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CHAPTER I 

INTRODUCTION 

The assumption that a mass spectrum of polyatomic molecules result 

from competitive and consecutive unimolecular reactions of internally 

excited molecular ions was used in the development of quasi-equilibrium 

theory (QET) by Rosenstock, Wahrhaftig, and Eyring. 1 In accordance 

with this theory, a calculated mass spectrum can be obtained by folding 

a breakdown graph into an internal energy distribution function, P(E). 2 

The breakdown graph is constructed from the RRKM rate constants, k.(E), 
l. 

for the unimolecular decompositions and the various resident times in 

the mass spectrometer. The k.(E) are calculated as a function of the 
l. 

internal energy of the molecular ion. Prediction and/or analysis of a 

. mass spectrum thus requires knowledge of the rate constants, ki(E), and 

of P(E). 

Following Morrison, the ion intensity at any nominal voltage V 

with a spread in energies given by m(U) is g,iven by Equation 1. 3 

(1) 

where ~ is the probability for transition from a specific state of the 

n neutral molecule to a specific level of the molecular ion, (E.-E k) 
l. c, 

is the threshold law for the transition, and the total electron energy 

Ei=U+V with U being the thermal energy of the electrons. The value of 

the exponent n in the threshold law is taken as 1 and 0 for single 

1 



direct ionization by electrons and photons, respectively. 

The n+l derivative of the ion intensity evaluated at E.=E is 
l. c 

3 given in Equation 2. 

2 

(2) 

Therefore, the appropriate derivative of the total ionization reduces 

to the transition probabilities convoluted with the electron energy 

distribution, reversed with respect to the energy axis. 

Chupka has shown that the second (first) derivatives of the ioniz-

ation efficiency of the various ions produced by electron impact on 

(photoionization of) the neutral molecule normalized by their sum gives 

4 an approximation to the breakdown graph. Experimental breakdown 

graphs can also be obtained from charge exchange reactions5 and from 

6 photoion-photoelectron coincidence mass spectrometry. 

Within the limits of a linear threshold law for single direct ion-

ization by electrons (a step-function for ionization by photons), 

Equation 2 shows that the second (first for photoionization) derivative 

of the total ionization efficiency times the function (V-Ei)' where Ei 

is the internal energy of the ions, gives the distribution of the tran-

sition probabilities. This distribution is termed the energy deposi

tion function, P(ED), 7 ' 8 and is the energy deposited in the molecular 

ion during the ionization event. It has been shown that the P(ED) 

function when folded into the thermal energy distribution of the neu-

tral molecule at a gas temperature T gives an approximation to the in

ternal energy distribution function, P(E). 9 

A substituent may affect the yield of the various ions by its 

affect on a) the internal energy distribution function, b) the primary 
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10 reaction rates, and c) the secondary reaction rates. A preliminary 

study of a series of benzils indicated that the RRKM rate constants for 

the formation of substituted benzoyl ions relative to those for the 

formation of unsubstituted benzoyl ions showed Hammett correlation, and 

that rho decreased with increasing excitation enetgy. 11 - To provide a 

more definitive basis for this conclusion a detailed study of the elec-

tron impact induced ionization-fragmentation of 4-methoxybenzil-i5 

(1-phenyl-i5-2-(4-methoxyphenyl)ethane-1,2-dione) at an ion source 

0 temperature of 250 C was undertaken. Also the study of benzil (1,2-

diphenylethane-1,2-dione) has been extended to include measurements at 

an ion source temperature of 310° C. Equations for the analysis of the 

error in dl/dE and d2I/dE2 contributed by shot noise are included in 

this thesis. A logic diagram and a discussion of the subroutines used 

in the processing of the experimental dl/dE are presented. 



CHAPTER II 

RESULTS AND DISCUSSION 

Xenon 

The electron energy was calibrated with the ionization potential 

of Xenon. The dI/dE data of Xenon was differentiated without smoothing 

and the first maximum was taken as the ionization potential (~12.15 

ev12). The full width at half maximum (FWHM) in the d2I/dE2 data, 

0.59±0.03 eV, reflects the energy spread in the ionizing electron beam. 

2 2 The d I/dE curve of Xenon in Figure 1 showed particular fine 

structure. The peaks observed in this curve are compared with the re-

l f . . 13 d 1 . 14,15 . . su ts o previous spectroscopic an e ectron impact investiga-

tions in Table I. 2 2 Maxima in the d I/dE curve at 12.45, 12.85, and 

13.30 eV correlate well with autoionization levels observed from spec-

troscopy (Huffman) and the results of Marmet and Johnstone. Other 

maxima at ~13.03, ~13.16, and ~13.23 eV are not observable due to the 

energy resolution of the electron beam. 

The photoionization efficiency cur~e of Xenon is presented in 

F . 2 16 igure . The intensity of the 2P312 state is small compared to the 

intensity of the 6d' autoionization level. This result was observed by 

17 Dibler, et. al., and by Marmet. Given the FWHM in the electron 

energy distribution and the energy spacings in Table I, Equation 2 re-

2 2 veals that in general adjacent bands in the d I/dE curve for Xenon 

4 
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TABLE I 

ELECTRON STATES OF XENON 

12.127 

12.439 

12.799 

13.039 

13 .159 

b Johnstone 

12.09 

12.27 

12.41 

12.80 

13.04 

13.16 

13.53 

Huffmanc 

12.15 

12.47 

12.85 

13.03 

13.16 

13.23 
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a Electron Impact, Reference 14 

b Electron Impact, EDD Method, Reference 15 
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d Average of two curves (SDIE) 
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9d' 
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Figure 2. Photoionization Efficiency Curve of Xenon 
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will not be fully resolved. Because the d2I/dE2 curve in Figure 1 will 

reflect to some extent the sum of overlapping Gaussian distributions 1) 

no attempt was made to compare the relative peak heights with known re

lative transition probabilities, and 2) the error in calibrating the 

energy must be O~E,0.3 eV. 

