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ABSTRACT

Computer programs based on the use of the Kendrick scale for calculating
masses are described for rapidly assigning elemental formulas to fons in high
resolution mass spectra. Output from the programs is displayed in the form of
a rectangular array having fourteen columns and a variable number of rows,
depending on the number of peaks in the spectrum. This type of layout permits
formulas for the major ions to be identified almost as fast as the output is
obtained from the printer. The array is especially useful for displaying the
spectra of complex petroleum fractions, where molecular ions for 1000 or more
components may be detectable.

The utility of the programs is illustrated with output from the mass
spectrum of a fraction containing one-ring aromatic neutrals separated from
the 200-425° C distillate of the Cerro Negro (Venezuela) heavy petroleum. The
fraction was found to consist predominantly of C,H,,,. hydrocarbons with z
numbers of -8 and -10. Virtually no oxygen- or nitrogen-containing compounds
were detected, but sulfur compounds having formulas ChHonszS with z numbers <
-4 were found. These types of compounds are in agreement with those
anticipated from the HPLC method used in the fractionation of the distillate.
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PROCESSING OF HIGH RESOLUTION MASS SPECTRAL DATA
BY USE OF KENDRICK MASSES IN A RECTANGULAR ARRAY

by
Ronald D. Grigsby

INTRODUCTION

High resolution mass spectrometry (HRMS) is one of the most versatile
methods available for analyzing pefro1eum and other sources of hydrocarbon
fuels. Because it has the capability for measuring the masses of ions within
a few parts per million, the technique can provide elemental compositions on
molecules present in these complex mixtures.

Ordinarily, HRMS is not used to analyze crude petroleum, but it is
employed instead after separation to analyze fractions produced from the
original crude (1). Even when the petroleum is broken down according to
compound type, the resultant fractions may still contain well over 1000
detectable components. Owing to this complexity, the identification of
specific compounds is usually not attempted; instead, the method is used to
identify compound types, e.g., alkylbenzenes. Because elemental compositions
of the molecular ions are of greatest interest, the intensities of fragment
jons are suppressed by using low-energy electrons or a high-intensity electric
field for ggnerating the ions.

Data produced by HRMS consist of masses accurate within a few parts per
million (typically 10 ppm or 5 mmu at mass 500) and intensities falling within
a dynamic range of 10,000 or more. When the spectrum of a single petroleum
fraction (e.g., the aromatic neutrals) contains over 1000 molecular ions, the
task of assigning elemental compositions to these ions becomes a formidable
task that may consume so much time as to render the cost of the analysis pro-
hibitive. Even when efficient computer programs are available to generate
elemental compositions and theoretical masses for comparison with experimental
masses, one or more criteria, besides the 1imit on experimental error, often
times must be used to select a particular formula from those produced by the
program. If the data are to be used in a quantitative analysis of the frac-
tion, the intensities of the jons -- for which formulas have been assigned --
must be entered into another program (usually by hand) which then calculates
the quantitative results. Thus, the slow step in processing high resolution



mass spectral data for a complex mixture is the assignment of the most pro-
bable formula to each significant ion, and any method that can reduce the time
required for the assignments will result in a corresponding reduction in the
cost of the analysis.

A11 manufacturers of high resolution mass spectrometers provide, as a
part of their software packages, programs for assigning elemental formulas to
jons in the spectra. These programs may or may not be adequate for processing
the data, depending on the particular application. Any program used to
process data from a single spectrum of a mixture containing 1000 or more
components is inefficient in terms of time and cost if it produces a 1ist of
formulas which must be examined manually to select the best choice. This
selection process may take days or even weeks, depending on the complexity of
the spectrum and the amount of information that must be obtained from it.
Clearly, any means by which the effort for this process can be reduced will be
beneficial to the laboratory providing the analysis., For this reason, methods
for automatic formula assignment have been investigated in our laboratory,
leading to the development of computer programs that can partially assign
formulas to the jons and produce an output easily edited to complete the
assignments. These programs are described below along with output resulting
from their execution on a typical data set obtained from the mass spectral
analysis of a petroleum fraction.

