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Multispectral techniques (gas chromatography combined with low and high resolution
electron-impact mass spectrometry, low and high resolution chemical ionization mags
spectrometry, and Fourier transform infrared spectroscopy) were used to identify 13 alkyl
and chloroalkyl phosphates in a water sample taken from the effluent of a plant that
manufactures fire-retardant chemicals. Of the 13 phosphates identified, only 4 were located
in library mass spectral data bases; thus, techniques other than conventional low resolution
electron-impact mass spectrometry with data base matching were required. Several of the
identified phosphates are commonly used fire retardants; however, three exhibited chemi-
cal structures different from those of the commercially manufactured fire retardants and the
reactants used in their synthesis. (J Am Soc Mass Spectrom 1991, 2, 419-426)

'[ ]'nder the Clean Water Act Amendments of
1987, the U.S. Environmental Protection
Agency continually reviews the occurrence of

potentially harmful chemicals in industrial waste wa-
ters. Selected waste effluents are analyzed to identify
chemicals that have not been identified previously
either because they were not present or because im-
provements in identification methods permit their de-
tection and identification for the first time. Recently,
organic extracts of samples taken from several plants
manufacturing organic chemicals were analyzed by
using multispectral identification techniques not gen-
erally applied previously. Among the plants sampled
was a plant that manufactures fire retardants.

Alkyl, haloalkyl, and aryl phosphates have been
widely used as flame retardants in a variety of prod-
ucts. The more common aryl phosphates are found in
plasticizers, lubricants, and hydraulic fluids [1, 2]. The
chloroalkyl phosphates have been used in both fabrics
and insulation materials [3, 4]. Although production
of chloroalkyl phosphates is considerable (24 million
pounds in 1985 [5]), relatively few identifications of
these compounds in the environment have been
made. Among the reports are citings of chloroalkyl
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phosphates in the United States from the Mississippi
River and New Orleans drinking water [6, 7]; in Japan
from river water, sea water, and sediment [8]; and in
Canada in drinking water [9]. Chloroalkyl phosphates
have also been located in human seminal plasma [3].
Many studies have been performed to determine the
toxicity of these phosphates [10], as warranted by
their widespread use in fabrics, plasticizers, hydraulic
fluids, and lubricants. The results showed phosphates
to be absorbed into the body [2, 3,11, 12] and to be
toxic to fish [13, 14].

This article discusses the identification of 13 alkyl
and chloroalkyl phosphates and demonstrates how
multispectral analysis can be used to identify organic
compounds in environmental samples. Multispectral
techniques—gas chromatography combined with high
and low resolution electron-impact mass spectrometry
(GC/EI-MS), high and low resolution chemical ioniza-
tion mass spectrometry (GC/CI-MS), and Fourier
transform infrared (GC/FT-IR) spectroscopy—
provided structural information that permitted the
identification of these alkyl phosphates. These identi-
fications could not have been made by using conven-
tional low resolution EI-MS alone.

Experimental

Sample collection. Sample extracts were obtained
through the Industrial Technology Division of the
U.S. Environmental Protection Agency’s Office of
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Water. Samples were collected from the effluent of a
plant that manufactures fire-retardant chemicals and
were prepared according to EPA Method 1625C [15],
which produced an acid and a base/neutral extract.

Materials. A standard of tris(1,3-dichloro-2-pro-
pyl)phosphate was purchased from Chem Service,
Inc. (West Chester, PA). 1,2-Bis[bis(2-chloroethyl)-
phosphatolethane was obtained from Olin Chemicals
(Stamford, CT).