Thus these cortclusions suggest a maximum error of 0.3 eV, which is 

not excessive for the experimental apparatus used. Conventional elec

tron impact ion sources give ionization potentials to ±0.1 eV. Posi

tive identification, however, could be made from improved energy 

resolution of the electron beam, by use of other substances for cali-

bration, or from a comparison with the convolution of transition proba

bilities for Xenon with an electron energy distribution having a FWHM 

of 0.6 eV. 

4-Methoxybenzil-5!_5 

Fragmentation Scheme 

The 70 eV mass spectrum of 4-methoxybenzil is reproduced in Figure 

3. 18 The molecular ion, m/e 240, fragments to form either the 4-meth

oxybenzoyl ion, m/e 135, or the benzoyl ion, m/e 105. 11 These ions 

further fragment by the loss of CO to form ions at m/e 107 and m/e 77, 

respectively. The m/e 107 ion loses H2co, also forming the c6H5+ ion. 

To study the fragmentation of the m/e 105 and m/e 107 ions, the 

unsubstituted ring was labeled with five deuteriums. The reactions are 

then m/e 110 + m/e 82 + CO and m/e 107 + m/e 77 + H2co, respectively. 

The ion abundances in Table II show that the 70 eV mass spectrum of 

4-methoxybenzil-5!_5 (I) is dominated by nine ions. Metastable peaks 
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eV 245 135 

13.39 1.6 97.3 

15.19 1.4 95.6 

20.6 1.0 82.6 

70 0.7 60.6 

TABLE II 

PERCENT ION ABUNDANCES IN THE MASS SPECTRA 
OF 4-METHOXYBENZIL-d5 AS A 

FUNCTION OF ELECTRON 
ENERGY 

m/e 
110 107 92 82 77 64 54 51 

0.9 0.2 o.o 0.0 o.o o.o 0.0 0.0 

1. 7 1.2 0.0 0.0 0.1 o.o o.o 0.0 

3.4 4.6 1.1 1.1 3.7 0.0 O.U ... 0.0 

4.4 5.0 3.9 5.6 6.5 2.1 2.4 0.4 

Total 

100% 

100% 

97.5% 

91.6% 

I-' 
0 
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were observed for the following transitions: m/e 135 -+ m/e 107 + 28 

(m*= 84.8), m/e 110-+ m/e 82 + 28 (m*= 61.1), and m/e 107-+ m/e 77 + 30 

(m*= 55.5); and were not observed for the transitions m/e 245-+ m/e 135 

+ 105 (m*= 74.4) or m/e 245-+ m/e 110 + 135 (m*= 49.4). Scheme I 

(Figure 4), which is consistant with these data and results from rela

ted systems, is proposed to account for the mass spectrum of I. 8 ' 19 

Dissociation of Cl-C2 bond in the molecular ion of I (II) produces 

either the 4-methoxybenzoyl ion, m/e 135 (III), or the benzoyl ion, m/e 

110 (IV). These. ions fragment with loss of CO to form ions with m/e 

107 and m/e 82, respectively. The ion at m/e 77 is formed by subse-

quent fragmentation of m/e 107 with the loss of H2co. Other fragmenta

tions are high energy processes and are not included in the study. 

Derivatives of Ionization Efficiency 

The FDIE curves, first derivative of the ionization efficiency 

curves, for ions II through VII are presented in Figures 5-10. In each 

figure, the points represent experimental dI/dE values. The curves 

extend 3-4 eV past their respective maxima. The theoretical and ex-

perimental percent standard deviations for three energies in the FDIE 

curve of each ion and Xenon are shown in Table III. The good correla-

tion between the experimental standard deviation (a ) and the theoest 

retical standard deviation (at ) provides evidence that the shot rue. 

noise is the major contribut.ion to the uncertainity in the experimental 

data. 

The SDIE, second derivative of the ionization efficiency, curves 

2 2 of II through VII, with the d I/dE points, are presented in Figures 

11-16 as a function of the internal energy of the molecular ion of I 
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TABLE III 

STANDARD DEVIATIONS IN FDIE AND SDIE 
OF 4-METHOXYBENZIL-~5 

AND XENON 

% FDIE 
b 

Xl0-4 Ion eVa a % FDIE %crSDIE Gain ( 
m/e true oO est 

245 9.20 7.99 3.37 14.84 4.62 
9.90 8.02 2. 71 26.22 3.34 

13.00 9.84 3.11 71. 38 2.83 

135 9.50 0.81 0.80 5.05 3.35 
11. 70 1. 71 0.69 8.03 3.51 
14 .10 1.54 0.89 11.66 3.70 

110 13.00 10. 61 5.27 18.06 4.40 
15.50 4.57 5.07 19.53 3.40 
17.00 5.49 4.99 40.36 3.37 

107 15.40 4.84 3.68 9.80 3.54 
17.00 3.46 2.96 13.91 3.52 
17.70 3.69 3.71 28.58 3.50 

82 17.80 3.65 5.48 11.25 3.84 
20.30 5.17 4.20 32.80 3.52 
22.20 5.48 5.22 45.22 3.50 

77 16.30 5.38 3.70 8.54 3.89 
19.00 3.73 2.94 17.46 3.65 
19.80 3.58 4.25 32.79 3.59 

132 12.15 0.71 1.11 5.01 1. 71 
12.85 0.79 0.74 5.35 1.68 
14 .15 1.07 0.76 12.62 1. 71 

a Corrected 

bFor each ion the lock-in-amplifier time constant (sec.), integration 
time (sec.), and number of points taken to estimate a are: m/e 245, 
30,1,170; m/e 135,10,1,55; m/e 110,10,1,55; m/e 107,10,1,55; m/e 82, 
10,1,55; m/e 77,10,1,55. The sampling interval was 11 seconds. 
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(II). The internal energy is taken as the electron beam energy minus 

the ionization potential. The extension of the internal energy to neg-

ative values represents the effect of the electron energy distribution. 

