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Abstract⎯The homologous series of dialkyl phosphonates (CnH2n + 1O)2PH=O] (2 ≤ n ≤ 9) (dialkyl phos-
phites is their commonly used trivial name) was characterized by electron ionization mass spectra and reten-
tion indices (RIs) on an RTX-5 standard nonpolar stationary phase. It was established that, in the presence
of even one chiral center in the alkyl fragments (for example, in sec-alkanol esters), dialkyl phosphonates were
detected in the form of several chromatographic signals due to diastereomers with differences in the
retention indices from 4 to 21. The four-coordinated phosphorus atom is the second chiral center. The
homologous increments of the retention indices of di-n-alkyl phosphonates (iRI ± sRI = 29 ± 9) and esters
having one (–4 ± 10) and two (–61 ± 14) branching points in the carbon skeletons of alkyl fragments were
evaluated. These values, which were calculated based on data for a limited number of homologues, make it
possible to characterize any compounds from the test series. It was found that the relationship М ≈ 0.14(RI –
iRI) + y makes it possible to uniquely determine the molecular weights of analytes according to chromato-
graphic data under the condition of rounding the results to the nearest value of M comparable with y = 12 to
the modulus 14 [М ≡ 12(mod14)].

Keywords: dialkyl phosphonates, identification, mass spectra, gas-chromatographic retention indices,
homologous increments of retention indices
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The main assignment of the currently available
databases of mass spectra and gas-chromatographic
retention indices is to serve as a source of reference
information for the identification of organic com-
pounds by gas chromatography–mass spectrometry
(GC–MS) without their preparative separation from
mixtures. The recent version (2017) of one of the most
representative bases of the National Institute of Stan-
dards and Technology (NIST, the United States) con-
tains more than 300000 standard electron ionization
(EI) mass spectra and more than 400000 retention
indices of almost 100000 organic compounds [1].
However, the functions of these bases cannot be
reduced to the simple summing up of analytical data
because several additional types of problems can be
solved with their aid.

First, the analysis of the contents of sufficiently
large bodies of reference data makes it possible to
reveal compounds from which classes were character-
ized in insufficient detail. An answer to this question
makes it possible to refine reasons responsible for a
deficiency in analytical data. Most frequently, these
are difficulties in the synthesis of such compounds or
the underestimation of the importance of such ana-
lytes for solving the problems of environmental, toxi-
cological, etc., monitoring. The absence of reference

information for comparatively simple compounds is of
special interest. The monoesters of dicarboxylic and,
in the general case, polybasic acids, including
monoalkyl phthalates, can be given as an example [2].
The identification of such acid esters is difficult to per-
form because of the similarity of their mass spectra to
the mass spectra of full esters so that it is possible only
with the combined use of mass-spectrometric and
chromatographic data. Therefore, the currently avail-
able databases should be supplied with appropriate
information. The unsubstituted hydrazones
RR'C=N–NH2 are one additional example; they are
poorly understood because of their thermal instability,
which leads to partial decomposition in a chromato-
graphic column in the course of separation [3].

Second, the characterization of homologous series
of organic compounds by reference data for a maxi-
mally large quantity of homologues is not necessary
even theoretically. It is practically unreal because of a
rapid increase in the number of the structural isomers
(N) of compounds containing even the simplest alkyl
fragments CnH2n + 1 [4]:

n 1 2 3 4 5 6 7 8 9 10
N 1 1 2 4 8 17 39 89 211 507
1162
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In the characterization of homologous series, it is
desirable to limit oneself to a certain minimum number
of homologues so that the available data would allow
their generalization to other members of these series.