GC/MS amalysis. GC/MS analyses were performed
on a VG 70-SEQ high resolution hybrid mass spec-
trometer (VG Instruments, Manchester, UK) equipped
with the VAX-based OPUS data system and a Hewlett
Packard Model 5890A gas chromatograph (Palo Alto,
CA). The mass spectrometer was operated at an accel-
erating voltage of 8 kV and at resolutions of 1000 and
6000 for low and high resolution experiments, respec-
tively. Positive CI experiments were done by using
methane gas. Injections of 1 to 2.5 pL of the extract
were introduced onto a split/splitless injector and a
] & W DB-5 chromatographic column (J & W Scientific,
Folsom, CA) (30 m x 0.25 mm i.d., 0.25 pm film), The
injector temperature was 230 °C, and the transfer line
was held at 260 °C. The GC program had an initial
temperature of 40 °C held for 5 min and increased at a
rate of 8 ‘C/min to 280 °C, and held for 20 min.
Helium was used as the carrier gas at a linear velocity
of 23 cm/sec.

GC/FT-IR analysis. The GC/FT-IR analyses were
performed by using a Digilab Model FTS-60- FT-IR
spectrometer equipped with a Digilab Model 3200
FT-IR workstation (Digilab Division of Biorad, Cam-
bridge, MA) and a Hewlett Packard Model 5890 gas
chromatograph with a cool on-column injector. The
FT-IR spectrometer had a Model GC/C 32 light-pipe-
based interface equipped with a narrow band mer-
cury-cadmium-telluride detector, Spectra generated
had 8 cm™? resolution with a useful range of 4000 to
700 cm~ . The GC column used was a J& W DB-53
Megabore column (30 m x 0.53 mmi.d., 1.5 ym film);
temperature program was 5 min at 40 °C, then at 8
*C/min to 280 °C, and held for 30 min; carrier gas
was helium at a linear velocity of 22 cm/sec. The
FT-IR interface was held at 280 °C for both the light
pipe and transfer lines.

Results

The conventional method for identifying organic com-
pounds found in the environment—low resclution
EI-MS with library data base matching—was only
partially beneficial to the identification of the phos-
phates found in this industrial effluent. Only 4 of the
13 phosphates gave good library data base matches,
which do not necessarily guarantee valid identifica-
tions. Therefore, techniques other than low resolution
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EI-MS were necessary to elucidate most of these
phosphate structures. As a result of examining frag-
mentation patterns and isotopic ratios evident in the
low resolution EI spectra, some tentative structural
assignments were initially proposed. Pure standards
were available for only two of these.

The low resolution GC/MS total ion current chro-
matogram obtained for the base/neutral extract under
EI conditions is shown in Figure la. Peaks labeled 1
through 13 represent the phosphates identified in this
study. The structures of these compounds are indi-
cated in Table 1. Precise quantitation was not at-
tempted in this screening study, but an approximate
concentration of the phosphate represented by the
largest peak (peak 5), compared to isotopic internal
standards, is 10 ppm. The characteristic ions obtained
by EI-MS are shown in Table 2. Several phosphates
share many of the same characteristic ions. For exam-
ple, the m/z 99 ion, which is present for most of the
phosphates, is representative of a phosphate moiety,
H ,PO,. Mass-ta-charge ratio 125 (H,PO, - C,H )" is
indicative of an ethyl phosphate group, and m/z 139
{H,PO, - C3Hg)* of a propyl phosphate. Most phos-
phates did not show a molecular ion at a significant
relative abundance under ElI conditions, but it is inter-
esting to note that, when molecular ions for the chio-
rinated phosphates were observed, the molecular ions
were present in a pseudomolecular form, [M + H]*.
This effect has been noted in our laboratory for other
chlorinated and oxygenated compounds.

High resolution CI and high resolution EI-MS were
crucial in assigning structures; they provided accurate
masses, and hence empirical formulae, for each
molecular ion and for selected fragments. Accurate CI
mass data for the pseudomolecular ions of these 13
compounds are presented in Table 3. GC/FT-IR pro-
vided additional structural information from ab-
sorbances characteristic of each phosphate structure,
confirming many structural characteristics proposed
by using mass spectral techniques and also allowing
precise structural assignments that would not have
been possible with mass spectral techniques alone.
Displayed in Figure 1b is the GC/FT-IR chro-
matogram obtained for this extract; it shows the total
absorbance through the entire mid-IR region as a
function of retention time and is analogous to the
GC/MS total ion current chromatogram. Peaks la-
beled 1 though 13 correspond to labeled peaks in the
GC/MS chromatogram of Figure la. Characteristic IR
peaks for alkyl phosphates that were observed in the
spectra of these 13 compounds include the strong
P=0 stretching peak at about 1250-1310 cm . This
peak was often split as a result of rotational iso-
merisms. The P—O—C stretching vibrations give rise
to several peaks in the 1000-1100 cm™! region that
were the most intense in the spectra. The P—O—C
vibrations are complex, involving both in-phase and
out-of-phase stretching of the P—O and O—C bonds,
thus resulting (in many cases) in several peaks [16].