The SDIE curve of the molecular ion (II) shows an £.onization potential 

of 8.35 eV. This agrees reasonable well with the value of 8.14±0.20 eV 

calculated from thermodynamic considerations (see Apendix A). Conven-

tional electron impact data can overestimate ionization potentials by 

20 as much as 0.3 eV. Peaks appear in the SDIE curve of the molecular 

ion (II) at 2.80, 4.20, 5.20, and 6.10 eV of internal energy. Similiar 

maxima were observed in the SDIE curve of the molecular ion of 4-meth

ylbenzil, 8 and are also observed in the SDIE curve of the molecular ion 

of benzil. These may reflect autoionizing states of the molecule or 

the formation of molecular ions in an excited electronic state. Inter-

estingly, the photoelectron spectrum of benzil (Figure 17) shows peaks 

21 at 9.1 and 11.1 eV. These results suggest that the higher maxima in 

the SDIE curve of II do not entirely result from autoionization. 

Excess energy is often required for the dissociation rate con- . 

stants, k.(E), to be in the region of 105-106 sec-l 
]_ 

This excess 

energy is defined as the kinetic shift, 22 and thus the appearance po-

tentials are upper linits of the true threshold energy. The kinetic 

shift contributes to the slow rise in the SDIE curve of ions produced 

by further fragmentation. The slow rise near threshold in the SDIE 

curves of IV and VI indicate that the kinetic shift is relatively 

greater for the decompositions forming IV and VI than for decomposi-

tions forming III and V. 

The SDIE curve of III shows a maximum at 9.45 eV, which is in good 

agreement with the value of 9.22±0.30 eV calculated for a one bond 
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rupture mechanism (Scheme I). The calculated appearance potential 

10.04±0.30 eV for IV, also assuming one bond rupture of the molecular 

ion, is compariable to 10.35 eV, a local maximum in the SDIE curve of 

IV. 

The agreement between calculated and experimental appearance po-

tentials for III and IV, and the slopes in the SDIE curves of these 

ions indicate that the molecular ion (II) competitively dissociates by 

rupture of the central carbon carbon bond to form IV and the benzoyl-~5 

radical of IV and the 4-methoxybenzoyl radical. 

Energy Deposition 

The energy deposition function of the molecular ion is computed 

from the SDIE curves of all ions formed (N) and the factor (V-E) 

(Equation 3). 23 

N 
P(ED)Ei,V= E SDIE (J)Ei x (V-E) 

J=I 
(3) 

The SDIE (J)Ei term represents the value of the SDIE curve of the Jth 

ion at an internal energy Ei, V is the total ionizing beam energy, and 

E is the total energy (ionizion plus internal) of the ions. The factor 

(V-E) must be included to obtain the correct transition probabilities 

applicable to a certain ionizing beam energy. For ionizing beam ener-

gies greater than 10-15 eV above the ionization potential the term 

(V-E) is essentially constant and was omitted. 

An estimate of the 70, 20.6, 15.19, and 13.39 eV P(ED) function of 

the molecular ion of I was obtained (Equation 4). 

VII 
P(ED)Ei,V~ E SDIE (J)Ei x (V-E) 

J=I 
(4) 
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The 70 eV P(ED) function is reproduced in Figure 18, calculated from 

Equation 4 without the (V-E) factor. This P(ED) function hi:l.s the same 

form and energy spread as those obtained for 4-methylbenzil and 4-meth-

oxybenzil. 

Variations in transition probabilities with the ionizing beam 

energy are illustrated in Figure 19. The curves are energy deposition 

functions applicable to 13.39, 15.19, and 20.6 eV mass spectra of I. 

These low energy P(ED) functions are normalized to unit area. 

Breakdown Graph 

The breakdown graph obtained from the SDIE curve of each ion nor-

malized by their sum at each value of the internal energy of the mol-

ecular ion is reproduced in Figure 20. For identification a few points 

are included on each curve. The stability of the molecular ion (II) 

decreases rapidly with internal energy of more than one electron volt. 

The 4-methoxybenzoyl ion (III) dominates the stable ions formed from 

molecular ions with up to 6.5 eV of internal energy. At most, the 

stable benzoyl-.Q.5 ion (IV) is only 20.4% of the stable ions formed at 

any given internal energy. In the study, VI is the only stable ion 

observed above 12.00 eV of internal energy. 

Relative Rate 

The ratio of relative rates for the fragmentation of II as a func-

tion of the electron energy minus the ionization potential (internal 

energy) of II is given in Equation 5. 

k2(E) 
k 1(E) 

SDIE (IV)Ei + SDIE (VI)Ei 
SDIE (III)Ei + SDIE (V)Ei + SDIE (VII)Ei 

(5) 



20.5 

18.0 

15.4 

~ 
H 12.8 ,...::i 
H 
i:Cl 
< 
i:Cl 
0 
P::i 10.3 p.., 

~ 
H 
E-1 7.7 :s 
~ 

5 .1 

2.6 

30 

o.oo 2.00 4.oo 6.oo 8.oo lo.oo 12.oo 14~oo 

ENERGY (eV INTERNAL) 

0.00 = 8.35 eV 

Figure 18. Energy Deposition Function for the 
Molecular Ion of I (II) at 70 eV 

.. 