Third, in the solution of the problems of GC–MS
identification, it is necessary to maximally avoid the
most dangerous IInd order errors (the incorrect iden-
tification of analytes caused by the absence of neces-
sary information from the bases used, the coincidence
of their analytical parameters with data for other com-
pounds, and the neglect of chromatographic retention
parameters).1 The observed increase in the number of
these errors makes it possible to suggest a dangerous
tendency in current GC–MS analysis [5, 6]. The sim-
plest and most effective method of averting them con-
sists in increasing the number of objects in the bases
and a maximum variety of their chemical nature.
Among the particular examples of similar errors, it is
possible to note the identification of the branched
C12H26 isomer 2,2,4,6,6-pentamethylheptane as the
constituent of the essential oils of different plants [7].
The detailed checking of more than a dozen of publi-
cations showed that the case in point is different
hydrocarbons and the similarity of their mass spectra
is the reason for errors. The detection of an exotic
bicyclic hydrocarbon—spiro[2,4]hepta-4,6-diene—in
different naturally occurring materials was reported;
however, all of the examples were indicative of
the incorrect identification of its C7H8 isomer—tolu-
ene [8].

In addition to the partial esters of organic acids [2],
the acidic esters of inorganic acids belong to the com-
pounds inadequately represented in currently available
databases. Their dissociation constants are higher by
approximately two orders of magnitude than the cor-
responding values of organic acids; because of this,
their gas-chromatographic separation is impossible [9]
(the values of pKa for dialkyl phosphates are lower than
the value of pKa,1 = 2.1 ± 0.1 of phosphoric acid). By
analogy, the same conclusion can be extended to the
acid esters of H2SO4, H2SeO4, H3AsO4, etc., but not to
the diesters of phosphorous acid H3PO3, which
can exist as two prototropic tautomers, dialkyl phos-
phites (I) and dialkyl phosphonates (II) [10]:

This equilibrium leads to the ambiguous interpretation
of the structures of phosphorous acid derivatives. It is
believed that their properties are predominantly deter-
mined by the presence of phosphonate tautomers II.
However, a database [1] contains two structures with
identical mass spectra for diisopropyl phosphate: (iso-
C3H7O)2POH and (iso-C3H7O)2PH=O. It is most
likely that the former is erroneous in this case. Phos-

1 Ist order errors include the incorrect identification of com-
pounds data for which are present in the used bases.

( ) ( )−2 2RO P OH RO PH=O�

I II
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phorous acid itself forms the tris-trimethylsilyl deriva-
tive P[OSi(CH3)3]3 [11], but the treatment of a reac-
tion mixture containing diisopropyl phosphonate with
N-trimethylsilylimidazole (the most active of well-
known silylating reagents) did not result in the pro-
duction of its trimethylsilyl derivative. Consequently,
the hydrogen atom in tautomeric structure II is sub-
stantially less active than that in the structure of I. The
problem of the uncertainty of the structures of these
ions also occurs in mass spectrometry [12].

Table 1 illustrates in sufficient detail the level of
characterization of the simplest C1–C4 dialkyl phos-
phonates by classical physicochemical properties
(normal boiling points Tb, relative densities  and

refractive indices ). The presence or the absence of
their mass spectra in the base [1] and the reference val-
ues of their retention indices on standard nonpolar
polydimethylsiloxane stationary phases was addition-
ally noted.

Such data summaries are informative for the gen-
eral evaluation of the degree of studying of compounds
from various classes, and they were used for the char-
acterization of dialkyl phosphates [9], unsubstituted
hydrazones [2], etc. From the limited information
given in Table 1, it follows the that dialkyl phospho-
nates were described by physicochemical data no
worse than the corresponding full esters (trialkyl phos-
phites). Mass spectra are accessible for almost all of
the simplest homologues, whereas the retention indi-
ces of both trialkyl phosphites and dialkyl phospho-
nates, starting with C3 esters, are unknown. This fact is
responsible for possible errors in GC–MS identifica-
tion caused by the above similarity of the mass spectra
of full and partial esters. Acceptable methods for the
calculation of the RIs of such esters are currently
unknown.

As well as phosphates, the esters of phosphorous acid
are used in industry as stabilizing agents (antioxidants) and
effective fire-retardant additives to polymer compositions
[13]. In addition to the compounds listed in Table 1,
numerous unique representatives of this class, including
tris(nonylphenyl)phosphite (Naugard P), tris-(2,4-di-tert-
butylphenyl)phosphite (Irgafos 168), tris-(bis-nonylphe-
nyl)phosphite), and 3,9-bis-(octadecylhydroxy)-2,4,8,10-
tetraoxa-3,9-diphosphaspiro[5.5]undecane (additive 14),
are well known. The mass spectrum and the retention
index of the tris-trimethylsilyl derivative of phosphorous
acid on a standard nonpolar phase (RI = 1115) are known
[11]. The mass spectrum of the ionic series of alkyl phos-
phites was given in a monograph [4]; however, it was cal-
culated based on a limited number of the mass spectra of
esters from this class known at that time; therefore, it
should be considered only as preliminary estimation. For
this reason, it was given without separation into the spectra
of the ionic series of di- and trisubstituted esters.