Structures were assigned to the phosphates by
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using this combination of mass spectral and IR tech-
niques, and they were examined in light of the known
chemistry conducted at the fire-retardant chemical
plant [4, 17]. To make a variety of fire-retardant chem-
icals, ethylene oxide, propylene oxide, and epichloro-
hydrin are each reacted with phosphorus oxychloride
to make chloroalkyl phosphates, dichloroalkyl phos-
phates, and chloroalkyl diphosphates. Some identi-
fied compounds were determined to be preducts
manufactured by the plant, and others were either
reactants used or byproducts that could be formed.

Discussion

The mass spectra of the first four GC peaks gave
tentative library mass spectrometry data base matches
to the following compounds: dimethylmethyl phos-

40 tract.

phonate (compound 1), trimethyl phosphate (com-
pound 2), triethyl phosphate (compound 3), and
tris(2-chloroethyl)phosphate (compound 4). High res-
olution CI-MS and high resolution EI-MS data con-
firmed these assignments. In addition, GC/FT-IR
spectra showed excellent agreement between the sam-
ple and IR library spectra for these compounds.

Each of the nine remaining peaks identified in this
study gave low resolution EI-MS ions consistent with
a chioroalkyl-phosphate structure. Low resolution CI
and sometimes low resolution EI were sufficient to
determine the number of chlorine atoms present in
each compound. However, because none of these
remaining phosphates was represented in either the
mass spectral or IR library data bases, additional tech-
niques, such as high resolution EI, high resolution CI,
and GC/FI-IR were necessary to determine struc-
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Table 1. Structures of the 13 compounds discussed in this study
o
I
R;—P—R3
|
R
Compound R, R, Rs
1 OCH;3 OCH; CH,
2 OCH;, OCH; OCHs
3 OCH,CH, OCH,CH, OCH,CH,
4 OCH,CH.CI OCH,CHCI OCH;CH,C!
5 OCH(CH;)CH.CI OCH(CH3ICH,CI OCH(CH,3)CHaCl
6 OCHI{CH3ICHCI QCHICH3ICH.CI OCH;CH,CH,Ci
7 OCHICH,3ICHCI OCHCH,CHCI OCH,CH,CH,Cl
8 OCH,CHCI OCHCH.CI OCH,CH,0CH,CH,CI
9 OCH(CH)CH,CI OCHI(CH3ICHLCI OCH,CHCH,0CH,CH,CH,CI
10 OCH(CH,)CHCI OCH,CH,CH,CI OCH,CH,CH;0CH,CH,CHCI
11 OCH(CH,Ch), OCH{CHCI), OCH(CHCI),
12 OCH(CHCI), OCH(CH,Ch, OCH,CHCICH,CI
13 OCH,CH,CI OCH,CH,CI OCHCH,0P{0)(OCH,CH,C),

tures. A detailed description of the application of
these multispectral techniques to the structural eluci-
dation of these phosphates follows.

