observed starting from n = 1 .  In the case of 

Mn+, the mass spectrum shows that the major series is Mn+(C6H6)n with local maxima at n 

= 1, 7, 13, and 19. In the case of Cr+ the mass spectrum shows that the major series is 

Cr+(C6H6)n with local maxima at n = 1, 13, 19, 23, 26, 29 and 32.  At all conditions 

M+(C6H6)13 is the strongest peak for M = W, Mn and Cr. 

Figure 67 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M+ is Sc and Zr.  In both cases the mass spectrum shows that 

the major series is M+(C6H6)n with local maxima at n = 2 and 13. 

Figure 68 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M+ is Ni, Cu and Ag.  In the case of Ni+, the mass spectrum 

shows that the major series is Ni+(C6H6)n with local maxima at n = 1, 6, 13, 19 and 23.  At 

all conditions, Ni+(C6H6)13 is the strongest peak  In the case of Cu+, the mass spectrum 

shows that the major series is Cu+(C6H6)n with local maxima at n = 1, 7, 13, 19, 23, 26. At 

all experimental conditions Cu+(C6H6)13 is strongest peak. In the case of Ag+, the mass 

spectrum shows that the major series is Ag+(C6H6)n, with local maxima at n = 1, 13, 19, 23, 

26 and 29.  At all experimental conditions, Ag+(C6H6)13 is strongest peak. Under a variety 

of experimental conditions, there is strong minimum at n = 3 in the case of Ni+ and at n = 4 
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for Ag+ and Cu+. This can be shown in Figure 68, which displays the product distribution 

as a function of cluster size. 

Figure 69 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M = Ti,V and Nb.  In the case of Ti+ the mass spectrum 

shows the major series is Ti+(C6H6)n  with local maxima at n = 2, 10, 14, 20, 24 and 27. 

At all experimental conditions, Ti+(C6H6)14 is the strongest peak.  In addition, we 

observed the formation of Tim
+(C6H6)n for m = 2, 3. Local maximum at m = 2 and n = 3 is 

observed in the intensity distribution for Tim
+(C6H6)n.  The (C6H6)n

+ series and fragments 

of benzene (m/z 51 and 63) can be observed. These series are stronger at high laser power. 

This can be an indication of plasma ionization or direct multiphoton ionization of 

benzene.  In the case of V+ product distribution, the major series is V+(C6H6)n with local 

maxima at n = 2, 14, 20, 24, 27,30 . At all conditions (mostly deflection voltage and 

nozzle regime) V+(C6H6)14 is the strongest peak.  In addition, we observed the formation 

of V2
+(C6H6)n cluster series starting from n = 1.  No clear magic numbers are observed in 

the intensity distribution for Vm
+(C6H6)n series.  In the case of Nb+ product distribution, 

the major series is Nb+(C6H6)n with local maxima at n = 2, 14 and 24. 

Figure 70 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M+= Fe, Co and Pb.  In all cases the mass spectra show that 

the major series are M+(C6H6)n  with local maxima at n = 2, 14, 20, 24 and 27.  In addition 

we observed the formation of Fem
+(C6H6)n for m = 2, 3 series starting from n = 2 for 

Fe2
+(C6H6)n  and from n = 0 for Fe3

+(C6H6)n.  No clear magic numbers are observed in the 

intensity distribution for the Fem
+(C6H6)n series. 
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Figure 71 displays the mass spectra and ion intensity distribution as a function of cluster 

size of M+ (benzene)n where M = Si, Pt and Au.  In the case of Si+ the mass spectrum 

shows that the major series is Si+(C6H6)n with local maxima at n = 10, 16, 20 and 24.  At 

all experimental conditions, Si+(C6H6)10 is the strongest peak.  In the case of Au+ and Pt+ 

the mass spectra show the major series are M+(C6H6)n with local maxima at n = 11, 17, 

21, 24 and 27.  Table 14 summarizes the magic numbers observed in TOF mass spectra of 

the M+ (benzene)n clusters for all the metal cations studied. 
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Figure 63: TOF mass spectra and ion intensity distribution as a function of cluster    
size of M+ (Benzene)n where M = Na and K. 

 

 

 
 


