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Thermal Decomposition and Mass Spectra of Phosphoramidate Esters
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Thermal decomposition of diphenyl phosphoramidate (1) and phenyl phosphordiamidate (2) was investi-
gated by DTA-TG, IR, tHNMR, 3P NMR, mass spectroscopy, and TG-GC/MS. The DTA-TG/DTG curve
showed that the thermal decomposition of 1 occurred in one stage. Compound 1 melted at about 150 °C and
decomposed to polyphosphates accompanied with a weight loss of about 60% in the temperature region of 200 to
350°C. It was confirmed from the results of IR, 'H NMR, and TG-GC/MS that this weight loss in TG of 1 is
attributed to the liberation of ammonia and phenol and to the production of an insoluble polyphosphate
through triphenyl phosphate or a soluble oligophosphate. The fragment ions of diphenyl ether (m/z 170) and
aniline (m/z 93) were recognized in the mass spectrum of 1. This result indicates that phenyl radical and
hydrogen atom in both samples transfer between three oxygen atoms and a nitrogen atom around a phosphorus
atom. The activation energy of the thermal decomposition was estimated to be 151 kJ mol-! for 1 and 220
kJmol-! for 2. From the DTA-TG/DTG curve of 2, the decomposition in TG showed two stages and
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proceeded in a similar process to 1.

Some aryl phosphates!) have been produced by the
reaction of phenol with phosphoryl chloride in the
presence of a tertiary amine. These phosphate esters
have been investigated systematically as important
intermediates of flame-proofing and fire-retardant
agents. The present authors have reported on the
thermal behavior of alkali (including ammonium)
and alkaline earth salts of phosphoramidic acid.?
This paper describes the thermal properties and the
cleavage mechanism of 1 and 2 by the electronic
impact.

Experimental

Preparation Methods. Commercial phenol and phos-
phoryl chloride were used without purification. Com-
pounds 1 and 2 were prepared by adding phenol to phos-
phoryl chloride according to the method described in the
literature.34)

Measurements. Thermal analyses were carried out in air
by a Rigaku Denki TG-DTA and DSC apparatus at various
heating rates for TG-DTA and 5°Cmin-! for DSC, respec-
tively. Calcinated alumina was used as the reference mate-
rial. The TG-TRAP-GC/MS and TG-MS were carried out
by a Shimadzu combined system in stationary helium gas at
a heating rate of 10°Cmin-1. Elemental analysis was done
by a Hitachi CHN Analyzer-026 at Toyama Medical and
Pharmacy University. IR spectrum was recorded by a
JASCO IR-810 for the KBr disc or thin film between rock
salt plates. The 'H, and 3P NMR spectra of 1, 2, and the
decomposition residue were measured in deuterated chloro-
form or/and dimethyl sulfoxide by a JNM-FX-90-FT-NMR
instrument. TMS and orthophosphoric acid were used as
the references. Mass spectra by the EI method were taken at
lonization potential of 20 eV by a JEOL-JMS-D300.

Results and Discussion

Thermal Behavior. The DTA-TG curves of 1 and
2 are shown in Figs. 1 and 2 together with DTG. The
DTA curve for 1 exhibited three endothermic peaks
and an exothermic peak. The first peak (Ep; at
150.2°C) is attributed to the melting of 1. The

The cleavage of 2 by the electronic impact was also similar to that of 1.