As is typical for isomeric compounds, peaks la-
beled 5, 6, and 7 in Figure 1a exhibited low resolution
EI mass spectra with ions of identical mass, but with
very different relative abundances. CI-MS showed
that the molecular weight of each of the three isomers
was 326. High resolution EI and CI data suggested
each to be a tris(chloropropyl)phosphate of the gen-
eral structure (CIC;H¢O);PO. The proposed forma-
tion of the pertinent fragment ions for compounds 5,
6, and 7 is shown in Scheme I. Possible exact struc-
tures could include either an n-propyl or isopropyl
arrangement of carbon atoms. No pure commercial
standards were available; however, careful interpreta-

Table 2. Characteristic ions of phosphates

tion of mass spectral data provided exact structural
assignments. Compound 5 shows an intense ion at
m/z 277, resulting from a loss of CH,Cl, and a weak
ion at m/z 311 from loss of a methyl group. Taken
together, these ions suggest an isopropyl arrange-
ment of carbon atoms, and the loss of CH,Cl suggests
a terminal location for the chlorine atom on each alkyl
chain. Also, because there is no ion at m/z 263,
hence no loss of CH,CH,Cl, an isopropyl arrange-
ment for all three alkyl chains is indicated. Therefore,
we determine compound 5 to be tris(1-chloro-2-pro-
pyl)phosphate.

Chromatographic peaks 6 and 7 required more
careful spectral interpretation. Both of their mass
spectra contained the m/z 263 ion (loss of a
CH,CH,(l), indicating that at least one of the three

Characteristic monoisotopic ions

Compound MW

{rel. abund.}

1 124 79(91); 94(100); 109(54); 124(33}

2 140 79(40); 95(31); 110(100); 140(25}

3 182 81(57); 99(95); 125(30); 155(100); 182(20)

4 284 63(100); 99(40); 125(31); 187(22); 205(59); 223(42); 235(22); 249(80)

5 326 77(34); 99(96); 125(100); 139(27); 201(54); 215(12); 233(14); 251(10); 277(64); 291(13); 311{1)

6 326 77(25); 99(100); 1256(75); 13330); 201(38); 215(11); 233(17); 251(8}; 263(2); 277(42); 291(12); 311(0.5)

7 326 77{(10); 99(100); 125(30); 139(25); 201(15); 215(8); 233(4); 251(6); 263(3); 277(16); 291(9); 31(0.1)

8 328 83(100); 99(25); 125(75); 187(35); 249(49); 279(13); 293(7)

9 384 77(14); 99(52); 125(23); 139(100); 201(B); 215(32); 261{7); 264(2); 277(3); 291(14); 321(1); 335(6)
10 384 77(16); 99(46); 125(11); 139(100); 201(2}; 215(27); 251(6); 264(5); 277(1); 291(13); 321(3); 335(2)
11 428 75(100); 89(82); 191(74); 209(52); 269(8); 301(23); 319(29); 379(47); 393(2)

12 428 75(100); 99(86); 191(81); 209(48); 2694}; 301(10); 319(19); 379{28); 393(7)

13 470 ©63{100); 99(30); 125(68); 187(43); 213(98); 249(45); 267(13); 329(9); 391{24); 421{10); 435(14)
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Table 3. Chemical ionization accurate masses of
M + H]* ions

Empirical Observed Calculated
Compound formula mass mass
1 C3H100,4P 126.037 125.037
2 C3Hp0.P 141.031 141.031
3 CeHi604P 183.078 183.079
4 CoH130,4PCly 284.962 284.962
5 CgH1a04PCly 327.008 327.009
8 C4H1g04PCly 327.008 327.009
7 CgH41904PCl, 327.008 327.009
8 CgHy704PCl, 328.987 328.988
9 CsH,505PCl5 385.050 385.051
10 C,,H2505PCly 385.050 385.051
1 CgH1g0,PClg 428.891 428.892
12 CgHq60,4PClg 428.891 428.892
13 CioH2,05P,Cl,  470.947 470.944

chloroalkyl chains was an n-propyl chain for both
compounds. Also, both compounds exhibited the m /z
277 and m/z 311 ions (losses of CH,Cl and CH;) in
their spectra, again suggesting some isopropyl ar-
rangement in the structure. Because peak 6 showed a
comparatively abundant ion due to loss of CH,Cl
(m/z 277), indicating a branching point, two iso-
propyl chains are likely for this structure. The mass
spectrum also looks very similar in many respects
to the spectrum of compound 5, which has three
isopropyl chains in its structure. Therefore, we
assign peak 6 as bis(1-chloro-2-prapyl)(3-chloro-1-pro-
pyl)phosphate (compound 6). The comparatively low
abundance of the m /z 277 jon (loss of CH,Cl) and the
comparatively abundant ion due to loss of CH,CH,Cl
(m /z 263) support the assignment of peak 7 as bis(3-
chloro-1-propyl)(1-chloro-2-propyl)phesphate  (com-
pound 7).