The programs have been developed around the concept of a repeating unit
that exists in compounds that can be classified into homologous series. For
hydrocarbons and other compounds occurring in petroleum, this unit is CH, or
methylene. Over two decades ago, Kendrick showed that the interpretation of
high resolution mass spectra of hydrocarbon-derived mixtures could be
simplified if the masses of the ions were based on CH, instead of carbon-12
(2). Ions are classified into homologous series whose members have masses
differing by exactly 14 units, i.e, each member has exactly the same mass
defect. Recently, the concept of the Kendrick mass scale has been generalized
to include CF,, CCl,, and CBry, as additional repeating units, and programs

for assigning elemental formulas based on these and the CHy unit are described
in the literature (3,4).



DISCUSSION

The difference between the Kendrick and ordinary 12C scales is seen from
a comparison of masses defined by the two scales. In Figures 1 and 2,
elemental compositions and masses are listed for CyHop combinations. With the
mass of carbon defined exactly as 12, the mass defects of the members
increase with increasing elemental complexity (Figure 1). This causes the
integer mdss to be greater than the mass number (i.e., the sum of the numbers
of protons and neutrons) when the mass defect exceeds 1.0000. (Note that the
mass defect is defined as the difference between the mass of a species and its
mass number [3].) Because the mass defect is not constant over a homologous
series, combined with the fact that the integer mass is not always the same as
the mass number, unnecessary complications in the interpretation of the
spectrum arise. These can be avoided by replacing the 12C mass scale with the
Kendrick scale. Thus, in Figure 2, it is seen that the mass defect is the
same over the series (0.0000 for C H,.) and that the integer mass is, identical
to the mass number for all members of the series. For other series, the mass
defects are not zero although they are constant over the range, and the
integer masses are not necessarily equal to the mass numbers although the.
latter can be obtained by subtracting the Kendrick mass defects from the .
theoretical or calculated Kendrick masses. These concepts will be explained
in detail below.

The Kendrick mass scale is readily incorporated into the processing of
mass spectral data with output in the form of a rectangular array. This means
of ‘displaying a mass spectrum is consistent with the notion of nominal mass z
series, and both concepts have been used for many years by researchers in the
petroleum industry (3,5,6). The layout of mass numbers as an array for
hydrocarbons is shown in Figure 3 in which the array has 14 columns and a
variable number of rows, depending on the length of the spectrum. Adjacent
elements in each column differ by 14 units, corresponding to CH,. For high
resolution spectra, this form of an array automatically classifies the ions
into specific z series where z is defined by the formula CnH2n+z' Thus, the
mass numbers for alkane molecular ions fall into the column for which z = +2
and those for alkylbenzenes in the z = -6 column. It is evident that major
fragment jons fall into the column just to the left of that containing the
molecular ions, i.e., z = +1 for alkane fragments and -7 for fragments from
alkylbenzenes.



FIGURE 1.

ELEMENTAL

COMPOSITION

CH,
CoHg
C3Hg

Caotgo

C100t200

ORDINARY MASS SCALE
12¢ Mass = 12.0000

MASS

14.0156
28.0313
42.0470
560.6260

1401.5650

- Elemental combinations an?zmasses for CnHZn combinations

with mass defined by the

ELEMENTAL

COMPOSITION

CH,y
CoHy
C3Hg

C40Mg0

C100M200

C scale.

KENDRICK MASS SCALE
CH, MASS = 14.0000

MASS

14.0000
28.0000
42.0000

560.0000

1400.0000

FIGURE 2. - Elemental combinations and masses for CnHZn combinations
with mass defined by the Kendrick scale.



Nominal mass z series numbers (NMZ) are identical to specific z series
numbers (SPZ) -11 through +2 for hydrocarbon spectra. However, NMZ's are also
useful for describing ions in the spectra of heteroatomic compounds even
though the NMZ's and SPZ's do not necessarily coincide. Thus, in Figure 4
molecular jons for carboxylic acids fall into the column with NMZ = -10
although the SPZ = 0, i.e., the NMZ depends only on the mass number and not on
the elemental composition. This leads to the definition of the nominal mass z
series number as the remainder obtained when the mass number is divided by
14. According to conventional terminology used in petroleum mass
spectrometry, the remainder is forced to fall between -11 and +2 (3,6). This
is equivalent to the statement that 14 is to be subtracted from the mass
number n times such that the remainder falls between -11 and +2, i.e.,

-11< NMZ <+2.