second and third peaks (Epz at 261.1 and Eps at
276.5 °C) may be due to the intermediate stages for the
condensation process, during which amine and
phenyl groups are liberated to form triphenyl phos-
phate or polyphosphates. The final exothermic peak
Ex over a wide temperature range of 310 to 400°C is
attributed to the condensation accompanied with the
evolution of gas. The TG-DTG curve shows that the
pyrolysis process for 1 takes place in three stages. In
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Fig. 1. Typical DTA-TG/DTG curves for 1.
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Fig. 2. Typical DTA-TG/DTG curves for 2.
Heating rate: 5 °C min-1.
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Fig. 1, the first peak of the DTG curve corresponds to
the Epg peak in the DTA curve for 1, with the loss of
water and ammonia, while the second and third peaks
corresponding to the Eps and Ex peaks may be the
condensation to polyphosphates. In Fig. 2 the DTA
curve for 2 exhibited four endothermic peaks and an
exothermic peak. The first endothermic peak is
attributed to the melting of 2. The broad endother-
mic peaks after the melting of 2 indicate that water
and ammonia are released slowly, leaving 1 or tri-
phenyl phosphate behind. The final Ex peak for the
formation of polyphosphates may be the same as that
of 1. The DTG curve shows that the pyrolysis of 2
takes place in complex stages. The above results
were confirmed by TLC, IR, mass, and NMR spectra
of 1 and 2 obtained before and after these endothermic
peaks, as will be discussed later. The kinetic analysis
was carried out on this thermal decomposition process
according to Ozawa’s method.®» The TG curves
obtained at the heating rates of 1, 5, 7, and 10 °C min-!
in air are depicted in Fig. 3a, in which the residual
weight is plotted against the reciprocal of absolute
temperature. In Fig. 3b is shown the Ozawa’s plot of
the logarithmic heating rate versus the reciprocal
absolute temperature. The plot should yield a
straight line, the slope of which gives the activation

energy. The activation energy of the thermal decom-
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Fig. 3. Ozawa’s plots.
a) TG curves of 1 plotted against reciprocal of
absolute temperature.
b) Plots of logarithmic heating rate vs. the recipro-
cal absolute temperature for given inversion of
decomposition of 1.
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position calculated by the numerical least-squares fit-
ting on a microcomputer was 151 and 220 k] mol-1 for
1 and 2, respectively.

Reaction Mechanism for Thermal Decomposition
in Solid State. At the temperatures indicated on the
TG curves in Figs. 1 and 2, the specimens were taken
out from the furnace of DTA-TG, cooled in a silica gel
desiccator, and subjected to further measurements.
To confirm the changes in the TG curves as described
in the previous section, IR, TH NMR, and 3'P NMR
measurements were performed. Four spots were
noticed on the thin-layer chromatogram oxidized with
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Fig. 4. IR spectra of the thermal decomposition

products of 1.
KBr method for R.T. and 360°C; capillary film
between rock salt plates for 200, 260, and 310 °C.
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Fig. 5. IR spectra of the thermal decomposition

products of 2 by KBr method.
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iodine vapor for the residue at the 45% weight loss
corresponding to 310°C on the TG curve for 1. It
was attempted to isolate the four spots by column
chromatography on silica gel to identify the constitu-
tion. The higher two spots were clearly separated
and spectroscopically identified as triphenyl phos-
phate and 1, respectively.
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Fig. 6. 'HNMR spectra of the thermal decomposi-

tion products of 1.
Solvent: CDCls.

RT.
2 180°C
)
c
g
£ |
G} L
3 220C
o
[J]
]
260°C
T . T ' L Ll
10 5
Oppm
Fig. 7. 'H NMR spectra of the thermal decomposi-

tion products of 2.
Solvent: DMSO-ds for R.T. and 260 °C; CDClIs for
180 and 220 °C.
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The IR spectra of the decomposition residues of 1
and 2 are shown in Figs. 4 and 5. In Fig. 4, the
absorption band at 3425 cm-! is assigned to the N-H
stretching vibration; that at 1400 cm-! to NH,4*; that at
970—940 cm-! to the P-O-P stretching vibration.
The thermal decomposition of 1 at elevated tempera-
tures proceeds through the formation of ammonium
salt. The absorption of phenyl groups became
stronger with increasing temperature and then disap-
peared, when direct P-O-P linkages seem to be
formed. The above results suggest that triphenyl
phosphate is formed as an intermediate. In the IR
spectra of 2 in Fig. 5, the absorption bands for the
amino and phenyl groups varied likewise during the
progress of thermal decomposition and the decompo-
sition mechanism of 2 may be explained similarly to
that of 1.

