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THERMAL FUNCTIONAL POLY MERE “INIFERTERS” BASED 

FIDES); SYNTHESIS AND CHARACTERIZATIOW 
ON PHOSPHORUS-CONTAINING POLY[THIURAM DISUL- 

C. P. REGHUNADHAN NAIR* and G. CLOUETt 

Institut de Physique Chimie des Materiaux 

J. BROSSAS 

Institut Charles Sadron (CRM-EAHP) 

6 rue Boussingault 
67083 Strasbourg-Cedex, France 

ABSTRACT 

Secondary amine end-terminated oligomeric poly(phosphonamides) and 
poly(phosphoryiamides) were synthesized by the condensation reaction 
of phenylphosphonic dichloride, ethyl dichlorophosphate, 2,2,2-tribromo- 
ethyl dichlorophosphate, and 2,2,2-trichloroethyl dichlorophosphate with 
an excess of piperazine or N,N’-dimethyl- 1,6-hexanediamine. The macro- 
diamines were chain extended by reaction with CS2 tc? the macrobis(dithi0- 
carbamates) followed by oxidative coupling to the corresponding poly- 
(thiuram disulfides) bearing the phosphorus functions. The diamine pre- 
cursors and their polythiuram disulfides were characterized by elemental 
analysis, spectral analysis, thermal analysis, and viscosity measurements. 
The thermal stabilities of the prepolymers were correlated with their 
structures. The composition of the thiuram disulfide functions could be 

*Permanent address: Polymers and Special Chemicals Division, Vikram 
Sarabhai Space Centre, Trivandrum 695022, India. 

?To whom correspondence should be addressed. 

1089 

Copyright @ 1988 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
0
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1090 REGHUNADHAN NAIR, CLOUET, AND BROSSAS 

determined by TGA, whereas the kinetics of their thermal decomposi- 
tion in the solid state was studied by DSC analysis. The activation 
energy varied with the chemical structure of the backbone but was 
quite independent of the chain length. Alternatively, oligomeric poly- 
thiuram disulfides containing phenyl phosphonate groups were synthe- 
sized by the condensation reaction of phenylphosphonic dichloride 
with N,N’-diethyl-N,Nf-bis(2-hydroxyethyl)thiuram disulfide. 

INTRODUCTION 

Tetraalkylthiuram disulfides have of late emerged as thermal and photo 
“iniferters” for the preparation of a,o-functional vinyl polymers and in the 
synthesis of vinyl block copolymers through a living radical mechanism [ 1-31 . 
This type of compounds, possessing comparatively good initiating capacity 
and leading to a great extent of primary radical termination and chain trans- 
fer reaction (“iniferters”), appeared ideal for the terminal functionalization 
of vinyl polymers. Although a good deal of work on the application of simple 
thiuram disulfides is available [4-71, not much work has been reported in the 
literature on the synthesis or applications of poly(thiuram disulfides). Re- 
cently, Maiti et al. [8] reported a synthesis using aliphatic diamine (primary) 
and that they obtained insoluble polymers by it. 

fides based on primary amines are hghly unstable, especially in solutions 
where they undergo slow dehydrosulfurization to the thioisocyanate. 

In view of our interest in the functionalization of vinyl polymers by the 
radical method, it appeared that the thiuram disulfide moiety is an excellent 
carrier for the required functional group since radical polymerization in their 
presence would help to incorporate the functional group in the polymer 
chain by an “iniferter” mechanism. Incorporation of phosphorus function- 
ality warranted synthesis of P-containing poly(thiuram disulfides). To meet 
this requirement a,w-diamine end-terminated oligomeric phosphonamides 
and phosphorylamides were synthesized by the reaction of phenylphosphonic 
dichloride, ethyl dichlorophosphate, 2,2,2-trichloroethyl dichlorophosphate, 
2,2,2-tribromoethyl dichlorophosphate with one of the diamines piperazine 
or N,N‘-dimethyl- 1,6-hexanediamine. The prepolymers (macrodiamines) 
were eventually transformed to the corresponding poly(thiuram disulfides) 
by reaction with CS2 and iodine. This paper describes the synthesis and char- 
acterization by elemental, spectral, and thermal analysis of the P-containing 
poly(thiuram disulfides) and their precursors. Studies on model compounds 

It is known, and our own experience has revealed, that the thiuram disul- 
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THERMAL FUNCTIONAL POLYMERIC "INIFERTERS" 1091 

without phosphorus are also included. Viscosity and molecular weight studies 
of a selected series of compounds are also described. 