0. 34 r 

0. 29 t 

0. 25 ~ 

:;.... 

0.21 f 
E-t 
H 
....:I 
H 
i:Cl 
<e: 
i:Cl 
0 
P::i 0.17 p_, 

r>::i 
:> 
H 
E-t 0.13 <e: 
....:I 

~ 
0.08 

0. 04 t 

0.00 

,. ' 
I \ 

I \. 

I \ 

' I \ 

I \ 

I \ 
I ,........ . \ 

I \\ 
I \ 
I \ 

.: I \\ 

\ 
\ 

\ 
\ 

""" 
\ 
\ 

\ 

\ \ 
\ 

\ 
',J \ 

' \ 
' 

-1.00 Q;~oo 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.©ID 12.00 

ENERGY (eV INTERNAL) 

0.00 = 8.35 eV 

Figure 19. Depositio~Functions for II applicable to Low Ionizing Voltages 

(;;le 
I-' 



1. 0 

0.9 

0.8 

µ:.i 
0.7 

u z 
0.6 < 

i::l z 
::::> 
i:Cl 0.5 < 
~ 

0.4 H 
H 
< ,_::i 

ga 0.3 

0.2 

0 .1 

0.0 
0.00 2.00 ,'i. t;:~:oo 6.00 8.00 

ENERGY (eV INTERNAL) 

0.00 = 8.35 eV 

10.00 

Figure 20. Breakdown Graph of 4-Methoxybenzil-d5 

12.00 14.00 

w 
N 



33 

The ratio was calculated at 0.1 eV intervals. A curve drawn through 

these values is presented in Figure 21. The graph is the average of 

two sets of data obtained for each ion. The rate constant, k1(E), for 

the fonnation of III is greatly dominant to an internal energy of 6.0 

eV. At this internal energy the hi.gh energy process, formation of IV, 

becomes more significant and increases rapidly. The peak at 7.00 eV 

may be an artifact caused by the uncertainty in determining the change 

in the gradient of the FDIE curve for III in the region of its maximum. 

Within experimental error, energy randomization of .the molecular ion 

appears to be essentially complete up to an internal energy of ~8.0 eV. 

However, large error limits at internal energies of ~7.0-9.0 eV make 

conclusions about energy randomization in this region tenous. 

Comparison of Ion Intensities 

Table IV lists calculated and experimental ion intensities normal

ized to 100 for III. Calculated ion intensities may be obtained from 

double integration of the SDIE curves or single integration of the FDIE 

curves to the same energy as the electron beam, or from the appropriate 

energy deposition function folded.into the breakdown graph. In 

practice Equation 16 {Appendix D) was used for calculating ion inten

sities by the last method. In the low energy mass spectra, the cal

culated relative abundances agree well with the experimental values. 

The ion intensities in the 70 eV mass spectrum correlates well with the 

exception of ions IV and VI, which are formed by the higher energy pro

cess. The reasonable comparison of ion intensities for the 70 eV mass 

spectrum indicate that the ionization efficiency curve of each ion has 

become flat. Table V gives the average relative slope in the region to 
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Ion 

m/e Meas. 

245 1.6 
135 100.0 
110 0.9 
107 0.2 
82 
77 

m/e 

245 1.2 
135 100.0 
110 4.2 
107 5.7 
82 1.4 
77 4.5 

TABLE IV 

CALCULATED AND EXPERIMENTAL ION INTENSITIES 
OF 4-METHOXYBENZIL-is 

13.39 eV 15.19 eV 

Cale. a Cale. b Meas. Cale. a 
Cale. 

b Meas. 

1.9 1.3 1.4 1.5 1.1 1.2 
100.0 100.0 100.0 100.0 100.0 100.0 

0.7 0.7 1.8 1.5 1.5 3.2 
0.1 0.1 1.2 0.7 0.7 3.9 

0.1 0.1 0.1 0.5 
0.1 0.1 0.1 2.0 

20.6 eV 70 eV 

1. la 1.0b 1.2 l. le 0.9b 
100.0 100.0 100.0 100.0 100.0 

3.2 3.2 7.3 4.7 4.5 
3.9 4.0 8.3 7.1 6.7 
0.9 0.9 9.4 4.4 3.6 
3.1 3.1 10.8 8.1 7.3 

18.09 eV 

Cale. a Cale. 

1.3 1.0 
100.0 100.0 

2.5 2.6 
2.7 2.8 
0.4 0.4 
1.4 1.4 

aDouble Integration of SDIE bEquation 16 eSingle Integration of SDIE 

b 

w 
V1 



Ion 
m/e 

245 

135 

110 

107 

82 

77 

TABLE V 

FALL IN FDIE CURVE FOR EACH 
ION FORMED FROM I 

Slope Normalized Slope 

-60±40 -11±7 

-6400±800 -12±1. 5 

-250±30 -10±1. 5 

-440±70 -12±2 

-180±80 -8±3.5 

-390±80 -9±2 

aNormalized to 100 for the maximum in each curve 

36 
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the right of the maximum in each FDIE curve. The slope for each ion is 

within experimental error. The fall in the FDIE curves indicate that 

the ionization cross section for electron impact df I is nearing a max

imum. Examination of the FDIE curves of IV, VI, and VII reveals local

ized changes in these slopes. This suggests that although I may be 

nearing a maximum in its ionization cross section, there are transi

tions from the molecule that lead to stable IV, VI, and VII. This 

produces positive peaks in the derivative of the total FDIE curve of 

these ions. A comparison of the relative area under the SDIE curves to 

the area under the positive peaks plus the area under the SDIE curves 

is tabulated in Table VI. The relative abundances of IV and VI in

crease 2% and 4.5%, respectively. Although these contributions to the 

relative abundances are small, they are only for a 3-4 eV range. This 

indicates that there are transitions of the molecule that lead to 

stable ions that have not been taken into account, This is one reason 

for the discrepancy of the calculated and experimental ion intensities 

of IV and VI. Therefore, only semi-quantitative features of the 70 eV 

mass spectrum may then be obtained from a knowledge of the processes 

occuring from the ionization potential of the molecule to ~20 eV of 

internal energy. 