The 'H NMR spectra of the decomposition residue
of 1 and 2 are shown in Figs. 6 and 7, respectively. In
the TH NMR spectrum of 1 before heating, the peak at
about 8 7.3 is assigned to phenyl protons and that at §
3.3 to amino protons. As the specimens were taken
out at successively higher temperatures, the peak for
phenyl protons splitted into two peaks, whereas
amino protons became weaker with shifting to higher
8 and then disappeared for the residue at 310°C. In
the TH NMR spectrum of 2 in Fig. 7, the peak at about
0 7.3 is assigned to phenyl protons, that at é 4.3 to
amino protons and that at § 2.5 and 3.8 to the proton
of solvent (DMSO-ds). The peak for phenyl protons
also splitted into two with increasing temperature,
whereas the peak for amino protons became weaker
with shifting to higher 4.

The 3P NMR spectra of the residues of 1 are shown
in Fig. 8. The 3P NMR spectra of the residues at 200,
260, and 310 °C showed all or some of the peaks due to
unknown material (phosphoramidate), 1, orthophos-
phate, an endo-PQOy group, and triphenyl phosphate.
The peak which appeared at the highest magnetic
field (at 6 —17.5) was identified as triphenyl phosphate
with reference to the standard sample which was pre-
pared by an alternate procedure.?

The Fragmentation Mechanism of 1, 2, and Ther-
mal Decomposition Products. The main cleavage
mechanism of 1 and 2 is shown in Figs. 9 and 10.
There are five cleavage patterns for both samples.
The molecular ion peak for both samples was
detected. The base peaks for 1 appeared at m/z
249(Mt) and for 2 at m/z 94 due to phenol. Two very
characteristic peaks, the (CéHsOH)t at m/z 94 and
(CeHsNH)* at m/z 93, appeared at both samples.
These peaks were confirmed with the high resolution
mass spectral data (Table 1) for the identification of
atomic content of the ions. This table tabulates the
exact mass of molecular ions, their elemental compo-
sition, the deviation of the theoretical mean values of
the elemental composition from the observed mass in
the high resolution mass spectral data, and the proba-
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ble molecular structure of each identified component.
From the fragment ion peaks at m/z 93 and 94, the
groups such as phenyl radical and hydrogen atom
seem to be eliminated easily by the electron impact.
This result indicated that phenyl radical and hydro-
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Fig. 8. 3P NMR spectra of the thermal decomposi-
tion products of 1.
a) Unknown material. b) Diphenyl amidophosphate.
c) Orthophosphate. d) Endo-PO4. €) Triphenyl
phosphate. f) This standard sample was isolated
by column chromatography using by silica gel.

Decomposition of Phosphoramidate Esters 373

gen atom are transferred between oxygen and nitrogen
atoms around a phosphorus atom. In addition, the
peak due to the elimination of phenoxy radical (m/z
93) has also been detected. In 1, the peak at m/z 170
is due to the fragment ion of diphenyl ether resulting
from the loss of POzt and NH* from the molecular
ion. The peak at m/z 66 is due to a fragment ion
created by the loss of hydrogen cyanide from aniline
and the loss of CO from phenol, although the peak
height is low. The principal mass spectral data for
compounds 1 and 2 heated at various temperatures are
summarized in Table 2. In general, these spectra
possess several common characteristics, particularly
the presence of a large peak at m/z 326 (the molecular
ion of triphenyl phosphate) and those at m/z 233 and
249. Each of these peaks were identified by the high
resolution mass spectral data with triphenyl phos-
phates as authentic samples. It was thus confirmed
that the thermal decomposition of 1 and 2 at elevated
temperatures occurs through an intermediate such as
triphenyl phosphate.