The relationship between nominal mass z and specific z series is further
exemplified in Figure 5 which shows the layout of mass numbers for
heteroatomic compounds containing a single nitrogen. Molecular ions for
amines fall in the column with NMZ = -11 and SPZ = +3. Pyridines, on the
other hand produce molecular jons with the same SPZ and NMZ, i.e., -5.

Because each element of a column differs by exactly 14 from the adjacent
elements, the Kendrick mass is automatically specified for any ion having a
given mass number once the mass of any other jon in the series is
jdentified. Furthermore, the mass of any ion of a given mass number in any
row is also specified because masses corresponding to adjacent row elements
differ exactly by the mass of the hydrogen atom. These statements can be
clarified by considering the following arguments. Because the Kendrick mass
scale is defined to make the mass of CH, = 14.0000, the relationship between
Kendrick mass and 12C mass is

M(CH,) = 0.9988834 x M(1%C) (1)

where the Kendrick mass factor, KMF = 0.9988834, is 14 divided by the mass of
CHp as defined by the 12C scale. Thus, any Kendrick mass can be calculated
from the corresponding 12C mass simply by multiplying the latter by
0.9988834. For example, the mass of the hydrogen atom on the Kendrick scale
is 1.007825 x 0.9988834 = 1.006700. For hydrocarbons having a specific z
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number of zero, e.g., olefins, the masses and mass numbers are identical,
e.g., 14, 28, 42, .... Because the specific z number is defined by the
formula C Hyp .o, the difference in mass numbers betweem elements in a given
row of the array is the same as the difference in z numbers. Thus, the
difference in mass numbers between benzene and hexene is 78 - 84 = -6, which
is the same as the difference in the SPZ's. This value is also equal to the
difference in the number of hydrogen atoms between the two species. Because
the mass of hexene is exactly 84 on the Kendrick scale, the mass of benzene is
84 - 6 x 1.006700 = 77.9598 on the same scale. The Kendrick mass of any other
member of the alkylbenzene series is also defined because the fractional mass,
0.9598, is the same for all members of the series. For example, propylbenzene
has a mass of 119.9598 on the Kendrick scale. In the same way, the Kendrick
mass of any ion having a mass number given in the array shown in Figure 3 is
specified by adding to the mass of the olefin in the same row the product of
the SPZ for the series and the mass of the hydrogen atom on the Kendrick

L

scale.

Another way to specify the mass corresponding to any mass number in
Figure 3 is to add the Kendrick mass defect (KMD) to the mass number. This
follows from the definition of KMD as the difference between the Kendrick mass
and the mass number. Thus, KMD is negative when the Kendrick mass is less
than the mass number. For example, benzene has a KMD of 77.9598 - 78 =
-0.040200, or conversely, the Kendrick mass of benzene is 78 - 0.040200 =
77.9598. As a corollary to the definition of the Kendrick mass defect, the
fractional Kendrick mass (FKM) for a series is given by KMD + 1.0000. Between
columns, the difference in FKM is constant and given by the fractional
Kendrick mass of the hydrogen atom, i.e., 0.006700. Because the FKM is l.OOOQ
when z = 0 (e.g., for olefins), the FKM for any column is 1.0000 + z X
0.006700. Thus, for alkylbenzenes, FKM = 1.0000 -6 x 0.006700 = 0.9598. With
these thoughts in mind, it becomes a simple matter to identify the mass of any
jon whose mass number is given in the array by adding the FKM to one less than
the mass number for the ion. The Kendrick mass of decane, for example, is 142
+1.0134 - 1.0000 = 142.0134. '

By using 14 columns to lay out the array, the mass numbers in each row
correspond to ions all having the same number of carbons, given by
NC = (MN-z)/14 (2)



where MN is the mass number. To facilitate identification of the elemental
composition corresponding to any mass number in the array, the carbon number
for each row is given on the right-hand side. The number of hydrogens, Ny,
for any member of a row is then specified by

N = 2N+z (3)
or Ny can be obtained by starting with the maximum number of hydrogens on the
right (ZNC+2) and subtracting one for each member of the row when counting
from right to left. (Note that combinations containing a negative number of
hydrogens, i.e., those in the upper left of the array are not automatically
excluded.)