EXPERIMENTAL 

Materials 

Phenyl dichlorophosphonate (phenylphosphonic dichloride), ethyl dichloro- 
phosphate, 2,2,2-trichloroethyl dichlorophosphate, and 2,2,2-tribromoethyl 
dichlorophosphate (from Aldrich Chemical Co.) were purified by vacuum distil- 
lation and stored over argon. Piperazine and N,N'-dimethyl-l,6-hexanedi- 
amine were used as received. Triethylamine and CHC13 were purified by re- 
fluxing over CaHz and then distilling from it. Carbon disulfide and Iz (Ald- 
rich) were used without further purification. N,N'-Diethyl-N,N'-bis(2-hydroxy- 
ethy1)thiuram disulfide was synthesized by a known procedure [3] . 

Instruments 

spectra were taken with a Perkin-Elmer Model P83 spectrometer. 3 1  P-NMR 
spectra were obtained with a Bruker 90 MHz spectrometer, with H3P04 as 
external reference. Viscosity measurements were done with a capillary-type 
viscometer at 25°C in CHC13 solutions. TGA was performed with a Mettler 
TC 10 thermal analyzer, and DSC analysis was carried out on a Perkin-Elmer 
DSC I1 thermal analyzer equipped with a thermal analysis data station. 

Proton NMR spectra were recorded with a Bruker AW-60 spectrometer. IR 

Syntheses 

Poly(Thiuram Disulfides) of N,N '-Dimethyl-I ,8hexanediamine ( l a ) ,  
Piperazine (1 - b), and N,N '-Diethylethylenediamine ( Ic)  - 

Diamine (0.025 mol) was dissolved in 50 mL CHC13 and cooled to 10°C. 
To this was added 7 mL triethylamine followed by 2 g CSz . The mixture 
was stirred for 30 min. The solution became yellow. Iz (6.45 g, 0.05 mol) 
was then added until its characteristic color persisted. A yellow precipitate 
started forming for l a  and lc. It was filtered under suction and thoroughly 
washed with ethanol- For Ib, precipitation was achieved by adding ethanol. 
Drying was done under vacuum at room temperature. Quantitative yields 
were obtained. The elemental analysis is presented in Table 1. 
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1092 REGHUNADHAN NAIR, CLOUET, AND BROSSAS 

TABLE 1. Elemental Analysis of Compounds la, lb,  and l c  - _  - 

Compounds C H N S 

- la: (CloH18N2S4), Calculated 40.81 6.12 9.52 43.54 

Found 40.55 6.20 9.32 43.73 

- 1b: GH8NzS4)n Calculated 30.51 3.39 11.86 54.24 
Found 30.48 3.30 11.70 54.50 

I C :  (C8H14NZ Calculated 36.09 5.26 10.52 48.12 
Found 36.20 5.20 10.71 48.36 

- 

Phosphonamides 2a - 
Various oligomers of differing molecular weights were prepared by varying 

the mole ratios of phenylphosphonic dichloride and piperazine. In a represen- 
tative reaction, 3.2 g (0.037 mol) piperazine was dissolved in 50 mL dry 
CHCIJ. Dry triethylamine (8 mL) was added, followed by 4 mL (5 g, 0.028 
mol) phenylphosphonic dichloride drop by drop over a period of 20 to 25 
min under argon. The system warms to about 40°C. The initially formed 
white precipitate slowly vanishes in the course of the reaction. The system 
was stirred at room temperature for 24 h. The amine hydrochloride was 
washed out with ice-cold water, and the solution was dried over anhydrous 
MgS04. The hgh molecular weight products were isolated by precipitating 
the chloroform solution into ether. The white precipitate was filtered, washed 
with ether, and dried under vacuum. Characterization was done by chemical 
analysis, [17] , H NMR, 31 P NMR, and end-group analysis (see Results and 
Discussion). 