Tandem Thermogravimetric Analyzer-Gas Chro-
matograph-Mass Spectrometer System. In order to
investigate the thermal decomposition process of 1
and 2 showing DTA and TG curves described above
over the range from 200 to 500 °C, TG-MS (Method-A)
and TG-TRAP-GC/MS (Method-B) were carried out
in stationary He gas. The effluent gas from TG was
directly introduced into the mass spectrometer. In
many cases, the TG effluent gas is composed of var-
ious components. Identification of less abundant
components is more difficult. In addition, quantita-
tive estimation of the constituents is more difficult.
Another approach is to collect the pyrolysis products
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Fig. 9. Cleavage mechanism using by EI method for 1.
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Fig. 10. Cleavage mechanism using by EI method for 2.

Table 1. Mass Spectral Data for 1 and 2
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m/z Relative Sigma Observed molecular U.sy Probable ion
intensity® 9 weight o composition

(1) Diphenyl phosphoramidate (1)

65 5.1 0.35 65.0382 ( 65.0390)° 3.5 CsHs

66 10.9 5.10 66.0433 ( 66.0468) 3.0 CsHs

77 503.8 11.35 77.0345 ( 77.0390) 4.5 CeHs

93 97.6 2.20 93.0539 ( 93.0576) 4.0 CeH7IN

94 527.3 11.88 94.0408 ( 94.0417) 4.0 CeHeO
156 236.2 5.32 156.0102 (156.0211) 5.5 CsH7NO2P
170 780.9 17.59 170.0733 (170.0729) 8.0 Ci2H100
171 107.0 2.41 171.0052 (171.0082) 6.0 CeHeNOsP
248 629.8 14.19 248.0383 (248.0472) 9.5 C12H1NOsP
249 1000.0 22.53 249.0474 (249.0550) 9.0 Ci12H12NOsP

(2) Phenyl phosphordiamidate (2)

65 13.2 0.37 65.0471 ( 65.0390) 3.5 CsHs

66 52.4 1.49 66.0485 ( 66.0468) 3.0 CsHe

77 26.0 0.92 77.0371 ( 77.0390) 4.5 CeHs

79 370.2 13.10 79.0086 ( 79.0058) 1.5 H4N:OP

80 10.8 0.38 80.0254 ( 80.0136) 1.0 HsN20P

93 447.3 15.83 93.0588 ( 93.0576) 4.0 CeH7N

94 1000.0 35.39 94.0342 ( 94.0417) 4.0 CeHsO
155 138.1 4.89 155.0112 (155.0133) 6.0 CeHeNO2P
156 11.7 0.41 156.0174 (156.0211) 6.0 CeH7NO2P
172 495.7 17.54 172.0397 (172.0397) 5.0 CeHsN202P

a) Relative intensity referred to base peak of spectrum as 1000. b) U.S.=Degree of unsatura-

tion. c¢) Calculated values.

and analyze this collected material by GC. This
method has been applied to the analysis of thermal
degradation products of samples.6-% Figures 11 and
12 show TG curve and mass chromatogram of the
liberated decomposition products of 1 and 2, respec-
tively, by Method-A. The thermally degraded prod-

ucts for both samples consist of a complex mixture of
about five components: m/z 17, 18, 94, 249, and 326.
In the case of 1, these components were identified by
measuring mass spectrum of the gas liberated from the
principal portion of weight loss on the TG curve at
200 to 250°C. Also, the peak at m/z 94 in the evolu-
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Table 2. Mass Spectral Data of Decomposition Products for 1 and 2

Temp/°C m/z .Relativea ) Observed .molecular U.sy Probablfe ?on
intensity weight composition
(1) Diphenyl phosphoramidate (1)

200 249 1000.0 249.0610 (249.0550)° 9.0 Ci12H12NOsP

326 12.1 326.0428 (326.0703) 13.0 CisH1504P

310 233 146.0 233.0543 (233.0364) 9.5 Ci12H1003P
249 43.8 249.0546 (249.0550) 9.0 C12H12NOsP

