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Abstract The title compound N,N9-di(diethoxythiopho-
sphoryl)-1,4-phenyl- enediamine was synthesized by the

reaction of diethoxythiophosphoryl chloride with p-phe-

nylenediamine and characterized by elemental analysis,

IR, and 1H NMR spectra. Its crystal structure was deter-

mined by X-ray diffraction analysis and the thermal prop-

erty was studied by TG analysis. The relative molecular

weight of the title compound is 412.42. The crystal struc-

ture belongs to the orthorhombic, Pbca space group, with

a5 0.86936(16) nm, b5 1.2787(2) nm, c5 1.8897(3) nm,

b5 90u, V5 2.1006(7) nm3, Z5 8, Dc5 1.304 g/cm3,

m(Mo Ka)5 0.425 mm21, F(000)5 872, S5 1.052, the

final R5 0.0628 and wR5 0.1860 for 1852 observed

reflections with I. 2s(I). The X-ray diffraction analysis

demonstrates that the crystal structure is centrosymmetric.

The weak N–H…S intramolecular hydrogen bonds were

observed to link the molecules into sheets. The TG analysis

shows that the title compound has good thermal stability

and char forming capability and its fire retardation for

polyacrylonitrile reveals that the compound is an excellent

intumescent fire retardant.

Keywords diethoxythiophosphoryl chloride, p-pheny-
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1 Introduction

Halogen-containing fire retardants (FRs) have wide

applications in the fire retardant field for a long time

because of their excellent fire retardant characteristics.

However, these FRs, especially bromine-containing FRs,

can give off large amounts of corrosive gas, smog and the

so-called dioxin problem during combustion [1,2] which

restricts the development of these FRs. Therefore, great

efforts have been expended to develop environmentally

friendly and highly efficient non-halogen-containing flame

retardants [3–5]. Phosphate and their derivates are the

promising novel FRs because of their rich acid sources

[6–10]. Nitrogen-containing [1,11] or sulfur-containing

[7,8,12] compounds are the two types of effective FRs.

Research studies have shown that the effective fire retardant

components in the FRs, such as sulfur, phosphorus and

nitrogen have synergistic effects on the fire retardant char-

acteristics. In this paper, we report for the first time the

synthesis of N,N9-di(diethoxythiophosphoryl)-1,4-phenyle-

nediamine which simultaneously contains phosphorus, sul-

fur, and nitrogen. The structure of the compound is shown

in Scheme 1. The crystal structure and the thermal property

of the title compound has been studied by our group. The

thermal analysis shows that the title compound has good

thermal stability and char forming capability and it will be

an excellent intumescent fire retardant.

2 Experimental

2.1 Reagent and apparatus

Diethoxythiophosphoryl chloride was of chemically pure

grade and distilled under vacuum to collect the distillation

of 84uC–86uC/1.33 kPa. All the other chemicals obtained
from commercial sources were of analytically pure grade.

Melting point measurement was executed on a X4 bin-

ocular micromelting point apparatus without adjusting
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the temperature. IR spectra were recorded on a BRUKER

VECTOR22 spectrometer with KBr pellets in the 4000–

400 cm21 region. 1H-NMR measurement was performed

on a BRUKER AC-P 200 nuclear magnetic resonance

device (TMS as the inner label and CDCl3 as the solvent).

Mass spectrum was measured on a VG-ZAB-HS elec-

tronic spraying mass spectrum instrument. Element ana-

lysis was performed on a Carlo-Frba-1106 apparatus.

TG-DTA measurement was recorded on a Japanese

Rigaku thermal spectrum instrument in N2 atmosphere

at a heating rate of 10 K/min. Crystal structure deter-

mination was carried out on a BRUKER SMART 1000

CCD diffractometer. Micrographs were performed on a

Quanta 200 scanning electron microscope. The limiting

oxygen index value was tested on a FTA oxygen index

apparatus.

2.2 Synthesis of the title compound

A 50 mL round flask equipped with magnetic stirrer was

placed in an ice-bath. 1,4-Diaminobenzene (0.54 g,

0.005 mol) and acetonitrile (5 mL) were added into the

flask. Afterwards, a solution of diethoxythiophosphoryl

chloride (1.57 mL, 0.01 mol) in acetonitrile (20 mL) was

added. At the same time, 4-dimethylaminopyridine

(DMAP) (0.12 g, 0.001 mol) and triethyamine (1.45 mL,

0.01 mol) were also added. After stirring to homogeneity,

the system was kept at a temperature range of 0uC–5uC and

1,2-ethylene diamine (1.67 mL, 0.025 mol) was added

within 3 h into the solution. The mixture was stirred for

3 h, giving gray white precipitates which were filtrated,

washed and dried to obtain a gray white solid (1.67 g) yield:

