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Abstract

The thermal decomposition behavior of 1,4-diisobutyl-2,3,5,6-tetrahydroxy-1,4-diphosphorinane 1,4-dioxide (Cyagard), a fire retardant
additive, was studied by thermogravimetry, differential scanning calorimetry, FT-IR and GC/MS. Cyagard decomposes vigorously exhibiting
a strong sharp-exothermic effect. This effect is caused by a phosphine-exiglgosphinate> phosphonate rearrangement. The created
P—OC ester bonds further degrade to form acidic P-OH and ketone P—180@#5. The scission of the P—C bond yields acetaldehyde which
evolves in the gas phase. In high boiling decomposition products, diphosphine dioxides, as well as species containing acidic P-OH and ester
P—OC bonds are detected.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction This paper continues the thermal decomposition study of
phosphorus-containing flame retardant additivds

1,4-Diisobutyl-2,3,5,6-tetrahydroxy-1,4-diphosphorinane

1,4-dioxide (Cyagard) is a cyclic diphosphine dioxide. It

contains about 20% phosphorus and is an efficient fire retar-2, Experimental

dant additive. Reportedlfd], it is active in polypropylene.

In poly(butylene terephthalate), the addition of Cyagard Cyagard(l) was a commercial product of Cytec Industries

moderately increases the limiting oxygen index and pro- Corp. available under the trade name Cyagard RF-1204.

vides a marginal V-2/V-0 rating in the UL94 test with a This is a white powder, insoluble in water, made from

very short average combustion tinfg]. Furthermore, it mono-isobutyl phosphine and glyoxal followed by oxidizing

was tested in high-impact polystyreri@], widely used of the end product.

as injection molding material. Cyagard affects the limit-

ing oxygen index values of HIPS which steady increase 9 o4 oH
from 18.0 to 22.9 upon addition of 10-40wt.% of the \hg\%
additive. The addition of 15wt.% Cyagard, 25wt.% PPO % J\
and 1 wt.% polytetraflouroethylene results in a nondripping HO HO Z

self-extinguishing formulation (a UL94 V-1 rating).
The importance of Cyagard as a fire retardant additive
for plastics is shown by these examples. However, there

is still lack of data on its thermal decomposition behav-  Thermal analysis was carried out using a Mettler TA 3000
ior, which could illustrate its flame retardant mode of thermal analyzer provided with a thermogravimetry mod-

M

action. ule and a differential scanning calorimetry (DSC) cell. The
temperature precision of the thermobalance and of the DSC
* Tel.: +375-172-224509; fax:}375-172-264696. cell was+2 and+0.2°C correspondingly. The weight data
E-mail address: balabanovich@bsu.by (A.l. Balabanovich). precision wast1pg under constant conditions. Standard
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measurements were performed at a heating rate aCA@lin 30
in an argon flow of 60 cRImin. 302°C

Solid residues collected at different steps of thermal de-
composition in thermogravimetry were investigated by IR o 207
spectroscopy on a Perkin-Elmer “Spectrum 1000” FT-IR §
spectrometer using KBr pellets. -

Products of thermal degradation were collected with the E, 10
aid of a glass setup consisting of a tube that contained the =
sample (about 100 mg) at the bottom and a cold water con- 3

. . I

denser at the upper part. While an argon or helium stream o —
passed through, the bottom part was heated up to a rate of T
10°C/min. The gas flow from the tube was directed intoa ¢
cell where volatile products were trapped at liquid nitrogen ! 5
temperature and successively analyzed by GC/MS (GC/MS 50 100 150 200 250 300 350 400
model HP 6890/5972) using a HP-5 30 m column which was Temperature / °C

temperature programmed froml0°C (2 min) to 250°C at

a heating rate of 10C/min. High boiling products, HBPs,  Fig. 1. DSC analysis of Cyagard. Open pans, heating rateCAfin,
formed distinguished rings at the inner wall of the condenser "itrogen flow 60 cri/min.

were analyzed by FT-IR using KBr pellets. In addition, they

were washed out by acetone. The acetone solution was sub- The infrared pattern of Cyagard remarkably changed at
sequently analyzed by GC/MS. In this experiment., the col- 5qo4 weight loss (Fig. 3, spectrum b). The bands of the
umn was temperature prpgrammed fromo_@O(Z min) to alcoholic OH disappeared. Instead of them the new bands of
280°C (10min) at a heating rate of 2@/min. The mass P—OH appeared at 2680, 2300, 1638, 987 and 480-afue
spectra were obtained by electron ionization at 70 eV, keep-to the (P)—O—H valence vibration, a combination of the O—H
ing the source at about 18C. A mass spectrometric iden-  yetormation vibration and 987 c, a combination of the
tification was carried out using Wiley and NBS libraries. In P=0 valence vibration and 480 crh, the P—O—(H) valence
a few cases, When_ compounds were n_ot included in the li- ;i ation and the PO deformation vibration, respectively
braries, they were identified on the basis of both the molec- [6]. The band at 1131 crf was shifted to 1167 ¢, which
ular ionnm/z value and pf the ion decomposition pattern con- is likely to be caused by a new chemical environment at
structed for the best fit with the mass spectrum. P=0 [6]. Moreover, there was an increase in the intensity of
the aliphatic bands at 2960, 2874, 1467 ¢mas compared
to the intensity of the PO band. A shoulder at 1722 cth
points to the formation of a carbonyl compounds, and its
position is characteristic for ketongs).