The assignments for peaks 5, 6, and 7 are sup-
ported also by GC retention times, as compounds
with branched-chain structures typically are eluted
earlier than straight-chain structures on a low polarity
GC column such as DB-5 [18]. The IR spectroscopic
data for peaks 5, 6, and 7 (P=0 stretching peak
frequencies of 1303/1292 cm™?, 1300/1283 cm™?, and
1304/1288 cm ™1, respectively, and P—O—C stretch-
ing peak frequencies of 1071/1020 cm™?, 1045/1005

H
OiCH,C-CHy [5]

H
CICH,G-CH, CHLCH,CH,CI
5 [ 5
o
(I;HECI ; Y
0=p-0OCH O=P~OCHCHLH,Gl  O=R~OCHCH.CHC
o CHs 9 e
CICHr G-CHy CICHG-CH, GIGHy§-GHy
2] H H
miz 328
¢l OCHeC| CoHAC| -GHaCI ckgl
m/z 2!‘—:—m/x 233 w2 263 mie 277 miz 311
~CaHsCl -CatsC
miz 215 mrz 201
Scheme 1
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cm™}, and 1032/1010 cm ™", respectively) agreed with
the general alkyl phosphate structures and was con-
sistent with the exact structures proposed by mass
spectrometry.

The low resolution mass spectrum of the chroma-
togtaphic peak labeled 8 exhibited many of the
same ions seen in the mass spectrum of tris(2-chloro-
ethyl)phosphate (compound 4), indicating that it was
a phosphate with a similar structure. However, this
compound showed a molecular weight of 328 by CI-
MS. It was found by high resolution Cl to contain an
additional oxygen atom and to have an empirical
formula of CgH,,O5Cl3P. As shown in Scheme II,
there were three primary scissions evident from the EI
spectrum for compound 8: the loss of Cl, CH,Cl, and
OC,H,Cl. Infrared spectroscopy provided the re-
maining necessary pieces of information. The addi-
tional oxygen atom would most likely be present as
an ether, a carbonyl, or an alcohol functionality, There
was no indication in the IR spectrum of either C=0
or O—H stretching peaks (both of which are easily
detected in the IR at about 1650-1850 cm~! and
3500-3700 cm ™, respectively). Unlike OH and C=0,
ether linkages, which absorb at about 1100 c¢m™!,
cannot always be unequivocally assigned due to ab-
sorbances of many other vibrations in this region.
Also in comparing the IR spectrum of peak 8 to that of
compound 4, we observed a shoulder on the intense
P—O—C stretching peak at about 1135 cm ™! for peak
8, which is not present in the spectrum of compound
4, as shown in Figure 2. This indicates the presence of
an ether linkage in the structure of the peak 8 com-
pound. However, in light of the empirical formula
provided by high resolution mass spectrometry, the
most conclusive evidence for ether linkage in this
structure is the absence of OH and C=0O IR ab-
sorbances. The high resolution mass spectrometry and
IR data, coupled with the similarity of the low resolu-
tion mass spectrum and IR spectrum to that of tris(2-
chloroethyl)phosphate, indicate the compound is
bis(2-chloraethyl)-2-(2-chloroethoxy)ethyl phosphate
(compound 8).