Benzi! 

Fragmentation Scheme 

The 70 eV mass spectrum of benzil is given in Figure 22. 18 The 

contribution of four ions, m/e 210, 105, 77 and 51, to the total per

cent ionization is given in Table VII. The mass spectrum of benzil at 



Ion 
m/e 

245 

135 

110 

107 

82 

77 

TABLE VI 

COMPARISON OF RELATIVE AREA UNDER 
SDIE AND TOTAL d2I/dE2 CURVES 

SDIE 

1.1 

100.0 

4.7 

7.1 

4.4 

8.1 

38 

Total d2I/dE2 

1.1 

100.0 

4.8 

7.1 

4.6 

8.2 
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eV 

14.55 

15.95 

20 

70 

210 

2.5 

2.2 

1.6 

1.1 

TAB.LE VII 

ION ABUNDANCES OF BENZIL 

105 

96.0 

93.7 

82.5 

58.0 

m/e 
77 

1.4 

4.0 

14.0 

24.7 

51 

0.1 

0.1 

0.2 

8.9 

40 

Total 

100.0% 

100.0% 

98.3% 

92.7% 
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70 eV is dominated by these ions and consists completely of these ions 

below 20 eV. 

A fragmentation pattern, based upon conclusions drawn from the 

study of 4-methyl and 4-methoxy homologues is given in Scheme II (Fig-

ure 23). The molecular ion formed. by the electron impact on benzil 

fragments to form the benzoyl ion, m/e 105, and the benzoyl radical. 

The benzoyl ion looses carbon monoxide to form the m/~ 77 ion, which 

may further decompose to form the m/e 51 ion by the loss of ethylene. 

Derivatives of Ionization Efficiency 

The FDIE curves and experimental dI/dE values for these ions are 

reproduced in Figures 24-27. All ions are normalized to the maximum 

of the most intense ion (m/e 105) which was given a value of 100. 

The SDIE curves are given in Figures 28-31. The SDIE curve of the 

molecular ion gives an ionization potential for benzil of 8.65 eV. The 

reported ionization potential of benzil is 8.78±0.20 ev. 19 The curve 

also reveals high lying electronic states of the ion and/or autoioniza-

tion levels for the molecule. Such peaks have been observed for 4-

methoxybenzil-d5 , 4-methoxybenzil, and in the pes spectrum of benzil. 

The SDIE curve for the benzoyl ion, m/e 105, gives an appearance poten-

tial of 9.65 eV. This is in very good agreement with a reported value 

19 of 9.70±0.20 eV. From Figure 30, the appearance potential of m/e 77 

is~ 15.45 eV. A experimental value was previously reported at 15.12± 

0.20 ev. 19 Due to the weak signal for the m/e 51 ion, its SDIE curve 

was difficult to obtain. In Figure 31, the data below 7.70 eV is due 

to instrumental noise and/or background. A calculated appearance po-

tential is 15.36±0.70 eV (See Appendix A). 
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The theoretical standard deviation of the FDIE data, the resulting 

standard deviation calculated for SDIE, and the experimental multiplier 

gain for each ion at three electron energies is given in Table VIII. 

As observed for the 4-methyl and 4-methoxy (Table III) compounds, the 

multiplier gain is slightly mass discriminate which appears to be an 

indirect function of the ionizing beam energy. 

Energy Deposition 

The energy deposition function obtained for benzil at an ion 

source temperature of 310° C is given in Figure 32a. The curve extends 

over the same range as the P(ED) functions obtained for 4-methylbenzil 

and 4-methoxybenzil-~5 • The percent contribution made by the ions is 

given in Table IX. Also in this table is a comparison of ions with 

m/e 210, 105, and 77 produced from benzil at an ion source temperature 

of 250° c24 and 310° C. The energy deposition function obtained for 

benzil-~5 is given in Figure 32b. 11 The total area under these P(ED) 

functions in Figure 32 is 127.06 (minus the contribution from m/e 51) 

for benzil (I.S.= 310° C) and 127.20 for benzil-d5 (I.S.= 250° C). The 

ratio is 0.99±0.01. The extent of ionization of these molecules re-

mains the same, but increased thermal energy decreases the contribution 

of the molecular ion and increases the relative contribution of the 

m/e 77 (m/e 82) ion. 