Phosphonamide 2e - 
In a typical synthesis, 0.04 mol freshly distilled phenylphosphonic dichlo- 

ride was slowly added to 0.1 mol &,N'dimethyl-1,6-hexanediamine dissolved 
in 50 mL CHC13. A white precipitate formed immediately. The mixture 
was stirred for 24 h. The precipitate was filtered off, and the filtrate was 
washed with ice-cold water. The solution, after drying over MgS04, was 
concentrated by evaporating CHC13 and then poured into a large excess of 
ether to isolate the polyphosphonamide. A brown resinous hygroscopic 
product was obtained after drying in vacuum. 
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Phosphorylamides 2b, 2c, and 2d - 

The phosphorylamides were synthesized by reaction of the corresponding 
dichlorophosphates with piperazine. A representative preparation is as follows: 
0.06 mol piperazine dissolved in 50 mL dry CHC13 containing 14 mL TEA 
was reacted with 0.05 mol of the corresponding dichlorophosphate under 
argon. The system started warming up. After the addition the system was 
maintained at room temperature overnight. The triethylamine hydrochloride 
was washed out with ice-cold water. The solution, after drying over anhy- 
drous MgS04, was added to diethyl ether to precipitate the high molecular 
weight fraction of the polyamide. The white precipitates were filtered and 
dried at 40°C under vacuum. The polymers were characterized by elemental 
analysis, NMR (' H and 3 1  P) and end-group analysis (see Results and Dis- 
cussion). 

Phosphorylamides 2f and 29 - -  
In a 250-mL three-necked flask under argon was placed 0.06 mol N,N'- 

dimethyl-l,6-hexanediamine and 5 mL dry triethylamine. The system was 
cooled to 1O"C, and 0.02 mol of the respective dichloride was added drop- 
wise over 15 min. The mixture was allowed to warm up to room tempera- 
ture and kept stirred for 20 h. The precipitated hexanediamine hydrochlo- 
ride was filtered off; the residue was thoroughly washed with ice-cold water 
and dried over MgS04 ; and the solvent was evaporated. A resinous mass 
was obtained. Yield: 30%. Characterization was done by H NMR, ele- 
mental, and end-group analysis. 

Poly(Thiuram Disulfides) 3a-39 - -  
In a typical synthesis, the diamine precursor (5 g) was dissolved in 50 mL 

chloroform and cooled to 10°C. Triethylamine (2 mL) was added, followed 
by 1 mL CS2. A solution of Iz in CHC13 was added to the pale yellow solu- 
tion until the violet color persisted. The solution was washed 3 times with 
ice-cold water, dried over MgS04, and poured into diethyl ether to precipi- 
tate the yellow fine powder (for 3a-3e) or brown resinous masses (for 3f and 
3g). They were dried at room temperature under vacuum. The polym& 
compounds were analyzed by spectral, elemental, thermogrametric, and DSC 
analysis. 

_ -  
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1094 REGHUNADHAN NAIR, CLOUET, AND BROSSAS 

TABLE 2. Elemental Analysis of Compound 3h - 

Calculated 42.66 5.11 6.22 10.67 6.88 28.4 

Found 42.32 5.27 5.59 11.88 6.39 27.22 

Poly [N,N '-Diethyl-N,N '-bis(2,2'-phenylphosphonoethyl)thiuram 
Disulfide] 3h - 

To 8.2 g (0.025 mol) of N,N'-diethyl-N,N'-bis(2-hydroxyethyl)thiurarn di- 
sulfide dissolved in 25 mL CHCIJ taken in an amber-colored RB flask under 
argon atmosphere was added 7 mL (0.05 mol) triethylamine and 4.92 g (0.025 
mol) phenylphosphonic dichloride. The system was stirred at 0°C for 24 h. 
The viscous solution was washed twice with ice-cold water, dried over anhy- 
drous MgS04, and the polymer was precipitated with ether. A brown tacky 
polymer was obtained, which was dried in vacuum at room temperature. Yield: 
4 g (35%). Characterized by elemental analysis and ' H  NMR. The elemental 
analysis is presented in Table 2. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Poly(Phosphonamide) and 
Poly (Phosphoryf amide) 