81%, m.p. : 184.8uC–186.5uC). 1H-NMR(CDCl3, 300

MHZ), d: 6.91(s, 4H, Ph-H), 5.25 – 5.30(d, J5 6.5 Hz, 2H,

NH), 4.01–4.24(m, 8H, CH2), 1.26–1.34(d, J5 7.2 Hz,

12H, CH3);
13C-NMR(CDCl3, 75 MHZ), d: 15.72, 15.83,

63.24, 63.30, 77.70, 119.04, 119.13, 134.15, 134.17; FTIR

(KBr pellets) n/cm21: 3276.55(nNH), 2972.52 (nCH3),

1473.91(nCH2), 1645.48, 1514.66(nC5C in Ph), 1022.50,

986.6 (nP–O–C), 972.45 (nP–N), 729.35 (nP5S); MS m/z: 412

(M+). Anal. Calcd. For C14H26N2O4P2S2: C 40.23, H 6.30,

P 15.1; found C 40.78, H 6.31, P 15.05.

The above product was dissolved in acetone and kept at

room temperature for slow volatilization to obtain the col-

orless needles in suitable sizes for structural determination.

2.3 Structure determination and refinement

A crystal with a dimensions of 0.26 mm6 0.24 mm

6 0.20 mm was put on a BRUKER SMART 1000 CCD

X-ray diffractometer equipped with a graphite-monochro-

matic MoKa radiation (l5 0.071073 nm) by using an v-2h
scan mode at 294(2) K. Of the 9824 total reflections col-

lected in the range of 2.16( h(25.02u, 1852 were inde-

pendent (Rint5 0.0781). Corrections for Lp factors and

empirical adsorption of all the X-ray diffraction data were

applied. The determination and refinement of the crystal

structure was solved by SHELXS-97 program [13] and

SHELXL-97 program [14]. The structure parameters were

obtained by the direct method and were refined by full-

matrix least-squares techniques. All the hydrogen and

non-hydrogen atoms were refined with isotropic and aniso-

tropic thermal parameters, respectively. The molecular for-

mula is C14H26N2O4P2S2 and the molecular weight is

412.42. The structure belongs to orthorhombic, Pbca space

group, with a5 0.86936(16) nm, b5 1.2787(2) nm,

c5 1.8897(3) nm, a5 90u, b5 90u, c5 90u, V5 2.1006(7)

nm3, Z5 8, Dc5 1.304 g/cm3, m(Mo Ka)5 0.425 mm21,

F(000)5 872, S5 1.052, the final R5 0.0628 and

wR5 0.1860 and w5 1/[s2(Fo
2)+ (0.0898P)2+ 4.31P], where

P5 (Fo
2+ 2Fc2)/3), (D/s)max5 0, (Dr)max5 894 e?nm23

and (Dr)min527905 e?nm23.

3 Results and discussion

3.1 Crystal structure description

The non-hydrogen atomic coordinate and equivalent iso-

tropic displacement parameters for the title compound are

shown in Table 1. Selected bond lengths and bond angles

are illustrated in Table 2. Torsion angles are given in

Table 3. The crystal structure of the title compound is

revealed in Fig. 1 and its packing diagram is in Fig. 2.

As shown in Table 2, in the molecular formula

C14H26N2O4P2S2, P atom adopts an sp3 hybrid orbit.

The S(1), O(1), O(2) and N(1) atoms linked to P(1) atom

form slight distortion tetrahedron, of which the angle of O

(2)–P(1)–N(1) is 109.5(1)u, being almost equal to 109u289
of the criterion tetrahedron. However, the angles of O(2)–

P(1)–S(1), O(1)–P(1)–S(1) andN(1)–P(1)–S(1) linking to S

Table 1 Atomic coordinates (6 104) and equivalent isotropic displacement parameters (nm26 105) for the title compound

atom x y z aUeq atom x y z aUeq

P(1) 2270(1) 4444(1) 3289(1) 46(1) C(2) 2564(9) 6426(6) 3608(4) 107(2)

S(1) 2291(1) 3817(1) 2359(1) 61(1) C(3) 944(9) 2894(4) 3932(4) 94(2)

O(1) 1881(4) 5664(3) 3323(2) 62(1) C(4) 2447(8) 2677(5) 4341(4) 96(2)

O(2) 1059(4) 4018(2) 3823(2) 56(1) C(5) 4458(4) 4712(3) 4328(2) 35(1)

N(1) 3973(4) 4396(3) 3646(2) 45(1) C(6) 5999(4) 4645(3) 4498(2) 42(1)