This work was dedicated to the systematic charac-
terization of dialkyl phosphonates using analytical
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Table 1. Physicochemical characteristics of the simplest dialkyl phosphonates and trialkyl phosphites

*M is the molecular weight.
** The precalculated retention index is 887 ± 20.

*** Henceforth, dash corresponds to the absence of experimental data.

Dialkyl phosphonate 
or trialkyl phosphite М*

Physicochemical characteristics
Mass spectrum Retention index

Tb, °С d4
20 nD

20

Dimethyl 110 170‒171 1.194 1.402 + **
Trimethyl 124 110‒111 1.046 1.410 + 688 ± 2
Diethyl 138 187‒188 1.074 1.408 + 933 ± 12
Triethyl 166 156‒158 0.968 1.412 + 920 ± 4
Dipropyl 166 203 1.018 1.417 –*** –***
Tripropyl 208 206‒207 0.951 1.426 + –
Diisopropyl 166 – 0.998 1.408 + –
Triisopropyl 208 181 0.906 1.411 + –
Dibutyl 194 – 0.995 1.424 + –
Tributyl 250 – 0.926 1.431 + –
Diisobutyl 194 – 0.980 – – –
data for their GC–MS identification primarily by pre-
viously unknown gas-chromatographic retention indi-
ces and combined GC–MS parameters.

EXPERIMENTAL
Interaction of alcohols with phosphorus trichloride.

Dialkyl phosphonates were synthesized by the interac-
tion of 100 μL of aliphatic alcohols ROH (of pure or
chromatographic grade) with a solution of 100 μL of
phosphorus trichloride (Sigma-Aldrich, the United
State; 99%) in 1 mL of pure chloroform (used without
additional purification). The most probable mechanism
of the formation of these esters is the interaction of inter-
mediate trialkyl phosphites (RO)3P with HCl (a version
of the Michaelis–Arbuzov reaction [14, 15]):

The reaction mixtures were stirred for 5 min at room
temperature and directly used for gas-chromatographic
analysis. The mixtures for GC–MS analysis were diluted
with chloroform by a factor of 50‒100.

To check whether the trimethylsilyl esters of the reac-
tion products of isopropyl alcohol with PCl3 can be
formed, we added 50 μL of N-trimethylsilylimidazole
(Sigma-Aldrich, the United States; 97%) to 300 μL of the
reaction mixture.

Conditions for gas-chromatographic analysis. The
chromatographic analysis of reaction mixtures was car-
ried out on a Kristall 5000.2 chromatograph with a
flame-ionization detector on a BPX-1 column (with a
standard nonpolar polydimethylsiloxane phase) 10 m in
length with an inside diameter of 0.53 mm and a station-
ary phase film thickness of 2.65 μm. The analytical con-

( )
( )

3 3

2

PCl 3ROH       RO P 3HCl  
    RO PH O RCl 2HCl

[
.

]+ → +
→ = + +
JOURNAL OF
ditions were the following: temperature programming
from 50 to 200°C at a rate of 5 K/min; injector tempera-
ture, 180°C; detector temperature, 200°C; carrier gas,
nitrogen; flow rate, 5.5 mL/min (linear velocity,
44.7 cm/s); split ratio, 3 : 1; and injected sample volume,
0.5 μL. For the determination of RIs, a mixture of C8–
C16 and C20 reference hydrocarbons with the even num-
bers of carbon atoms in molecules was added to the sam-
ples. Standard deviations are given as the reproducibility
characteristics of the retention indices. The number of
the simultaneous determinations of the indices was var-
ied from two to five.