If the compounds contain a heterocatom, X, the array can be laid out once
the Kendrick mass defect of the heteroatom is calculated. Because KMD for CH,
is 0.0000, KMD for CH X (and all homologs in the series for which SPZ = 0) is
given simply by the KMD for X. Therefore, the fractional Kendrick mass of the
column for which SPZ = 0 ig the same as FKM for the heteroatom, i.e., FKM =
KMD + 1. For example, the array for CHN combinations, shown in Figure 5, can
be set up once the FKM is known for nitrogen. Thus, FKM = 14.003074 x KMF -
14 + 1 = 0.9874 where 14.003074 is the 120 mass of nitrogen. The FKM of
0.9874 corresponds to the column for which SPZ = 0. Therefore, the FKM for
all columns is automatically determiined, as explained previously. The CHX
array is not limited to any particular isotope of heteroatom X. As an
344

example, an array for a minor isotope, , 1s shown in Figure 6.

For combinations containing 13C, the setup is somewhat more
complicated. When specifying the mass of the heteroatomic group, the mass of
13CH2, j.e., 15.019005 on the 12(3 scale, must be added to the 126 mass of the
heteroatomic group. Thus, for CH13CNO combinations, FKM = KMF(15.019005 + -
29.997989) - 45 + 1 = 0.9667 when SPZ = 0. Also, when the number of C atoms
is calculated for a row, an additional carbon must be added because 13C has
been removed from the CH part and included with the heteroatomic group.
Combinations containing more than one 13C would be handled in a similar
manner. Figure 7 shows the array set up for CH13CN0 combinations.

Once the array is laid out for a particular elemental combination, it is
a relatively simple matter to match experimental masses against theoretical
masses and thus specify the most probable formula for an ion. Although this
task can be managed by various algorithms, the current programs select the

10
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best fit within a specified parts-per-million error, E me according to the

following procedure. First, the theoretical Kendrick ;gss is calculated for
the smallest-mass number in the array. The smallest experimental mass is
obtained, and the experimental ppm error is calculated from the difference
between the theoretical and experimental masses. If this error is less than
(i.e., more negatiVe than) 'Eppms the theoretical mass is replaced by the
mass corresponding to the next mass number in the array. If the experimental
ppm error is greater than +Eppm’ the experimental mass is rejected and the
next experimental mass obtained. If the experimental ppm error is within the
range of —Eppm and +Eppm’ any previously selected experimental mass giving an
error within the range is replaced by the new experimental mass. In this way,
the experimental mass having the smallest absolute ppm error within the
specified range is selected. The associated intensity and ppm error are then
placed in the array just below the corresponding mass number. The whole
procedure is then repeated for the next mass number. A1l rejected
mass/intensity values are saved for possible assignment in arrays having more
negative z numbers, and any unassigned masses are sorted according to nominal
mass z series and printed along with their intensities at the end of the
output. In addition, the assigned mass/intensity values are duplicated in a
separate output file for entry into

separate programs used to produce a carbon-number distribution and other
information for the sample. These programs and their output will be described
in a future report.

