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SUMMARY

It is proposed to carry out the group identification of organic substances ac-
cording to low-resolution mass spectra on the basis of the concept of a comparison
of numbers of modulus 14. The concept of homologous groups is introduced. These
groups are a total set of homologous series, the terms of which have mass numbers
comparable in modulus 14. The numbers of homologous groups of molecular and
fragment ions may serve as important diagnostic features for group identification
according to the main peaks of the mass spectrum.

The reliability and unequivocal character of group identification increase con-
siderably if the total intensity of the peaks of each group is taken into account and
averaged spectra of ion series are used for the characterization of classes of com-
pounds. When the spectra of ion series are compared, it is proposed to take into
account standard deviations of peak intensities and to use as an additional classifi-
cation feature homologous increments of retention indices calculated on the basis of
the quatuordecimal system of calculus of mass numbers.

INTRODUCTION

The purpose of this paper is to consider new approaches to the interpretation
of chromatographic—mass spectrometric data developed by the authors from the be-
ginning of the 1980s and published only in Russian publications!~7, These methods
of group identification of organic compounds according to their mass spectra are
based on the concept of the comparison of natural numbers of modulus 14, or,
alternatively, the application of the quatuordecimal system of calculus of mass num-
bers. This idea makes it possible to order and markedly simplify the procedure of
decoding mass spectra by the introduction of the concept of homologous groups as
new taxonomic categories of organic substances and homologous increments of ad-
ditive properties, particularly retention indices. Moreover, it becomes possible to
obtain simple algorithms for automatic processing of chromatographic-mass spec-
trometric data with the aid of a microcomputer with a limited operating memory
(portable personal computers).

The entire array of experimental data used in the development of these
methods for the interpretation of mass spectra covers about 7000 compounds, the
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spectra of which have been published®~1?, and approximately 1500 compounds stud-
ied by the authors over the last 12 years.

HOMOLOGOUS GROUPS OF ORGANIC COMPOUNDS, IONS AND RADICALS

The modern classification of organic compounds is based on a system of ho-
mologous series with a homologous difference CH,, which corresponds to 14 atomic
mass units. Hence, according to definition, the molecular weights of the terms of any
homologous series are comparable in modulus 14 and may be represented in the
general form by the equation

M= 14x + y )

where y is a certain integer characteristic of a given series and x is the natural number
determining the location of a compound in the given series. Eqn. 1 is equivalent to
the presentation of the number M in a quatuordecimal system of calculus as the
totality of the number of units of the lowest digit y and that of the second digit x,
which may be written in the form (x;y). The value of x is found as the integer
quotient obtained when A is divided by 14, and y is the remainder.

The parameter y may be the same for many homologous series and it is reason-
able to combine them into a single homologous group. Hence, all organic compounds
may be divided into fourteen large classification units, each of which contains all the
particles the mass numbers of which in the terms and symbolism of the number
theory!! form classes of modulus 14 residues:

M, = y(modl4) 2)

The totality of homologous series (classes of compounds) combined into a
given homologous group y is formed in accordance with the mass and number of
atoms composing a particle, so that compounds of different degrees of unsaturation
and with different functions are in the same group. Table I gives an example of the
distribution of several of the simplest classes of organic compounds in fourteen hom-
ologous groups. In the limits of each series, the parameter x determines uniquely the
number of carbon atoms, », in a particle.

According to the number theory!!, the comparisons for the same modulus
may be added and multiplied just as equalities. Hence, the number of a homologous
group of a compound is a simple sum of the numbers of groups of fragments com-
posing the molecule:

Ym = 2 Vi (3)

and for the derivatives RX the numbers of homologous groups are determined by
the parameters y of the initial compound RH and the substituent X:

Yrx = Yru t+ yx — 1 @
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TABLE 1