GC–MS analysis. The GC–MS analysis was carried
out on a Shimadzu QP 2010 SE instrument with EI at
an interface and ion source temperature of 200°C
(the temperature was increased to 250°C for 1-octanol
and 1-nonanol) on an RTX-5 MS column (polydimeth-
ylsiloxane containing 5% phenyl groups) with a length of
30 m, an inside diameter of 0.32 mm, and a stationary
phase film thickness of 0.25 μm. The analytical condi-
tions were the following: temperature programming from
50 to 200°C (250°C for 1-octanol and 1-nonanol) at a
rate of 5 K/min; injector temperature, 180°C; detector
temperature, 200°C; carrier gas, helium; flow rate,
1.84 mL/min (linear velocity, 49 cm/s); split ratio, 1 : 10;
and injected sample volume, 0.5 μL.

Processing of the results. Excel (Microsoft Office
2010) and QBasic were used for the calculation of the
linear-logarithmic retention indices.

RESULTS AND DISCUSSION

Table 2 summarizes the mass spectra and retention
indices of C2‒C9 dialkyl phosphonates in the compo-
sition of the mixtures of the reaction products of ali-
 ANALYTICAL CHEMISTRY  Vol. 73  No. 12  2018
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phatic alcohols with phosphorus trichloride and other
chemical impurities that were present in the reaction
mixtures. For brevity sake, the mass spectra of the
repeatedly mentioned components were excluded and
the following statement was given for these compo-
nents: Identified based on the RI value; the mass spec-
trum is given above. In addition to the target products,
some reaction mixtures contained the traces of alkyl
chlorides, 1-alkanols, and alkyl carboxylates. In the
case of benzyl alcohol, the expected phosphonates
were not detected; benzyl chloride was found the main
product. The results of the single determinations of
retention indices were given without standard devia-
tions.

Of phosphorous acid derivatives, only dialkyl phos-
phonates were detected in all of the samples. This was
confirmed by the identification of diethyl phospho-
nate (RI = 942 ± 2), whose reference RI value is
known (933 ± 12). Diethyl phosphonate
(C2H5O)2PH=O and the mixed alkyl ethyl esters
(C2H5O)(RO)PH=O were present in almost all of the
reaction mixtures in addition to the expected dialkyl
phosphonates (RO)2PH=O. The appearance of these
products was caused by the presence of an ethanol
admixture in the chloroform used for preventing its
oxidation with the formation of phosgene [16]. The
alcohol admixture can be removed from chloroform
with the use of polar sorbents, for example, silica gels;
however, we decided to preserve information on such
mixed alkyl ethyl phosphonates for expanding the
range of characterized esters.

In addition to dialkyl phosphonates, alkyl dichlo-
rophosphates ROP(O)Cl2, which were not character-

ized previously, were detected in many reaction mix-
tures of aliphatic alcohols with PCl3; it is most likely
that they were formed because of the presence of a
phosphoryl trichloride POCl3 impurity in PCl3 and its
interaction with alcohols ROH. Trialkyl phosphites in
the reaction mixtures were detected in no case.

Mass-spectrometric fragmentation of dialkyl phos-
phonates. Formally, these processes do not require
detailed commentaries because the mass spectra of
many of these compounds are well known [1]. How-
ever, compounds from this class rarely occur in chem-
ical practice; therefore, their fragmentation is usually
not discussed in general manuals, for example [17].
Only Hamming and Foster [18] attempted to consider
their mass-spectrometric classification. From the
spectrum of ionic series reported previously [4], it fol-
lows that the main signals in the mass spectra of these
compounds (homologous group y = 12) relate to the
homologous groups y = 9 and 13. The signals of the
molecular ions of dialkyl phosphonates were almost
not detected with the exception of a mass spectrum of
the simplest homologue (dimethyl phosphonate).