C(1) 475(7) 6086(5) 3048(3) 81(2) C(7) 6544(4) 4930(3) 5154(2) 43(1)

aUeq is defined as one third of the trace of the orthogonalized Uij tensor
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(1) are 116.8(1)u, 116.4(1)u and 110.7(1)u, respectively,

which are obviously greater than those angle values of O

(2)–P(1)–O(1), O(2)–P(1)–N(1) and O(1)–P(1)–N(1) [99.9

(1)u, 109.5(1)u, and 102.3 (1)u]. This may be due to the

great polarity of S atom and the around conditions. The

bond length of P(1)–S(1) is 0.1932(1) nm, which is close to

those of P5S double bond of other thiophosphates

(0.1884–0.1942 nm) [15] and is less than the value of P–

S single bond (0.2230 nm). The four average bond lengths

of P–O in the crystal structure is 0.1577(3) nm, which

nearly equals the 0.1571(1) nm [16] and 0.1575(4) nm

[17] of the 70 similar organic compounds. The four aver-

age bond lengths of C–O bond and C–C bond of the non-

phenyl are 0.1446(6) nm and 0.1460(8) nm, respectively,

which are similar to the corresponding literature values

Table 2 Selected bond lengths (nm) and bond angles (u) of the title compounda

bond lengths/nm bond angles/(u) bond lengths/nm bond angles/(u) bond lengths/nm bond angles/(u)

P(1)–O(2) 0.1556(3) O(2)–C(3) 0.1457(6) C(5)–C(6) 0.1380(5)

P(1)–O(1) 0.1598(4) N(1)–C(5) 0.1415(5) C(5)–C(7)A 0.1388(5)

P(1)–N(1) 0.1628(3) N(1)–H(1) 0.0810(3) C(6)–C(7) 0.1377(5)

P(1)–S(1) 0.1932(1) C(1)–C(2) 0.1458(9) C(7)–C(5)A 0.1388(5)

O(1)–C(1) 0.1434(6) C(3)–C(4) 0.1462(8)

O(2)–P(1)–O(1) 99.9(1) C(6)–C(7)–H(7) 119.8 C(6)–C(5)–N(1) 118.9(3)

O(2)–P(1)–N(1) 109.5(1) C(5)A–C(7)–H(7) 119.8 C(7)A–C(5)–N(1) 123.4(3)

O(1)–P(1)–N(1) 102.3(1) C(5)–N(1)–P(1) 129.6(3) C(7)–C(6)–C(5) 121.8(4)

O(2)–P(1)–S(1) 116.8 (1) C(5)–N(1)–H(1) 118(3) C(7)–C(6)–H(6) 119.1

O(1)–P(1)–S(1) 116.4(1) P(1)–N(1)–H(1) 112(3) C(5)–C(6)–H(6) 119.1

N(1)–P(1)–S(1) 110.7(1) O(1)–C(1)–C(2) 112.1(5) C(6)–C(7)–C(5)A 120.4(3)

C(1)–O(1)–P(1) 122.3(3) O(2)–C(3)–C(4) 108.6(5)

C(3)–O(2)–P(1) 118.9(3) C(6)–C(5)–C(7)A 117.7(3)

aSymmetry transformations used to generate equivalent atoms: A 2x + 1,2 y+ 1,2 z + 1

Fig. 1 The molecular structure of the title compound

Fig. 2 The packing arrangement in a unit cell of the title
compound
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[0.1575(4), 0.1454(3), 0.1520(2) nm] [16]. The bond angle

of C(5)–N(1)–P(1) is 129.6(3)u, which is much greater than

the angle value of C–N–C (nearly 108u, for sp3 hybrid N

atom) of aliphatic amines. It illustrates that the jointed

steric effects of phosphate and benzene on N(1) make

the N atom some characters of sp2 hybrid.

As listed in Table 3, the torsion angles of S(1)–P(1)–N

(1)–C(5), P(1)–N(1)–C(5)–C(6), and N(1)–C(5)–C(6)–C

(7) are 2176.4(3)u, 2176.5(3)u, and 2179.3(4)u, respec-
tively. However, the torsion angles of C(7)A–C(5)–C

(6)–C(7) and C(5)–C(6)–C(7)–C(5)A are 20.5(7)u and

0.5(7)u, respectively, indicating a nearly coplanar nature

of the S(1)–P(1)–N(1) plane and benzene plane. O(2), P

(1), N(1) are on one plane (plane I, plane equation

5.7106(0.0155)x + 1.4264(0.0250)y + 14.0916(0.0287)z5
6.5648(0.0131)). The S(1), P(1), N(1), C(5), C(6) and C(7)

atoms are located on another plane (plane II, plane equa-

tion 1.7354(0.0169)x+ 11.5392(0.0122)y2 7.2145(0.0242)

z5 3.1219(0.0086)). The angle between plane I and II is

86.97(0.14)u which shows that the two planes are approxi-

mately vertical.