The use of the array programs to process a high resolution mass spectrum
is illustrated with data recorded for a petroleum fractior separated from the
200-425° C distillate of the Cerro Negro (Venezuela) heavy petroleum. This
distillate has been fractionated into acid, base, and aromatic neutral
fractions with subfractionation of each according to aromatic ring number (1).
The subfraction considered here consists predominantly of l-ring aromatics
separated from the aromatic neutrals fraction. A Kratos MS-50 high resolution
mass spectrometer (Kratos Analytical Instruments, Manchester, U.K.)* was used

*Trade names are used for identification only and do not imply
endorsement by the National Institute for Petroleum and Energy
Research.
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to record the spectrum at a resolution of 40,000 (10 percent valley
definition). The sample was introduced through an all-glass expansion volume
intet (R. J. Brunfeldt Co., Bartlesville, OK), at 350° C, and ionization was
effected by electron impact at a nominal energy of 10 eV.

Output from the programs for CH, CH13C, and CHS combinations is shown in
Appendices I-III, respectively. The data were also processed through programs
for CHO and CHN combinations, but no significant assignments were made;
therefore, this output has been omitted. The programs are written in
FORTRAN-77 and execute on a Digital Equipment Corp. PDP 11/70 computer
operating under RSX-11M-PLUS. Data are entered from a tape created by a Data
General Nova IV computer with RDOS operating system, which serves as the
hardware for the Kratos DS-55 data acquisition system. File manipulation,
data editing, and program execution on the PDP 11/70 are all handled from a
remote DEC VT-100 terminal. The data, as entered into the PDP 11/70 from the
tape, consist of the name of the spectrum and the mass/intensity data in order
of decreasing mass. A short utility program, READATA5, is used to rearrange
the data in order of increasing mass and convert the masses from the 12C scale
to the Kendrick scale. The program also counts the peaks and, as an option,
removes any unwanted data, e.g., reference masses and intensities from the
spectrum. A ppm error range must be entered for matching the unwanted masses
against those specified in a reference file, REF.DAT, and the task is
accomplished with the same algorithm described above for the array programs.
The unwanted masses and intensities are placed in a separate output file,
REF.OUT, which contains, among other information, the theoretical and
experimental masses of the peaks, their intensities, and the ppm errors.

The REF.OUT file for the Cerro Negro fraction is contained in Appendix
IV. These data are useful for interpreting the output from the array
programs. For example, the ppm errors on the reference masses show the range
of error expected for the sample masses in the same region of the spectrum.
This information must be considered with caution, however, because the
three-point interpolation used in the Kratos algorithm for calculating the
experimental sample masses from the masses of the reference jons forces the
errors on the latter to be zero. The fact that many errors are not zero in
the REF.OUT file shown in Appendix IV is a consequence of small differences in
the masses entered into the Kratos DS-55 software and the REF.DAT file used
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with the READATAS program. For example, the theoretical Kendrick mass
143.85341 corresponding to C7HgFS°C1 in the REF.DAT file is not exactly equal
to the mass entered into the DS-55 file (shown as experimental reference mass
143.85339). This difference results in a ppm error of 0.1. On the other
hand, C7H6F37C1 is not used as a reference ion by DS-55 (theoretical mass
shown as 145.84824) and the 1.3 ppm error calculated for the experimental
reference mass, 145.84805, represents the true error calculated for the mass,
j.e., DS-55 calculated this mass as if it were one of the sample masses.
Therefore, errors associated with the sample ions in the region about m/z 146
are expected to be around 1.3 ppm. The actual error on a sample mass, e.g.,
C11H14 at m/z 146, may be different because of variations in intensities and
other factors. The problem of not calculating true ppm errors for the
reference masses can be avoided by using a different algorithm for calculating
the masses. A program based on least squares has been written and tested, but
jts description and a discussion of the results obtained from it must be
deferred as the subject of a later report.

The output containing the sample spectrum from READATA5 consists of the
name of the data set, the number of peaks, and the Kendrick masses and "
associated intensities in order of increasing mass. This file is structured
exactly the same as the input file regquired for the array programs, and only
the name has to be changed, e.g., READATA5.0UT to CH.DAT, to allow the file to
be used with any of the programs. During execution, the data file is
automatically linked to the program, e.g., CH, and as the program executes,
several entries are requested at the terminal. These include: (a) the most
positive and most negative z numbers, e.g., +2 and -53,; (b) the maximum ppm
error; and (c) the total ion current, TIC. If the latter is not entered, it
is calculated by summing the intensities of the peaks in the spectrum. This
sum is then normalized to 100,000. If the intensities have already been
normalized (e.g., if the input is taken from the output of another program)
then a TIC of 100,000 is entered.