DISTRIBUTION OF THE SIMPLEST CLASSES OF ORGANIC COMPOUNDS IN HOMOLO-

GOUS GROUPS

Homologous Common formulae
group ¥

Some classes of organic compounds

0 CnHZn (n = x)
CHzy-20(n = x — 1)
CHzp-402(n = x — 2)
C,.Hz,.Nz (n = X — 2)
CrHzn- 48 (" =x=2

1 CnH2n+lN (n =x - 1)
CHzpe Ny (2 = x — 3)
C,Hzy :NO(n = x — 2)

2 CuH2n+2 (" = x)
CHap-12(n=x + 1)
CH,Om=x~-1
CHyiaNa(n=x - 2)
CHzihl(n=x—-9)

3 CnH2n+3N (n =X - l)
C,,H2n+3N3 (n =X — 3)
CHy e (NO(n = x — 2)
4 CnHZn—l.O (7! x + 1)

g
*

]
=

CyH3, 4,0 (n
’ CnH2n02 (n =X -~ 2)

CHansaNa (n = x — 2)

C"H2"+2N20 (ﬂ =X - 3)

5 CnH2n+5N3 (ﬂ =X — 3)
CHzp-oN (n = x)
CHz,43NO (n = x — 2)

6 CHys(n=x + 1)
CH3420: (n = x — 2)
CHy-sNa(n=x - 1)

7 CHy—9N (7 = x)
CuHZn+lN03 (n =X - 4)
8 CHas(n = x + 1)

CyHzy-50 (n = x)
CiHza-6Na(n = x — 1)

9 C,,Hz,,_sN (n = x)
10 C,,H;,,—4 (n = x + 1)

CnHz,,-ﬁO (ﬂ = x)
CHj, 502 (n = x — 1)

CiHzp-aN; (n x —1)
11 CH;z 3N (n = x)
12 CHap2(n=x+1)

C,,Hz,._4.0 (71 = X)
CHzn-aN2 (n = x — 1)

13 CHz (N(n = x)
CnHZn—1N3 (n =x - 2)
CHy-sNO (= x - 1)

Alkenes, cycloalkanes
Unsaturated carbonyl compounds
Furyl alcohols and their ethers
Aldazines, ketazines

Thiophenes

Unsaturated amines
Triazolines, azides
Lactams, cyanoalcohols

Alkanes

Naphthalenes, azulenes
Aldehydes, ketones
Diimides, alkyl hydrazones
Alkyl iodides

Amines
Hydrazidines
Amides, oximes and their ethers

Indenes, arylacetylenes, ete.
Alcohols, ethers

Esters, dioxanes, dioxolanes
Diamines, hydrazines
Nitrosamines, hydrazides

Aminohydrazines

Indoles, etc.
Hydroxylamines

Styrenes, indanes, etc.
Glycols, acetals, peroxides
Arylpyrazolines

Aminostyrenes
Alkyl nitrates

Arenes, etc.
Arylcarbony! compounds
Arylalkyldiimides

Anilines, pyridines

All types of hydrocarbons with
double-bond equivalent 3
Phenols, phenyl ethers
Arylcarboxylic acids, phenyl esters
Pyrazines

Alkylpyrroles

Acetylenes, dienes, etc.
Furans
Pyrazoles

Alkyl nitriles
Triazoles
Oxazoles, isoxazoles
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These rules make it possible to reduce considerably the classification tables
and to exclude from them the derivatives of polyisotopoic elements which can easily
be determined at the beginning of the interpretation of the spectra according to the
contour of polyisotopic peaks.

The unification into a single group of series with different extents of unsatu-
ration, different functions and different elemental compositions greatly facilitates the
group identification of the compounds under analysis, not only according to addi-
tional data obtained by other physical methods but also according to the main peaks
of the mass spectra or the spectra of ion series.