Breakdown Graph 

The breakdown graph for benzil is given in Figure 33. It can be 

seen that the relative amount of stable molecular ions decreases 

rapidly with energy in excess of the ionization potential. The graph 



TABLE VIII 

PERCENT STANDARD DEVIATION AND 
MULTIPLIER GAIN FOR BENZIL 

52 

Ion eVa %oFDIEb %oSDIE -4 Gain ( x10 ) 
m/e 

210 

105 

77 

51 

a Corrected 

8.05 5.62 

9.15 3.31 

13.95 3.32 

9.15 1.14 

11.35 o. 72 

15.65 o. 72 

12.85 3.88 

15.45 0.90 

17.45 0.92 

12.05 7!70 

20.85 2.05 

26.25 2.15 

5.57 2.59 

7.57 1. 75 

32.12 2.04 

5.06 2.42 

5.32 1.96 

14. 98 2.00 

5.52 0.90 

5.35 1.02 

7.56 1.08 

12.15 1. 35 

8.35 1.18 

24.45 1.39 

bFor each ion the lock-in-amplifier time constant (sec.), and inte
gration time (sec.) are: m/e 210,30,1; m/e 105,10,1; m/e 77,10,1; 
m/e 51,30,1. The sampling interval was 11 seconds. 
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Ion 
m/e 

210 

105 

77 

51 

TABLE IX 

PERCENT CONTRIBUTION TO AREA 
UNDER P(ED) FOR BENZIL 

% P(ED) % P(ED)a 

1.3 2.9 

75.1 78.6 

19.0 18.5 

4.6 

aFor Benzil at 250° C, Ref~rence 24 

bFor ions m/e 210, 105, and 77 only 
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% P(ED)b 

1.4 

78.7 

19.9 
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is dominated by the benzoyl ion at low internal energies of the mol

ecular ion. Above 10.5 eV no stable m/e 210, 105, or 77 ions were 

observed. 

Ion Intensities 

56 

Comparison of calculated and experimental mass spectra of benzil 

is given in Table X. The comparison of low energy mass spectra is very 

good. The 70 eV mass spectra is in poor correlation for ions with 

m/e 77 and 51. Analogous reasons for this discrepancy could be made as 

those for the comparison of experimental and calculated ion intensities 

of 4-methoxybenzil-i5 . 



TABLE X 

EXPERIMENTAL AND CALCULATED ION 
INTENSITIES OF BENZIL 

14.55 eV 

Ion Meas. Cale. a 
Cale. 

m/e 

210 2.6 2.3 1.9 

105 100.0 100.0 100.0 

77 1.5 2.0 2.1 

51 0.2 0.2 0.2 

20 eV 

Ion Meas. Cale. a Cale. 
m/e 

210 2.1 1. 7 

105 100.0 100.0 

77 16.8 16.8expt. 14.3 

51 0.3 0.6 0.4 

aDouble Integration of SDIE 

bEquation 16 

cSingle Integration of SDIE 

b Ion Meas. 
m/e 

210 1.9 

105 100.0 

77 4.2 

51 0.1 

b Ion Meas. 
m/e 

210 1.9 

105 100.0 

77 43.0 

51 15.9 
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15.95 eV 

Cale. a Cii.le. b 

2.0extp. 1.8 

100.0 100.0 

4.8 5.0 

0.2 0.2 

70 eV 

Cale. c Cale. b 

1. 7 1.6 

100.0 100.0 

25.3 24.2 

6 .1 3.2 



CHAPTER III 

EXPERIMENTAL 

4-Methoxybenzi1-d5 (I) 25 

Benzene-~ (Merck, Sharp, and Dahme) was brominated anq the Grig

nard made. Bis(p~enyl-d5 ) cadmium26 , 27 was obtained from the ben

ene-d5 magnesium bromide and cadmium chloride. 4-Methoxyphenylacetic 

acid was converted to the acid chloride with sulfonyl chloride. 28 

4-Methoxybenzyl phenyl-d5 ketone was prepared from bis(phenyl-d5) 

cadmium and 4-methoxyphenylacetyl chloride, which was then oxidized 

with selenium dioxide to 4-methoxybenzil-d5 (I). 29 Crude I was re-

o crystallized twice from methanol, m.p. 62.0-62.2 C. 

4-Methoxybenzi130 

4-Anisyl benzyl ketone (Aldrich) was oxidized to 4-methoxybenzil 

i h 1 . d' 'd 29 w t se enium ioxi e. Recrystallization from ~arbon tetrachloride 

yielded 4-methoxybenzil, m.p. 62.0-62.7° C. (lit. 61-62° C). 31 

Benzi! 

Benzi! (Eastman Kodak) was used without further purification. 

I . 11 nstrumentation 

Mass spectra and the first derivatives of the ionization 
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32 efficiency were determined with an LKB 9000P mass spectrometer. 

Xenon was introduced into the ion source via the direct probe, which 

was modified for gas inlet. To maintain uniform sample pressure, the 

compounds were introduced into the ion source through the gas chrom-

atograph inlet system. 0 The oven temperature was 153 C, separators 

160° C, and ion source 250° C for studies of 4-methoxybenzil-d5 • The 

0 0 0 oven temperature was 125 C, separators 150 C, and ion source 310 C 

for studies of benzil. The trap was maintained constant at 20 µA, and 

the electron shield was zero potential with respect to the filament. 

The extraction plates were set near the block potential except for 70 

eV mass spectra. To insure flat-topped peaks and nl.aximize the ion 

intensity the exit and collector slits were at 0.10 and O. 75 nun,. re-

spectively. The dI/dE data was read from a General Radio Corp. Elec-

tronic Counter Type 1151-A; and in electron energy steps of 0.100±0.003 

eV to the maximum and then for ions formed from 4-methoxybenzil-_5!5 in 

steps of 0.300±0.003 eV for 3-4 eV further. All other instrumental 

8 11 33 conditions were the same as previously reported. ' ' 

Numerical Treatment 

The dI/dE data for each ion, except Xenon, was smoothed twice 

using subroutine SE-1534 and the result was taken to be the first de-

rivative of the ionization efficiency curve, FDIE. The FDIE curve for 

each ion was numerically 4ifferentiated35 to obtain d2I/dE2; the values 

were smoothed once to obtain the second derivative curve, SDIE. 