This main IR pattern of the solid residue at 20% weight
loss was kept during decomposition to 85% weight loss
(Fig. 3, spectrum c). In addition, an increase in intensity of

3. Results
3.1. Thermal analysis

A typical DSC curve for Cyagard presented Hig. 1
shows one strong sharp-exothermic phenomenon at@02
This exothermal decomposition behavior is unusual because
the breakdown of a P—C bond requires energy supply (a

P-C bond is as thermally stable as a C-C one, therefore 100+ | g
endothermal decomposition of phosphine oxides should be _fﬁ/‘ |
expected). 80-

As the exotherm appears, Cyagard exhibits a rapid stage
of weight loss (about 45%) followed by a more slowly stage 60
of weight loss leaving 3 0.3% solid residue (Fig. 2). E

(&)l

3.2. IR- and GC/MS study of the pyrolysis products g 407

The infrared spectrum of the original Cyagard is pre- 204
sented inFig. 3 (spectrum a). TheFO stretching vibration
gives rise to a strong band at 1131 chwhereas two other 0 — T T T
strong bands at 3251 and 1048chuare attributed to the 100 200 300 400 500 600
OH and C-O(H) stretching, respectively. The bands involv- Temperature / °C

ing isobutyl aliphatic vibrations are located at 2957-2870, Fig. 2. Thermogravimetry of Cyagard. Nitrogen flow, heating rate
1466 (duplet) cm? [5]. 10°C/min.
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Fig. 3. Infrared spectra of initial Cyagard (a) and its solid products of the (Fig. 3, spectra b and c) and this substance appeared from the
thermal decomposition collepted in thermogravimetry in inert atmosphere y,g|atilization of the low chain molecules containing P—-O—P
at 20% (b) and 85% (c) weight losses. and P—OH groups.

The HBPs were further washed out by acetone, and the
peaks at 1195, 944 cm ascribable to the FO and P-O solution was subjected to the GC/MS analysis. Three solu-
stretch in FP-O—P-0O was detectable indicating a conden- ble substances were identified from pyrolysis of Cyagard as
sation of the acidic P-OH groups to an anhydride structure. evidenced in the gas chromatogram presentéédgn5. The

These results indicate that Cyagard undergoes a converstructure of the substances is listedable 1, and their mass
sion of P-C-OH bonds to P-OH and CH bonds. For this spectra are shown IFigs. 6-8. The mass spectral fragmenta-
process, a formation of an intermediate P—OC ester bond istion pattern of the molecular ion of compound 1 supporting
expected, and the support for the rearrangement was furtheiits structure is shown ifrig. 9. The molecular ion of com-
found by studying the HBPs. Two rings of the HBPs were pound 3 (Table 1Fig. 8) exhibits two successive losses of
collected during the thermal decomposition of Cyagard. The C4Hg (m/z = 227) and GHg (m/z = 171), indicating the
upper ring was presented by a brown amorphous solid. Its IR presence of two phosphorus atoms. The peaks/at= 121
spectrum (Fig. 4, spectrum a) shows a very strong absorp-and 163 are attributed to the [(G#CHCH,POOH]" and

tion band of P-O—C at 1116 cmh and a strong absorption
band of C—C in the phosphorus ester at 962tm
A black liquid was found in the third ring. Its IR spec-

[(CH3)2CHCH,PH(EO)C(=0)CH(OH)IT ions correspond-
ingly. The ions are formed from scission of the P-CH bond
in the molecular ion.

trum (Fig. 4, spectrum b) resembles that of the solid residue The formation of the compounds 1 and 2 containing P-C

Absorbance

1500 1000
-1
Wavenumber / cm

3500 3000 2500 2000 500

Fig. 4. Infrared spectra of the HBPs of Cyagard collected in the degrada-
tion apparatus in inert atmosphere at heating rate 6fClfin from 30
to 400°C: (a) light HBP; (b) heavy HBP.

or P-C—-C bonds is indicative of the occurrence of a reduction
of the alcoholic group, in addition to the formation of the
P—O—-P and P-OH groups.

As shown inFig. 10, two main gaseous products are
formed on the pyrolysis of Cyagard—acetaldehyde and
water.