The first step of the fragmentation of the molecular
ions of dialkyl phosphonates, which is analogous to
the fragmentation of the molecular ions of trialkyl
phosphates, alkylphosphonic acid esters, and other
phosphorus(V) derivatives, consists in the elimination
of an alkenyl radical CnH2n – 1, which corresponds to a
greater alkyl fragment (n ≥ m), as a result of a so-called
double hydrogen rearrangement [4, 18]. The second
step implies the elimination of an olefin CmH2m with
the number of carbon atoms in the second alkyl frag-
ment:

(1)

The formation of [PH(OH)3]+ ions with m/z 83,
which are characteristic of alkyl phosphonates, is the
result of these two consecutive processes. They do not
contain carbon; therefore, the intensities of the corre-
sponding isotopic peaks with m/z 84 are lower
than 1%. Analogous ions are characteristic of the
derivatives of other phosphorus-containing acids, for
example, phosphoric ([P(OH)4]+ with m/z 99) and
methylphosphonic ([CH3P(OH)3]+ with m/z 97) acids
[1, 4, 18]. In accordance with reaction scheme (1), the
mass spectra of, for example, mixed alkyl ethyl esters
are characterized by a combination of the signals of
fragmentation ions with m/z 111 and 83 (Table 2).

In addition to the isotopic peaks of the chlorine-con-
taining ions, the characteristic feature of the mass spectra
of alkyl dichlorophosphates ROP(O)Cl2 is also caused by
the double hydrogen rearrangement, which leads to the

formation of ions with mass numbers of 135, 137, and 139
and an intensity ratio of 9 : 6 : 1 (Table 2):

Thus, dialkyl phosphonates exhibit mass spectra
sufficiently characteristic for group identification (ref-
erence to a homologous series). However, the absence
of the signals of molecular ions under EI conditions
complicates the individual mass-spectrometric identi-
fication of these esters. For this purpose, gas-chro-
matographic RIs should be additionally used.

Chromatographic parameters of dialkyl phosphonates.
Table 3 compares the RIs of 27 C2‒C9 dialkyl phospho-
nates on standard nonpolar polydimethylsiloxane
phases. These data can be directly used for their identifi-
cation, and this does not require special commentaries. It
is reasonable to note the good additivity of RIs with

CmH2m+1O PH
O

O CnH2n+1
−CnH2n+1

CmH2m+1O PH
OH

OH
−CmH2m

+

[PH(OH)3]+

m/z 83
.

( ) ( )2 1 2 2 2[C H OP O Cl       Cl P] [ ] .OHn n
+ +

+ →i
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Table 3. Gas-chromatographic retention indices of dialkyl phosphonates (RO)(R′O)PH=O (stationary phase, RTX-5) and
their homological increments

(RO)(R′O) М RI iRI

Total number
of branching points

in the carbon skeleton

(C2H5O)2 138 943 ± 2 43 0

(C2H5O) (CH2=CH−CH2O) 150 1023 ± 2 23 0

(C2H5O) (C3H7O) 152 1036 ± 2 36 0

(C2H5O) [(CH3)2CHO] 152 982 ± 3 –18 1

(CH2=CH−CH2O)2 162 1155 ± 3 55 0

(C3H7O)2 166 1132 ± 2 32 0

[CH3)2CHO]2 166 1020 ± 3 –80 2

(C2H5O) (C4H9O) 166 1134 ± 2 34 0

(C2H5O) [(CH3)2CHCH2O] 166 1097 ± 2 –3 1

(C2H5O) (C5H11O) 180 1231 ± 2 31 0

(C2H5O) 
[C2H5(CH3)CHCH2O]

180 1) 1198 ± 5
2) 1206 ± 6

–2
+6

1

(C2H5O) (cyclo-C6H11O) 192 1375 ± 4 75 1 ring

(C2H5O) (C6H13O) 194 1336 ± 2 36 0

(C4H9O)2 194 1317 ± 4 17 0

[(CH3)2CHCH2O]2 194 1241 ± 6 –59 2

(C2H5O) (C7H15O) 208 1436 ± 2 36 0

(C5H11O)2 222 1527 ± 3 27 0

(C2H5O) (C8H17O) 222 1537 ± 4 37 0

(C2H5O) [C6H13(CH3)CHO] 222 1) 1451 ± 3
2) 1461 ± 3

‒49
‒39

1

[C2H5(CH3)CHCH2O]2 222 1) 1442 ± 3
2) 1446 ± 3
3) 1450 ± 3

‒58
‒54
‒50

2

(C2H5O) (C9H19O) 236 1639 ± 3 39 0

(cyclo-C6H11O)2 246 1829 ± 4 129 2 rings

(C6H13O)2 250 1722 ± 3 22 0

(C7H15O)2 278 1921 21 0

(C8H17O)2 306 2120 ± 3 20 0

[C6H13(CH3)CHO]2 306 1) 2016 ± 4
2) 2037 ± 5
3) 2058 ± 6

‒84
‒62
‒42

2

(C9H19O)2 334 2313 ± 4 13 0
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increasing number of carbon atoms in n-alkyl fragments.
Theoretically, differences between the RIs of diesters