As shown in Fig. 1, the structure of the title compound

presents a centrosymmetric character with the center of

benzene. As illustrated in Fig. 2, there are weak intramo-

lecular hydrogen bond in the crystal structure and the

interaction atoms are the N and H atoms of NH group

and the S atom of the phosphoryl group (N(1)–H(1)S(1)).

The distances of H(1) and S(1), N(1) and S(1) are respec-

tively 0.2730(3) and 0.3531(3) nm and the angle of %DHA

is 166(4)u. The symmetry transformation is x+1/2, y,

2 z+1/2. The intramolecular hydrogen bond links the

molecules into sheets.

3.2 Analysis of thermal property

TG-DTG curves of the title compound are given in Fig. 3.

There are three decomposition stages, among the temper-

ature range of 242.2uC–290.5uC in the first stage, weight

loss is the fastest with amount of mass fraction 31.93%,

and the peak temperature with the fastest weight loss rate

is 290.5uC which corresponds to the sharp and narrow

peak of the DTG curve. The weight loss rate slows down

in the second stage (295uC–750uC), with 22.46% weight

loss. The above two weight loss regions are consistent with

the decomposition temperature of the most polymers. The

polymers can be well fire retarded with the title com-

pound. When temperature exceeds 800uC, the weight loss
becomes sharper and when reaching 1000uC, mass frac-

tion 25.11% char residue could be observed. The surface

of the char residue has many protuberances, as is directed

in Fig. 4, illustrating that the title compound has good

thermal stability and char forming capability.

3.3 Testing of fire retardance

The title compound with different masses treated with

dispersant was dispersed evenly in NaSCN/water solution

with mass fraction 50%. Afterwards, polyacrylonitrile

(PAN) with different masses was added to the above solu-

tion under mechanical stirring and the well-proportioned

solution was obtained at 75uC for 4 h. Then the solution

was placed at standstill for foam escape for 24 h. The

escaped foam solution was made into thin films which

Table 3 Torsion angles (u) for the title compounda

angle (u) angle (u)

O(2)–P(1)–O(1)–C(1) 268.8(4) S(1)–P(1)–N(1)–C(5) 2176.4(3)

N(1)–P(1)–O(1)–C(1) 178.6(4) P(1)–O(1)–C(1)–C(2) 108.7(5)

S(1)–P(1)–O(1)–C(1) 57.9(4) P(1)–O(2)–C(3)–C(4) 2169.0(4)

O(1)–P(1)–O(2)–C(3) 176.7(4) P(1)–N(1)–C(5)–C(6) 2176.5(3)

N(1)–P(1)–O(2)–C(3) 276.4(5) P(1)–N(1)–C(5)–C(7)A 4.8(6)

S(1)–P(1)–O(2)–C(3) 50.4(4) C(7)A–C(5)–C(6)–C(7) 20.5(7)

O(2)–P(1)–N(1)–C(5) 246.3(4) N(1)–C(5)–C(6)–C(7) 2179.3(4)

O(1)–P(1)–N(1)–C(5) 59.0(4) C(5)–C(6)–C(7)–C(5)A 0.5(7)

aSymmetry transformations used to generate equivalent atoms: A

2 x+ 1,2 y + 1,2 z+ 1

Fig. 3 The TG-DTG curves of the title compound

Fig. 4 The SEM of the surface view of the title compound
after thermal decomposition
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were dipped in water for 30 min, taken out and dried

under vacuum.

The testing of limited oxygen index (LOI) of fire
retarded PAN refers to the standard of ASTM D-2863,

the fire retardance is shown in Table 4.

As listed in Table 4, the LOI value of fire retarded PAN

is 21 when the load of the fire retardant is less than mass
fraction 15%, which can not achieve the fire retarding

requirement. However, when the loading amount exceeds

mass fraction 18%, the LOI value is more than 25, fulfil-

ling the fire retarding requirement. At the same time, the

after-flame time and after-glow time are reduced greatly,

thus, the fire retardance is excellent. The result shows that

the title compound is an excellent fire retardant.

4 Conclusions

N,N9-Di(diethoxythiophosphoryl)-1,4-phenylenediamine

was synthesized for the first time. The crystal structure

belongs to orthorhombic, Pbca space group and has a

centrosymmetric characteristic with the center of benzene.

There is a weak intramolecular hydrogen bond in the
structure. The thermal analysis shows that the title com-

pound has good thermal stability and char forming cap-

ability. The fire retarded PAN testing indicates that when

the loading amount exceeds mass fraction 18%, fire

retarded PAN fulfils the fire retarding requirement and

the fire retardance is good.
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