Peaks 9 and 10 are also isomers of each other, as
evidenced by similar low resolution EI mass spectra.
Each compound revealed a molecular weight of 384
by CI, and an empirical formula of C,,H,,05Cl,P by
high resolution CI. The formation of the pertinent
fragment ions for compounds 9 and 10 is shown in
Scheme III. Further aiding in structural assignments,
the low resolution EI mass spectra of peaks 9 and 10
showed many of the same low mass ions and losses
of C;HCl evident in the mass spectra of compounds

—E e e 203

OCH,CHCI
:
O=P=OCH,CHOCHGH,CI [ [l _ ), 274
O CHZCH,CI
ms 328 OGOl s 209 BHCL, L 17

Scheme I1
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ethyl)-2-(2-chloroethoxy)ethyl

pound 8) and (b) tris(2-chloroethyl)phosphate (com-

pound 4).
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5, 6, and 7 that were indicative of chloropropyl chains
in the chemical structure. This comparison, analogous
to the comparison made between compound 4, tris(2-
chloroethyl)phosphate, and compound 8, bis{2-chlo-
roethyl)-2-(2-chloroethoxy)ethyl phosphate, suggests
that the primary structural difference between the
compounds represented by peaks 9 and 10 and com-
pounds 5, 6, and 7 might be an additional propyl
ether linkage. Infrared spectroscopy provided evi-
dence to support this proposal. As was true for com-
pound 8, GC/FT-IR gave no evidence of an OH or a
C=0 absorbance, indicating that the fifth oxygen was
present in an ether linkage. Furthermore (as with the
spectrum of compound 8), the IR spectra of peaks 9
and 10 have shoulders on the intense P—O—C
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stretching peaks (at about 1125 cm™?), probably due
to the C—O—C stretching vibration. Therefore, the
general structure (CIC;H,0),P(O)OC;H,OC,HCl)
was likely.

Assigning specific structures to the two isomers
required further spectral interpretation, as no pure
standards with this empirical formula could be pur-
chased. For peak 9, both low and high resolution
EI-MS revealed key fragments to aid in the structural
elucidation. Among the important fragments were
losses of CH,Cl (m /2 335} and CH,CH,Cl (m /z 321).
The comparatively abundant m/z 335 ion (loss of
CH,Cl) for peak 9 indicates a branching point, sug-
gestive of an isopropyl chain and, therefore, more
isopropyl character to the structure. The low abun-
dance m/z 321 ion (a loss of CH,CH,Cl) indicates at
least one n-propyl group in the structure, and the ion
at m /z 264 (a neutral loss of C,H;OC 3 HCl) suggests
that the internal propoxy linkage has an n-propyl
arrangement. Therefore, peak 9 was identified as
bis(1-chloro-2-propyl)-3-(3-chloropropoxy)propyl
phosphate (compound 9).

Again, comparing the spectra of peaks 9 and 10,
the comparatively abundant m/z 321 ion (loss of
CH,CH ,Cl) for peak 10 suggests two n-propyl groups,
and the comparatively low abundance of the m /z 335
ion (loss of CH,Cl) suggests a single isopropyl group.
As for compound 9, the ion at m/z 264 suggests the
internal propoxy linkage has an n-propyl arrange-
ment. The identification of peak 10 as (1-chloro-2-pro-
pyl)(3-chloro-1-propyl)-3-(3-chloro-1-propoxy)propyl
phosphate (compound 10) would be consistent with
all data obtained.

The next two chromatographic peaks, 11 and 12,
also displayed mass spectra indicative of isomers with
chloroalkyl phosphate structures. chemical jionization
revealed the molecular weight of each phosphate to
be 428. High resolution CI yielded an empirical for-
mula of CgH,;0O,ClP for each. The formation of the
pertinent fragment ions for compounds 11 and 12 is
shown in Scheme IV. These data, along with frag-
ment information provided by low resolution EI-MS,
suggest a general tris(dichloropropyl)phosphate struc-
ture for each. For peak 11, isopropyl groups are indi-
cated because there was no loss of C,H,Cl. Also,

H
j

CICHG~CH,Cl o
0 cHo
P S

©=P-0G¢H Ol g x 308 Sy 1y 399 SNy 209

0 CHal
1

CIGH, G- CrisGl | cticl, g7 _CoMCliy n,. 269

miz 828

H

CICH, E-GH QI | OCskse e300 Sy 191
7

0 cl

o:r'lv—ocuz(':ucmm L CoteCle o iz 331
o

1
CICH, C-CH,C EI
i

Scheme IV
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there was a very abundant ion due to loss of CH,Cl
(m/z 379), indicating a branching point. Therefore,
peak 11 was identified as tris(1,3-dichloro-2-pro-
pylphosphate (compound 11). This particular com-
pound is a commonly used flame retardant and was
obtained commercially. The mass and IR spectra and
GC retention time of peak 11 matched those of the
standard exactly, confirming our structural assign-
ment.