(Cn)2 and (Cn + 1)2 should be close to 200; this is consis-
tent, for example, with the data for C2‒C6 diesters:

A similar regularity can be considered as a demonstra-
tion criterion for the correctness of the determination
of the RI values. The retention indices of branched
isomers are expectedly lower than the RIs of normal
linear homologues, and those of cyclic (cyclohexyl)
derivatives are higher.

The dialkyl phosphonates that are the derivatives of
racemic secondary alcohols (2-methylbutanol and 2-
octanol), in the reaction mixtures of which two (alkyl
ethyl) or three (bis-alkyl) components with identical
mass spectra were detected, should be specially noted.

In the former case, their quantities are equal, whereas
a ratio between them in the latter case is about 1 : 2 : 1,
which is typical of diastereomers. Because the alkyl
fragments of 2-alkyl ethyl esters contain only one
asymmetrical carbon atom, the second chiral
center, which is necessary for the formation of diaste-
reomers, is the four-coordinated atom of phosphorus
(structure III). In bis-(2-alkyl)phosphonates, there
are three chiral centers, two of which are identical
(structure IV); this manifests itself in the appearance
of three signals in the chromatograms:

Similarly, chromatographic signals of two diaste-
reomers were recorded for O-pinacolyl methylphos-
phonofluoridate (soman, structure V) bearing two
chiral centers, one of which is the phosphorus atom in
the molecule [1]. For compound V, the difference in
RI of diastereomers on standard nonpolar phases is
about 3 index units (1011 ± 3 and 1014 ± 2), whereas
for dialkyl phosphonate it is 8 index units ((2-methyl-
butyl)ethyl ester), 10 index units (2-octylethyl ester),

2 × 4 unites (bis-(2-methylbutyl ester)), and 2 × 21
index unites (bis-(2-octyl ester)] For structures IV,
pair RI differences of the three peaks are equal, which
is an additional feature of diastereomers.

The retention indexes of N-alkyl dichlorophos-
phates ROP(O)Cl2 also well obey the additivity rule
(RI differences for consecutive homologues are close
to 100):

Thus, the addition of gas-chromatographic reten-
tion indices to mass spectra makes it possible to per-
form the unambiguous identification of dialkyl phos-
phonates. The united GC–MS characteristics of these
compounds provide additional opportunities.

United GC–MS parameters of dialkyl phospho-
nates. For the representation of the signals of ions in
the mass spectra, their mass numbers (Da) are used.
As for the retention indices, a scale based on reference
components (most frequently, n-alkanes) is conven-

tional for them and the conditional values of RI =
100n, where n is the number of carbon atoms in the
molecule, are given to them. Consequently, a compar-
ison of the mass-spectrometric and chromatographic
parameters requires their representation in a united
scale, which can be performed by two methods.
In the first of them, the retention indices of reference
n-alkanes are taken equal to their molecular weights to
determine the system of molecular retention indices
(MI = 0.14 RI + 2); on the contrary, in the second

Di-n-alkyl phosphonate: (С2Н5O)2 (C3H7O)2 (C4H9O)2 (C5H11O)2 (C6H13O)2

RI 942 1132 1317 1527 1722
ΔRI 190 185 210 195

C2H5O P*H
O

O *
CH3

... ...
*

O

CH3

P*H
O

O *
CH3

...

O
P*

O

F

H3C
*
CH3

(III) (IV) (V)

.