Each array program typically executes in less than one minute on the PDP
11/70 and additional programs can be run by copying the data file from one
program to another. In this way, output for selected elemental compositions
is produced. For petroleum fractions, CH, CHO, CHN, and CHS are usually run
first. Then, if additional combinations are suggested by the output, other
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programs can be run. For example, strong CHO peaks may suggest the presence
of CHO, and CHO3 peaks, as well. At the present time, programs are available
for running 18 elemental combinations, and only a few changes are required to
set up a new program. These include the elemental composition and mass of the
heteroatomic group and minor changes in the format of the output. Eventually,
all programs will be combined into one with elemental combinations to be
selected from a menu dispTlayed on the terminal when the program is run.

A principal advantage of displaying the spectrum in the array format is
that the major compound types can be immediately identified. For example, by
looking at the CH output for the Cerro Negro fraction (Appendix I), it is
evident from the assignments in the columns and from the intensity sums at the
ends of the columns that the major CH compound types range from C Ho ¢
through C Hy,_15. The most abundant types are C Hyn_g (tetralins and indans)
and CHy,_19 (dinaphthenobenzenes) as shown by the column sums for molecular
jons of (10578 and 10142 divisions per 100,000 divisions, respectively. These
major compound types are in agreement with the l-ring aromatics predicted by
the separation scheme.

The capability of the programs for making proper assignments is seen by
examining the CH output in detail. Assignments in the alkylbenzene series,
ChHop_g» @re continuous from m/z 92 through m/z 400 with the exception of
"holes" at m/z 106, 120, and 260. Whether an assignment is made depends on
the specified maximum ppm error, which was set at 6 ppm for the output
shown. Because the spectrum was not scanned below m/z 73, no peaks appear
below this 1imit. Excluding the reference peaks, which appear in the printed
output from READATAS (Appendix IV), all peaks not assigned by the program will
be found at the end of the array output ordered by nominal mass z series.
Therefore, when a peak is missing from a series, it is a simple matter to
search the unassigned 1ist or the reference 1ist for the peak, and if it is
found it can be included with the series. For example, the first member of
the alkylbenzene series is benzene, itself, having a Kendrick mass of 77.9598
(78 - 1 +0.9598). This peak is missing because it was used as a reference.

It therefore appears in the REF.OUT file with a raw intensity of 16067
divisions (Appendix IV). Its approximate normalized intensity can be
calculated by dividing 16067 by the TIC for the sample spectrum, 0.3152x107
and multiplying by 1.0x105 Thus I78 = 509.7. Similarly, m/z 105.9598, C8H10,
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is missing because it was removed from the sample spectrum by READATAS. Its
raw intensity is 61630 divisions from which an approximate normalized
intensity of 1955.3 is calculated. The peak at m/z 119.9598 is not part of
the reference file, but instead it is found in the 1ist of unassigned peaks at
m/z 119.9610. Its normalized intensity is 1174.5. This peak was omitted from .
the series because the experimental error of -10.0 ppm is greater than the 6
ppm 1imit set when the program was run. (Note that a negative ppm error means
the experimental mass is greater than the theoretical mass.) The only other
peak missing from the series up to m/z 399.9598 is found at 259.9598. Because
peaks above and below it in the series have significant intensities (430.2 and
291.7 for m/z 245.9598 and 273.9598, respectively, a peak at 259.9598 is
expected. Examination of the unassigned 1ist shows that the peak occurs at
m/z 259.9634 with an intensity of 391.3. The experimental error is -13.8

ppm. A1l peaks in the alklybenzene series are thus accounted for up to m/z
399.9598. Whether the series extends beyond 399.9598, can be determined by
1ook§ng for the higher mass homologues in the unassigned 1ist. An examination
shows that no additional members of the series are present.