The mass specttum of peak 12 closely resembled
the spectrum for compound 11. Minor differences
included the presence of the m /z 331 jon due to loss
of C;H;Cl;, a more abundant jon at m/z 393 due to
loss of Cl, and a somewhat less abundant m/z 379
ion due to loss of CH,Cl. All of these are reasonable
for a structure with both isopropyl and n-propyl sub-
stituents. The fire-retardant synthesis at the plant
[4, 17] involves the reaction of epichlorohydrin and
phosphorus oxychloride. This reaction produces pri-
marily 1,3-dichloro-2-propyl substitution with a lesser
amount of 2,3-dichloro-1-propyl substitution. In light
of this chemistry, the structure assigned to peak 12 is
bis(1, 3-dichloro-2-propyl)(2,3-dichloro-1-propyl)phos-
phate (compound 12).

The chromatographic peak labeled 13 revealed a
molecular weight of 470 by ClI, and an empirical
formula of C,gH5;05Cl4P;. By low resolution EI, the
lower half of the mass spectrum looked very similar to
that seen for tris(2-chloroethyl)phosphate (compound
4), suggesting that compound 13 is a dimeric phos-
phate related to compound 4. Furthermore, the IR
spectrum of this compound was virtually identical to
that of compound 4. Scheme V shows the formation
of pertinent mass spectral fragments for compound
13. The mass spectrum of this compound showed a
significant jon at m /z 391 (loss of OC,H,CI), indicat-
ing a general chloroethylphosphate structure. Addi-
tional mass spectral data support the exact structure
shown in Scheme V. First, m/z 249 (a loss of
OP(O)YOCH,CH ,Cl);) could be represented by cleav-
age of the C—O bond from the central ethylene group.
The abundant ion at m/z 213 arises from the loss of
HOP(O)YOCH,CH,(l), from the m/z 435 ion. Thus,
peak 13 was identified as 1,2-bis[bis(2-chloroethyl)-
phosphatolethane (compound 13). This compound is
a commercial fire retardant and a sample was ob-
tained. The GC retention time, mass, and IR spectra
were identical for the standard and the compound
representing peak 13.
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Conclusions

By using a multispectral analysis approach, we identi-
fied 13 alkyl and chloroalkyl phosphates in a sam-
ple effluent taken from a plant that manufactures
fire-retardant chemicals. Of these 13 phosphates,
bis(2-chloroethyl)-2-(2-chloroethoxy)ethyl phosphate
(compound 8), bis(1-chloro-2-propyl)-3-(3-chlor-
opropoxy)propyl phosphate (compound 9), and (1-
chloro-2-propyl)(3-chloro-1-propyl)- 3-(3-chloro-1-pro-
poxy)propyl phosphate (compound 10) exhibited
chemical structures different from those of the com-
mercially manufactured fire retardants and the reac-
tants used in their synthesis. Occurrence of these
compounds is reasonable based on the known chem-
istry of the synthesis process used in manufacture of
fire retardants [4]. One compound we identified,
tris(1,3-dichloro-2-propyl)phosphate (compound 11),
is known to be mutagenic [19]. As most of the
chlorophosphates we identified are structurally simi-
lar, the fact that one of them is a known mutagen
suggests the consideration of additional toxicity/
mutagenicity studies. Multispectral techniques pro-
vided information necessary to define the exact struc-
tures of these phosphates. As these examples show,
low resolution GC/MS alone does not always provide
all information necessary for absolute structural as-
signments and, therefore, multispectral techniques
may be necessary to identify precisely organic com-
pounds in complex environmental samples.
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