IDENTIFICATION ACCORDING TO HOMOLOGOUS GROUPS OF THE MAIN PEAKS

The proposed method of group identification is based on the interpretation of
numbers of homologous groups of the main peaks in the spectrum and hence rules
out errors due to possible impurities in the principal substance and to the uncertainty
of identification of weak peaks. It is reasonable to have a criterion for the selection
of the main peaks depending on the selectivity of fragmentation. Hence, the peaks
considered to be the main peaks should obey the equation

Irel = S(N + 1) (5)

where N is the number of peaks in the spectrum with a relative intensity of over 50%.
This method of selecting the main peaks may also be used for the reduced mass
spectra or for incomplete spectra registered by the chromatography of trace amounts
of organic components. The minimum value of N is unity and then we have

min = 5(1 + 1) = 10%
TABLE 11

PART OF CLASSIFICATION TABLE FOR GROUP IDENTIFICATION OF ORGANIC COM-
POUNDS ACCORDING TO THE NUMBERS OF HOMOLOGOUS GROUPS OF THE MAIN
PEAKS OF MASS SPECTRA

Numbers of homo- Indices of Numbers of homo- Indices of
logous groups of classes of com- logous groups of classes of
the main peaks pounds (numbers the main peaks compounds
with the excep- in groups lists) with the excep- (numbers in
tion of the maximum tion of the maximum group lists)
peak peak

Maximum peaks in group 0:

1,2 2:43 1,3, 11,12, 13 3:17*
,2,3 3:14 1,3, 11,12, 13 2:11*
Maximum peaks in group I:

0,2 2:43 0,2,12, 13 4:17*

{ Maximum peaks in groups 2-12);

Maximum peaks in group 13:
0 0:33 0,1, 11 0:3, 1:25, 8:35*%
7,9 6:25 11,12 12:11
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This implies that only peaks the intensity of which is not lower than 10% should
refer to the main peaks, and if the selectivity of fragmentation is lower, the limit of
selection of characteristic peaks increases correspondingly.

The totality of parameters y of the main peaks reflects the peculiarities of
fragmentation of each class of organic compounds and may be used for group iden-
tification with the aid of special tables®’. The structure of the last variant of these
tables containing data for 450 classes of organic substances” is illustrated in Table
II. The classes of compounds (coded with the numbers of homologous groups and
the ordinal numbers in the group lists) are arranged first according to the numbers
of groups of maximum peaks and then according to the sets of numbers of other
main peaks (in ascending order). Series the terms of which may have maximum peaks
of diffcrent groups are doubled in the corresponding sections of Table II and the
numbers of these groups are in italics. If the spectrum investigated has no peak of
a molecular ion, then only the series marked with an asterisk are taken into account.
The terms of these series may not produce molecular ions on electron impact. For
series with unique or very uncommon peculiarities of fragmentation, this approach
gives an unequivocal answer. Ions of groups 4-10 prove to be the most informative.
However, if fragment ions are present only in groups 1, 13 and 0 containing little
information and appearing in many classes of compounds as a result of the elimi-
nation of particles C,H,, 1", C,Ha,—1, C,H,," " and those isobaric to them, then
classification becomes ambiguous and the number of alternative answers may attain
10 and even more. This peculiarity should be taken into account when mass spectrom-
etry is used as a method of structural analysis.

For computer processing it is reasonable to represent the set of numbers of
homologous groups of the main peaks y characteristic of each class of compounds
by the single number ) 2%. This number, requiring minimum amount of on-line

memory, can easily be decoded with restoration of the initial totality of y at the stage
of comparison with the main peaks of the unknown compounds. A small Hewlett-
Packard 2114B computer (with an 8K on-line memory) with a program in BASIC
solves the problem of group identification according to the main peaks in a few tens
of seconds including the printing of results in the following form:

Initial data and answer Comments

DATA 4, 1,2 4 = number of the main peak in the spectrum; 1 =
DATA 179, 136, 121, 120  indication of the presence of the peak of the

RUN molecular ion; 2 = ordinal number of the maximum
CLASSES 11:5 peak in the list; series 11:5 = aminophenols and
READY their ethers.