Returning to the discussion of the missing peak at 259.9598, it is seen
that all peaks are missing from m/z 254.9263 through 259.9598. These are.
found in the unassigned 1ist with ppm errors s1ightly more than the & ppm.
1imit. Examination of the reference peak output shows the absence of
reference jons with mass numbers between 255 and 271. This fact may explain
why the mass calibration is not quite as good in the range from m/z 255-260 as
compared to that over the rest of the sectrum. An error of -4.0 ppm for mass
254.67793 [0913CH7I] in the REF.OUT file is greater than the average error for
peaks in the file, showing that the mass calibration is not quite as good in
this region of the spectrum.

Excluding the masses at m/z 77.9598 and 105.9598, which were used as
references, the RMS error over the whole -6 z series through m/z 399.9598 and
including the peaks at 119.9598 and 259.9598 is +-4.6 ppm. This error is
typical of that observed for the entire spectrum as long as unresolved
multiplets are not encountered.

Qutput showing the 13C isotope peaks of the hydrocarbons is shown in
Appendix II. Although not nearly as intense as the 12C peaks, the 13C peaks
are prominent in the -8 and -10 z series. At a resolution of 40,000 the 12C
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hydrocarbon fragment ions are resolved from the 13C molecular ions to m/z

180. Comparison of the CH and CH13C output shows that the peaks are

resolved -- at least partially -- to somewhat higher masses. For example, the
216.9531/216.9486 doublet [C16H25/C1513CH24] is resolved with intensities of
153.6/136.0, as shown in the 1ist of unresolved peaks at the end of the CH
output. The expected intensity of the l3C isotope peak is 166.7, which
compares favorably with the observed intensity of 136.0.

CHS combinations for the Cerro Negro fraction given in Appendix III show
the presence of fragment and molecular ions containing one sulfur atom at Tow
masses. At a resolution of 40,000, these are expected to be resolved from the
hydrocarbon ions to m/z 136. Comparison of the CH and CHS output indicates
that the C3-SH, doublet is resolved to somewhat higher mass. For example,
starting at m/z 127 the C Hp,_13 peak is resolved, at least partially, from
the C Hp_3S peak up to m/z 197. Because the maximum positive z number for
CHS compounds is +2 and because the difference in z numbers for overlapping
CH/CHS combinations is -10, the CH output will not contain overlapping peaks
for z numbers more positive than -8. Thus, the alkylibenzene series (z = -6)
will be free of overlap from CHS peaks.

The most abundant molecular ions for CHS compounds are found in the z =
-6 column (unedited sum = 2554.9). These peaks are relatively free from
overlap with CH peaks in the z = -16 series because the separation scheme
1imits the abundant hydrocarbon types to those containing one aromatic ring.
By the same reasoning, relatively few overlapping peaks are expected between
CH and CHS combinations for z numbers corresponding to the Tatter compounds
more negative than -6.
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CONCLUSION

High resolution mass spectra of mixtures consisting of components that -
can be classified into homologous series are readily processed by using
Kendrick masses in a rectangular array laid out according to nominal mass z
series. This approach leads to partial assignment of elemental compositions
to masses in a spectrum that is easily edited to complete the assignments.
The use of the array for displaying the computer output is beneficia] for
interpreting the spectra of complex petroleum fractions, and only a cursory
examination of the output is required to identify the major compound types.
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Appendix I

CH Output fromrthe Mass Spectrum of One-Ring Aromatic Neutrals
Separated from the 200-425° C Distillate of the Cerro Negro (Venezuela) Heavy
Petroleum.
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Appendix II

CH13C Output from the Mass Spectrum of One-Ring Aromatic Neutrals

Separated from the 200-425° C Distillate of the Cerro Negro (Venezuela) Heavy
Petroleum.
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Appendix III

CHS Output from the Mass Spectrum of One-Ring Aromatic Neutrals

Separated from the 200-425° C Distillate of the Cerro Negro (Venezuela) Heavy
Petroleum.
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Appendix IV

READATAS Qutput from the Mass Spectrum of One-Ring Aromatic Neutrals

Separated from the 200-425° C Distillate of the Cerro Negro (Venezuela) Heavy
Petroleum.
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