4. Discussion

Reportedly[7,8], phosphorus compounds bearing an al-
coholic group in thex-position to a P—C bond are thermally
unstable. When heated,-hydroxyalkylphosphing7] and
hydroxymethylphosphingd] undergo a rearrangement, re-
sulting in the formation of phosphine oxides. As reported in
[10,11], a-hydroxyalkyldialkylphosphine oxides which are
adducts of disubstituted phosphine oxides and aldehydes (or
ketones) decompose remarkably on melting and one of the
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Fig. 5. Gas chromatogram of the soluble in acetone HBPs of Cyagard. The mass spectra of compounds (x) are masked by intense mass spectra
cyclosiloxanes that are likely to arise from column artifacts. Assignment of peaks IFbia 1.
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Fig. 6. Mass spectrum of product Taple 1).
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Fig. 7. Mass spectrum of product Zaple 1).

degradation reactions results in the formation of the initial  The results of the present study indicate that Cya-

disubstituted phosphine oxides and aldehydes (or ketones)gard undergoes a rearrangement of the P-C—OH bonds
However, in the presence of sodium hydroxide, the heatingto the P—O—-C ones (a phosphine oxide phosphinate

of a-hydroxyalkyldialkylphosphine oxides yields a sodium — phosphonate rearrangement), similar to that observed

salt of dialkylphosphinic acidgLO]. for dimethyl 2,2,2-trichloro-1-hydroxyethylphosphonate
ofle o C10H22P205 269
HP-C-CH—PCH
o 205
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Fig. 8. Mass spectrum of product Jable 1).
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Fig. 9. Mass spectral fragmentation pattern of the molecular ion of compouiidhle(1).
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Fig. 10. Gas chromatogram of the gaseous pyrolysis products of Cyagard: (1) acetaldehyde; (2) acetic acid ethenyl ester; (3) tetrahydrof@ran; (4) H
(5) benzene; (6) acetic acid.

[12], ethyl N,N-diethylamidophosphite[13] or dialkyl step, the formation of an ester(ll) can be speculated about,
a-benzoyl-a-hydroxymethylphosphonatfist]. A possible a typical reaction of which is scission of the ester bond
mechanism of the formation of the P-O-H and P-O-C [15], generating an unstable enol(lll) along with an acid
bonds for Cyagard is suggested kig. 11. In the first group. The compound(lll) further rearranges to a more

o)
P YQ_OH — Y\P—OH
CHC(  + %'\P\)\ . &\
o)

product 1,
Fi 10 product 3, Table
igure

Fig. 11. Possible decomposition mechanism of Cyagard.
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Fig. 12. Possible decomposition mechanism of Cyagard.

stable ketone(IV). The compound(lV) can undergo decom- structures were detected in the heavy HBP (Fig. 4b) as well
position forming acetaldehyde (Fig. 10, product 1) and as in the solid pyrolysis products (Fig. 3b and c).
product 3 (Table 1).

The rearrangement (&> Il) is favored from the ther-

modynamical point of viewAHggg (P-O = 513kJ/mol, 5 Conclusion: fire retardant effect
AHipgg (P-O = 597 kJ/mol[16]. Moreover, as shown
for ethyl N,N-diethylamidophosphite[13] or dialkyl The P-C—OH bond strongly influences the thermal de-

a-benzoyl-a-hydroxymethylphosphonatgsl], this type of  composition behavior of Cyagard due to the exothermic
rearrangement exhibits an exotherm in differential thermal phosphine oxide> phosphinate> phosphonate rearrange-
analysis. This is in agreement with the DSC data of Cyagard ment. This exothermic effect does not contribute positively
(Fig. 1). Finally, the rearrangement € 1I) increases the o fire retardancy as brings about an additional warming up
amount of the aliphatic hydrogens, and this is in accordance of the polymeric material.
with FT-IR data (Fig. 3). The formation of the solid residue consisting of phospho-
It should be noted thaig. 11illustrates the thermal rear-  rys acid moieties is likely to be a substantial part of fire
rangement, occurring on one phosphorus atom. However, theretardancy. The acid coating acts as a physical barrier to
rearrangement is very likely to proceed on the both atoms. the vaporization of fuel and can deactivate oxidation-active
The mechanism shown Fig. 11does not explain the oc-  centers on the carbdi7].
currence of the reduction of the OH grouig. 12illustrates In addition, vapor-phase fire retardancy involving flame
a possible mechanism involving scission of the P—C bond, chemistry can not be excluded, as phosphorus-containing
which a usual decomposition mechanism of phosphine ox- moieties were detected in the HBPs of Cyagard. They might

ides[10]. The scission results in the formation of an inter-  suppress combustion of the thermal decomposition products
mediate(V) bearing an aldehyde and a secondary phosphineyf HIPS.

oxide group. The latter is thermally unstalji], dispro-

portionating to form a phosphinic acid(VI) and a secondary
phosphine(VII). In its turn, the phosphine(VIl) containing a

a-hydroxy group is able to rearrange producing a phosphine References
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