The reliability and unequivocal character of this method of group identifica-
tion was checked for the spectra of 100 compounds, one third of which were not
contained in the initial array of data in compiling the classification tables and pro-
grams. The results of this check, given in Table III, indicate that in approximately
half of the cases the answer contains less than five alternative classes of compounds.
In order to obtain more definite conclusions, it is necessary to take into account the
intensity of peaks and to pass to the application of the spectra ion series.
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TABLE HII

RESULTS OF AUTOMATIC GROUP IDENTIFICATION OF 100 CONTROL COMPOUNDS AC-
CORDING TO THE PARAMETERS y OF THE MAIN PEAKS OF MASS SPECTRA

‘Correct answers 73
Including: Unequivocal 31
From 2 to 5 alternative series 24
From 6 to 10 alternative series 8
More than 10 alternative series 10
Erroneous answers 27
Including: Unidentified compounds in known series 14
Erroneous assignment to known series 13

GROUP IDENTIFICATION ACCORDING TO THE SPECTRA ION SERIES

The spectra ion series are a totality of overall intensities of peaks of each of
14 homologous groups (as a percentage of ion current) calculated by the summation
of the intensities of all peaks with the same numbers y:

13
L = ¥ Ly 1, = 100% (6)
x 0

The summation of intensities of some ions with a mass difference of 14 units
or a number of units divisible by 14 has long been used for the analysis of oil fractions.
The first information on group identification based on the principle of ion series
appeared as early as 19682, but the term itself “spectra ion series” was probably
proposed in 197213, However, the spectra ion series have not yet been widely used
for group identification. Nevertheless, they can serve as an effective method of struc-
tural analysis if averaged values of intensities (within a series with the exception of its
first terms) are employed and, in contrast to the procedure used by earlier workers,
their standard deviations are taken into account. In the form of recording proposed
by the present authors, the spectra ion series are simply expressed by a suc;esgion' of
14 numbers arranged in order of numbers of groups y with subscripts indicating
standard deviations of intensities:

= 0 | 2 3 4 5 6 7 8 9 10 11 12 13)
Alkenes: 22g, 1414, 0, 0, 0, 0, 0, 0, 0, 24 1, 95 3;, 48,,
Alkanes: 165, 567, 31, 0, O, 0, 0, 0, 0, 0, 0, 41, 11, 202
Arenges: 0, 1 1s 0, 1 1s O, 31, i 1 523, 246, 92, 1 1 41, 0, 42

Hence, each homologous series is characterised by 14 pairs of numbers: the average
values of the intensities of 14 ion series, /, and their standard deviations, s. At present
the total spectra. ion series drawn up by the present authors contains over 4350 classes
of organic compounds’ and may be used for group identification both “manually”
and with the aid of small personal computers.

A spectrum ion series of an unknown compound is compared successively with
tabulated averaged spectra coinciding to within + 2s (with a confidence level of 95%)
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or + 3s (with a confidence level of 99%) for each of 14 values of 1. Hence, the main
criterion for the identification of an unknown compound in a certain homologous
series is the fulfilment of the following condition for all J, values:

I, =1,| < ks, (v = 0-13) (7

The parameter & controls the reliability of identification. Atk =1 it is often impos-
sible to identify the compounds belonging to well investigated series, andatk =3
the number of erroncous identifications of unknown compounds to series of another
nature increases.

In order to avoid errors that might arise from the presence of small amounts
of impurities in the substance under investigation, a standard deviation of 1% is
ascribed to all zero values. When the answer is ambiguous (the spectrum ion series
coincides with those of several classes of compounds), additional criteria for the
degree of accordance between the spectra may be applied. The overall divergence
between peak intensities may serve as one of these ad “'tional parameters:

D = Z IIy _Ty l (8)

This divergence should not exceed the sum of standard deviations of all the values
of I

D <3y s, €]

The procedure of comparison of spectra ion series can easily be formalized
and programmed. An example of thesolution of this problem with a BASIS 108
computer according to the program? is shown below:

Initial data and answer Comments

114, 4, 86, 10, 100, 70, 20, 59, 3, 58, Complete mass spectrum in the sequence
3, 57, 33, 56, 26, 55, 21, 43, 6, 42, 38, mass number, relative peak intensity.

41, 17, 40, 3, 39, 13, 30, 3, 29, 79, 28, 0 = indication of the end of the

23,27, 31, 26, 4, 0, 2 spectrum; 2 = number of the
homologous group. The parameter k =

SIGMA 2 2 chosen by the operator in the condition

CYCLIC ETHERS of comparison 7. The spectrum belongs

CLASS 2:5,5s = 60, D = 51 to y-caprolactone.