The standard deviation (cr ) in the dI/dE data has been theo-true 

retically computed from considerations of the electron multiplier 

noise, absolute ion intensity, lock-in-amplifier time constant, and 
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integration time of the frequency counter (See Apendix B). 36 
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APPENDIX A 

THERMODYNAMICS OF FRAGMENTATION 

The calculations of the ionization and appearance potentials for 

ions produced from benzil and 4-methoxybenzil-~5 by electron impact are 

given here. All values are in kcal/mole except where indicated. The 

deviation for each quantity in the calculations was its cited value, 

the average deviation, if more than one estimate was available, or 

assumed to be 5% of its value if the deviation was not available. 

Benzil 

The reported ionization potential for benzil is 8.78±0.20eV. 19 

Appearance potentilas of 9.70±0.20 eV and 15.12±0.20 eV for the benzoyl 

ion, m/e 105, and the m/e 77 ion, respectively, have been reported. 19 

An appearance potential of 15.36±0.7 eV has been calculated for 

the formation of m/e 77 from benzil according to Scheme II by Equation 

4. The 6Hf of m/e 77 is 285; the 6Hf of CO is 26.42; and the 6Hf's of 

c7H5o and benzil are 21.0±2.0 and -21.8, respectively. 

An appearance potential for the m/e 51 ion calculated from Equa-

tion 7 is 18.89±0.7 eV. The 6Hf's of m/e 51 and c2H2 are 307 and 

AP(m/e 51)= {~Hf(m/e 51) + 6Hf (C2H2) + ~Hf(CO) 

+6Hf(C5H70) - 6Hf(benzil)}/23.06 
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(7) 
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4-Methoxybenzil-d5 (I) 

The 6Hf of I, has not been determined experimentally, and was 

estimated as follows. The 66Hf for replacement of a:p-hydrogen with 

a methoxy group was estimated to be -36.0 from the 6Hf of 4-methoxy

acetophenone (-57.0) and acetophenone (-23.0), 4-methoxybenzophenone 

(-23.9) and benzophenone (12.5), and 4-methoxybenzaldehyde (-48.1) 

36 and benzaldehyde (-10.5). The 6Hf of I is then computed to be 

-57.8±1.21, which is in agreement with the value of -55.52 calculated 

37 by group equivalents method. 

Based on a value of 8.86±0.14 eV for the ionization potential of 
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benzil and the 6Hf of benzil, the 6Hf of its molecular ion is calcula~ 

ted to be 182.5±3.6 kcal/mole. The 66Hf for the replacement of a p

hydrogen by a methoxy group was estimated to be -52.67 from the 6Hf of 

the molecular ions of 4-methoxybenzophenone (178) and benzophenone 

(228), 4-methoxyacetophenone (142) and acetophenone (191), and 4-meth-

36 oxybenzaldehyde (150) and benzaldehyde (209). Thus, 6Hf (II) is 

estimated to be 129.8±2.25 kcal/mole. The ionization potential of I is 

computed to be 8.14±0.20 eV. 

The appearance potential of III was calculated by Equation 8. 

Equation 8 is applicable for the formation of III via Scheme I. 

(8) 

Using a value of 26.1±2.0 for 6Hf of the benzoyl radica138 and a value 

of 128.7±2.0 for the 6Hf of III from the 6Hf(IV) and a 6Hf(I) of -53, a 

value of 9.22±0.30 eV was calculated. 
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The appearance potential for IV via Scheme I is computed from 

Equation 9. 

(9) 

19 A value of 182.2±3.1 was taken as the ~Hf(IV). A value of -8.4±2.6 

was estimated for the ~Hf(C7H8o2 ) from the ~Hf of the benzoyl radical 

and the difference (-34.5) in the ~H 's of the 4-methoxybenzyl and 
f 

benzyl radicals. The heat of formation of the 4-methoxyphenyl radical 

(36±2) was estimated from the difference of -34.5 and the phenyl 

radical (72±2). Equation 9 leads to a value of 10.35±0.30 eV. 



APPENDIX B 

STANDARD DEVIATIONS IN 

FDIE AND SDIE 

Equation 10 was used in the calculation of the theoretical 

standard deviations in dI/dE. 36 

2 2 
0 2 (FDIE)= { Kn Rb e We } {l +om} {l + ~ + ~ Tint}(lO) 
true (w 2 + w 2) Tint Ii2" Tint Tint exp-~ 

m e 

Values used in the calculation were K= 1.030, ~= 1.1x108 ohms, e= 

1.6022xlo-19 C, w /2= 660 Hz, w /2= 600 Hz, and (l+crm2/n2)= 1.92. 
e m 

2 2 (l+crm /n ) represents the contribution to the noise from the electron 

multiplier. The integration time is Tint, RC stands for the LIA time 

constant, and n is the multiplier gain. 

The standard deviation in SDIE was calculated from Equation 11. 

cr 2 (SDIE)= _hl {(F"(Vi) crh) 2 + 0.015787 ( cr(yi) Yi) 2 } (11) 
100 

where F"(Vi) is the SDIE value at voltage Vi, h is the increment in the 

electron voltage, cr(yi) is the standard deviation in FDIE at voltage 

Vi, and Yi. is the value of dI/dE at this voltage. The standard de-

viation in dI/dE is assumed constant over the range of dI/dE values 

required to calculate the d2I/dE2 value. 