326 1000.0 326.0220 (326.0703) 13.0 CisH1504P

360 233 179.2 233.0312 (233.0364) 9.5 Ci2H1003P

326 1000.0 326.0499 (326.0703) 13.0 CisH1504P

450 233 198.8 232.9887 (233.0364) 9.5 Ci2H1003P

326 1000.0 326.0288 (326.0703) 13.0 Ci1sH1504P

(2) Phenyl phosphordiamidate (2)

180 249 832.5 249.0543 (249.0550) 9.0 Ci12H12NOsP
220 249 907.5 249.0468 (249.0550) 9.0 Ci12H12NOsP

326 161.5 326.0701 (326.0703) 13.0 CisH1504P

260 233 125.3 233.0301 (233.0364) 9.5 Ci2H1003P
249 549.8 249.0539 (249.0550) 9.0 Ci12H12NO3P

326 1000.0 326.0697 (326.0703) 13.0 CisHi504P

320 233 136.5 233.0408 (233.0364) 9.5 Ci2H1003P

326 1000.0 326.0699 (326.0703) 13.0 CisHi504P

a) Relative intensity referred to base peak of spectrum as 1000. b) U.S.=Degree of unsatura-
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Fig. 11. TG curve and mass chromatogram of the

evolved gas products by Method-A for 1.
Heating rate: 10 °C min~1.

tion gas was detected throughout the thermal process.
For sample 2, on the other hand, the peak at m/z 17
only appeared clearly in the evolution gas of the
initial portion of the TG curve, but other peaks were
not completely elucidated in the thermal process.
The peak at m/z 94 was finally appeared in a similar
manner to 1. Also, from the fragment ion peaks at
m/z 249 and 326 for both samples, the groups such as
phenyl seem to be eliminated easily and to travel
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Fig. 12. TG curve and mass chromatogram of the
evolved gas products by Method-A for 2.
Heating rate: 10 °C min-1.

around oxygen or nitrogen atoms on phosphorus
atom. Figures 13 and 14 show the gas chromatogram
of thermal decomposition products of 1 and 2
obtained by Method-B. The thermal decomposition
products consist of a mixture of six components for 1,
and five components for 2. When the Method-B was
measured, the fragment ion peaks at m/z 249 and 326
were not observed. It is probable that the above
fragment ions decompose on a column of porous
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Fig. 13. Gas chromatogram of the evolved gas prod-
ucts by Method-B for 1.
a) TII=Total Ion Intensity.
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Fig. 14. Gas chromatogram of the evolved gas prod-
ucts by Method-B for 2.
a) TII=Total Ion Intensity.

polymer beads of poly[oxy(2,6-diphenyl-1,4-phenyl-
ene)(TENAX GC).

According to these results, the following reaction
processes can be written for the thermal decomposi-
tion of 1. The following equations from Egs. 1 to 5
describe some typical reaction schema.

(a) Decomposition

I I
CeHs—O—lr—O—CsHs + H20 — C¢Hs-O-P-0O-CsHs + NH3s
NH: OH (1)
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i T
CeHs-O-P-0-CsHs + H20 — CsH5-0O-P-OH + CsHsOH
NH; NH, @)

It I
CsHs-0-P-0-CeHs + H20 — CsHs-O-P-OH + CsHsNHoe
NH; OH (3)

The water in the above reactions can come from
adsorbed water on 1 and from a small amount of water
in the reaction gas. Some reaction products in Egs.
1, 2, and 3 were confirmed by direct comparison with
authentic and commercial samples as references.

(b) Formation of intermediate substance

I
CeHs5-0-P-0O-CeHs + CsHs0H —
I{IHZ

Il
CsHs-0O-P-0O-CgHs + NHs (4)
(E(;Hs

Il
CeHs-0-P-0O-CsHs + GsHsOH —
OH

o
[
CsHs-0O-P-0-CsHs + H20 (5)

éeHs

Together with the above reaction, a normal direct
condensation was carried out. The corresponding
reaction for 2 was finally carried out in a similar
manner to the above. In the case of 2, the formation
of triphenyl phosphate occured at elevated tempera-
tures through intermediate 1.
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