R C2H5 С3Н7 С4Н9 С5Н11 С6Н13 С7Н15 С8Н17 С9Н19

M 162 176 190 204 218 232 246 260
RI 897 ± 2 991 ± 2 1087 ± 2 1182 ± 3 1282 ± 5 1391 1494 ± 3 1597 ± 5

ΔRI 94 96 95 100 109 103 103
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Table 4. Results of the calculation of the molecular weights
(M) of dialkyl phosphonates (RO)(R'O)PH=O from their
gas-chromatographic retention indices (formula (3))

(RO)(R′O) RI Found value of М М

(C2H5O)2 942 ± 2 139 138

(C2H5O) 
(C3H7O)

1036 ± 2 152 152

(C3H7O)2 1132 ± 2 166 166

(C2H5O) 
(C6H13O)

1333 194 194

(C5H11O)2 1527 ± 3 221 222

(C2H5O) 
(C9H19O)

1639 ± 3 237 236

(C6H13O)2 1722 ± 3 249 250
method, the so-called homological increments of
indices (iRI) are calculated on the basis of the molecu-
lar weights of analytes [4, 19]:

(2)

where x = int(M/14); int is the function that desig-
nates the integer part, which is equivalent to the
expression M = 14x + y, and y is the number of the
homologous group of the compound, y ≡ M(mod14)
[4]. An approach based on the values of iRI is more
preferable. The values of iRI for n-alkanes are zero by
definition; iRI < 0 for isoalkanes, and iRI > 0 for com-
pounds that are retained better than alkanes. Table 3
summarizes the values of iRI together with the RIs of
dialkyl phosphonates.

The concept based on the homological increments
of the retention indices makes it possible to optimize
the examination of the chromatographic behaviors of
homologues. Thus, the values of iRI for di-n-alkyl
phosphonates vary in a range from 13 to 43, and they
can be represented as an average value and its standard
deviation, iRI ± sRI, that is, 29 ± 9. For the homologues
containing one branching point in the alkyl fragments,
the value of iRI decreases to –4 ± 10 or to –61 ± 14 for
two branching points. The presence of a ring in the
molecule increases the value of iRI to +75 or to +129 in
the presence of two rings; the two last values relate to
single esters (cyclohexyl derivatives), and this fact
excludes the possibility of their statistical processing.

It is important to note that the absence of informa-
tion on the molecular weight of an analyte makes
impossible the calculation of the values of iRI; how-
ever, these parameters can be used for solving the
inverse problem of evaluating the molecular weights of

RI RI – 100 ,i x=
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 73  N
analytes from chromatographic data. Indeed, the sub-
stitution of the expression M = 14x + y (more pre-
cisely, x = (M – y)/14) into Eq. (2) and the solution of
the resulting equation for the molecular weight M
leads to the following relationship:

(3)
Because the dialkyl phosphonates in question
belong to the homologous group y = 12, general rela-
tionship (3) for the compounds of this series is con-
verted into the form

(4)
For checking this relationship based on the exam-

ple of di-n-alkyl phosphonates, we use the average
value iRI ± sRI = 29 ± 9 and (selectively) the data of
Table 3. Table 4 summarizes the results obtained for
seven homologues; they indicate that, in all cases, the
calculated values of M differ from the true values by no
more than 1 Da. The standard deviation of iRI (9 index
units) is consistent with the expected accuracy of the
determination of M about ±1 Da. If we consider the
specific additional rounding of obtained data (to the
nearest value of M comparable with 12 to the modulus
14 or, in the symbolism of calculus of residues,
М ≡ 12(mod14) rather than to the nearest integral
value of M), the results of the determination of molec-
ular weights from gas-chromatographic data become
unambiguous.

If the molecule contains branched alkyl fragments,
it is necessary to use other values of homological
increments in place of iRI ± sRI = 29 ± 9 (see above).
In the interpretation of the results of the GC–MS
analysis of unknown compounds, this can indicate the
need of checking several alternate hypotheses, which
is a standard approach in mass spectrometry.

An analogous characterization of n-alkyl dichloro-
phosphates CnH2n + 1OP(O)Cl2 (homologous group
y = 8) by the homological increments of retention
indices affords iRI ± sRI = –210 ± 6. The determination
of their molecular weights based on relationship (3)
has no limitations.
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