LACTONES

CLASS 2:11,s = 51, D = 28

The results of checking the proposed method of group identification according
to the spectra ion series for the same sample among 100 compounds which was used
for the verification of identification according to the main peaks are shown in Table
IV. Tt is clear that the overall probability of correct answers attains 90%. It should
be particularly noted that it is possible to obtain distinct indications of the fact that
the compounds under study belong to uninvestigated and unregistered homologous
series, The rate of these correct negative answers was 80%.

The values of y and 7, were the main operating parameters used in this method.
The parameter x, closely related to the mass number, may also be employed for the
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TABLE 1V

RESULTS OF GROUP IDENTIFICATION OF 100 CONTROL COMPOUNDS ACCORDING TO
THE SPECTRA TON SERIES

Correct answers 90
Including: Unequivocal 66
From 2 to 5 alternative series 2
From 6 to 10 alternative series 1
More than 10 alternative series 1
Erroneous answers 10
Including: Unidentified compounds in known series 4
Erroneous assignment to known series 6

establishment of the overall formula if the properties of the compounds under in-
vestigation corresponding to the condition of additivity are used for their character-
ization.

HOMOLOGOUS INCREMENTS OF RETENTION INDICES AND THEIR APPLICATION TO
GROUP IDENTIFICATION

Within a homologous series the additive properties A4 increase lincarly by a
value Acy, corresponding to the homologous difference CH,. Hence, for the char-
acterization of the series as a whole, it is reasonable to introduce the concept of the
homologous increment of the property 4, determined by the equation

TABLEV

HOMOLOGOUS INCREMENTS OF RETENTION INDICES OF SOME CLASSES OF ORGANIC
COMPOUNDS WITH SIMILAR MASS SPECTRA

Homologous Homologous series i4
group {on Carbowax 20M )}
0 Alkenes 30-85
Cyclopentanes and cyclohexancs 145-170
‘o, ff-Unsaturated carbonyl compounds 465-570
Cyclic ketones 630665
4 Alcohols: primary 570670
secondary 440520
tertiary 330-390
Ethers 65-155
Esters 205-345
Carboxylic acids 9801120
9 Anilines 1120-1285
Pyridines 670750
10 Tricyclanes 330480
Phenols 13601440

Alkyl benzoates 635-695
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iA = A4 — XAC[-[2 (10)

In chromatography—-mass spectrometry, retention indices may be this additive
property. According to definition, for these indices Acu, = 100 and the homologous
increment of n-alkanes is zero. The branching of the skeleton leads to a decrease in
retention indices so that in the series of isomeric alkanes the values of i, are negative
and for compounds with a high degree of branching i, attains —100 to — 130 units.
Temperature has little effect on the numerical values of the homologous increments
of retention indices, but they can be profoundly affected by the structural features
of the compounds and the nature of the stationary phase. The structural effects are
particularly pronounced on polar stationary phases (e.g., Carbowax 20M), and the
differences in homologous increments may be used in group identification. Table V,
which is part of a more complete summary®, illustrates the possibilities of identifying
some classes of compounds that exhibit very similar mass spectra. Thus, alkanes and
cycloalkanes, secondary and tertiary alcohols, anilines and pyridines can be clearly
differentiated according to homologous increments of their Kovats retention indices.

CONCLUSIONS

In this brief paper it was impossible to consider all the details of the proposed
new approaches to the interpretation of chromatographic-mass spectrometric data
or to reproduce in detail the classification tables published in a special monograph’.

In conclusion, we emphasize again the suitability of singling out group iden-
tification as an independent stage of the decoding of mass spectra before the final
establishment of the structures of unknown compounds and making it possible to
simplify and formalize the processing of the initial experimental data. It is also de-
sirable for further information to be accumulated on the spectra ion series and ho-
mologous increments of retention parameters of insufficiently studied classes of com-
pounds.
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