All calculations using ion current or derivatives were converted 

from counts per unit time to lock-in-amplifier voltage input. The 

counts per unit time were divided by M/ 2 times the frequency response 
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of the electron multiplier, where M is the modulatiort voltage and 

equals 0.032 volts and the frequency response is 0.74. 

The convergence of crt and a t is shown in Figure 34. From the rue es 

curve it is seen that 55 dI/dE points at a time constant of 30 seconds 

will converge to 96% of crt and 170 points at a time constant of 100 rue 

seconds will converge to 95% of at • The relation of a and a . rue true est 

is given in Equations 12 and 13. 

cr2 
est 

a2 
true 

= l _ 2 L 
n(n-1) 

nTs Ts 
2 RC (sinh ~i~~) 2 

L = ------------Tint 
Tint-RC+RC exp - RC 

n-l+(exp- RC )-n exp-~ RC Ts 
x ----------~ x exp- ~ 

( 1 _Ts)2 RC 
- exp RC 

(12) 

(13) 

where RC is the time constant, n is the number of dI/dE points, Ts is 

the time between successive dI/dE points, and Tint is the integration 

time. 
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APPENDIX C 

PROGRAM FOR EVALUATION OF dI/dE 

A program has been written for the evaluation of the experimental 

dI/dE values. The program is written in FORTRAN IV compiler language. 

The program contains 785 cards, uses 99K bytes of core in the compile 

step and 63K bytes in the go step. Up to 198 values for dI/dE may be 

processed. 

A logic diagram for the program appears in Figure 35. The program 

is divided into five routines: 

a) MAIN, reads in data and calls subroutines 

b) INTG, numerically integrates FDIE and SDIE curves by 
Simpsons rule 

c) INTEP, numerically interpolates values in SDIE 

d) PLTS, plots I(E), FDIE, and SDIE using calcomp plotter 

e) PL, line plots I(E), FDIE, and SDIE in output 

The data for the program is arranged in the following manner. The 

first card has the name of the calibrating gas in columns 1-8, the 

measured ionization potential in columns 9-18, and the known ionization 

potential in columns 19-28. The second card contains the title and 

information concerning the ion. Card number three contains thirteen 

enteries concerning the use of subroutines and normalization factors. 

The dI/dE data appears following cards in format 11F6.0. More than one 

data set may be processed at a time. Two blank cards after the last 

70 



START 

CORRECT AND GEN
ERATE ENERGY AXIS 

NORMALIZE dI/dE 
VALUES 

CALL'PL 

--- --: SMOOTH dI/dE ; 

END 

---c--...... -- -----
: PLOT dI/dE ON OUTPUT : 

------

-·~ ---
:PLOT dI/dE ON CALCOMP : 

- -- - - ---
PRINT eV AND dI/dE 

CALL INTG 

..-.---! INTEGRATE dI/ dE : ---Cf- -

DIFFERENTIAE dI/dE 

SMOOTH SDIE 

'-- ..,,.;·---
IPLOT SDIE AND I(E) ON I 
I CALCOMP I 

~~J~~~~-
~ PLOT SDf E ON OUTPUT ; 
- ~--).,-- - ---

PRINT eV, SDIE AND 
SMOOTHED SDIE 

CALL INTRP 

: INTERPOLATE SDIE : 

CALL INTG 

PRINT SDIE ON CARD FILE 

Figure 35. Logic Diagram for dI/dE Program 
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i.on data set ter.minates the program properly. A list of the enteries 

for the control card (card three) are given in Table XI. 

The program requests llOK bytes of computer core. Compiling time 

is 21.17 seconds. Execution of one ion require~ approximately 0.00359 

hours of processor time ($1.08), and 0.3890K byte-hours of processor 

storage ($0.29). Total cost is approximately $2.15 per ion.* 

* Based on current rates on IBM 360/50 with calcomp plotter at the 
Oklahoma State University Computing Center. 



Entry Columns 

1 1-3 

2 4-7 

3 8-13 

4 14-19 

5 20-25 

6 29-31 

7 32-34 

8 35-37 

9 38-40 

10 41-43 

11 44-46 

12 50-57 

13 61-63 

TABLE XI 

FORMAT FOR CONTROL CARD 

a Type 

I 

I 

F 

F 

F· 

I 

I 

I 

I 

I 

I 

F 

I 
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Information 

Number of dI/dE values 

Increment of electron 
energy 

Experimental I. P. of 
the molecule 

Correction factor for 
LIA sensitivity 

Starting value of 
electron energy 

Number of smoothings 
FDIE 

Number of smoothings 
SDIE 

Plot of FDIE (enter 1) 

Plot of SDIE (enter 1) 

Integration (enter 1) 

Interpolation (enter 1) 

Normalization factor 

SDIE cards (enter 1) 

al indicates integer, F indicates floating point number 



APPENDIX D 

CALCULATION OF ION INTENSITIES 

The calculation of ion intensities from the breakdown graph and 

the appropriate energy deposition function is given here. The ion 

intensities are given by Equation 14. 

IP+Ei 
Vk= f 

E=IP 

SDIE (K)Ei 

N 

L: SDIE (J)Ei 
J=I 

P(ED)Ei V dE 
' 

From Equation 3, the ion intensities may be given from Equation 15. 

IP+Ei 
v = f 

k E=IP 

N 
P(ED)E. v= L: SDIE (J)Ei x (V-E) 

i, J=I 

SDIE (K)Ei N 
E SDIE (J)E1. (V-E) dE 

N J=I 
L: SDIE (J)Ei 

J=I 

Equation 15 reduces to Equation 16. 

IP+Ei 
V = f SDIE (K)Ei (V-E) dE 

k E=IP 
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(15) 
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