rials and the known flame-retardant action of the phosphorus-containing 
groups, polyphosphonamides and polyphosphorylamides have an important 
position among the P-containing polymers. Some of these polymers have 
found use as flame-retardant additives, while others with amine terminals 
have been chemically incorporated into a variety of polymers with built-in 
flame retardancy [9, 101. 

Phosphonamides based on the reaction of aryl or alkyl dichlorophospho 
nate with aliphatic and aromatic diamines have been cited in the literature. 
The synthesis is often effected by solution or interfacial condensation 
polymerization reactions. 

In order to synthesize stable poly(thiuram disulfides) bearing P-functions, 
it was necessary for us to envisage secondary-diamine-terminated polyphos- 
phonamide or phosphorylamide structures. Their synthesis was effected by 

In view of the stringent requirements for flame-retardant polymeric mate- D
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condensation reaction in solution between phenylphosphonic dichloride, ethyl 
dichlorophosphate, 2,2,2-trichloroethyl dichlorophosphate, and 2,2,2-tribro- 
moethyl dichlorophosphate with excess quantities of piperazine or N,N '-di- 
methyl-l,6-hexanediamine according to the following reaction schemes. Reac- 
tion of the diamines like N,N'-diethylethylenediamine with the phosphonic 
dichloride did not give rise to any insoluble polymer owing to cyclization. 
For the above two diamines, the possibility for cyclizations is minimized by 
geometrical factors. (See diagram on page 1096.) 

Since the reactivity of the amine toward the acid chloride is very high and 
since the former is always in excess, the resulting polymers were expected to 
have an amine functionality of 2. The oligomers 2a, 2b, 2c, and 2d were 
white fine powders, insoluble in ether, THF, and acetone, but soluble in al- 
cohols and chloroform. 2e, 2f, and 2g were resinous masses with the same 
solubility characteristics. 

The synthesis of 2a was studied in detail. Polymers with varying FP 
could be prepared bychanging the molar ratio of the reactants. Since the 
very low molecular weight fractions were extracted with ether, a direct cor- 
relation between the DP and the molar ratio could not be arrived at. How- 
ever, in general, FP decreased with an increasing ratio of the reactants. Rela- 
tively high molecular weight polymers are produced in good yields even at 
high reactant ratios, contrary to the general rule of condensation polymer- 
ization. This points out the fact that the apparent stoichiometry is altered 
by the flanking of the amine groups by the liberated HC1. The characteris- 
tics of the various polymers and their reaction conditions are given in Table 
3. Under comparable conditions a relatively high molecular weight for 2b, 
2c, and 2d vs 2a may be due to some adventitious crosslinking reactions- 
Kvolvingthe G i n e  and the alkoxygroup on the P atom: 
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The oligomers were characterized by H and 31P NMR, IR, elemental 
analysis, and end-group analysis. The spectral details of the phosphonamides 
and phosphorylamides are given in Table 4. The chemical shifts of the 
methylene protons in 2a, 2b, and 2c did not change appreciably with the 
chemical environment of the phos$thorus atom. However, a downward drift 
was observed when the phenyl group was replaced by the electron-withdraw- 
ing alkoxy and haloalkoxy groups. 3 1  P NMR of all the compounds prepared 
by solution condensation contained only one singlet. This shows that prac- 
tically all the chains are terminated by amine groups. The 3 1 P  spectrum of 
a sample of 1 a prepared by an interfacial technique (with aqueous NaOH 
solution and?HC13 as the immiscible phases) showed additional peaks re- 
sulting from terminal P-Cl, P-OH, and P-ONa groups. A representative 
31P-NMR spectrum of one such polymer is shown together with that of a 
polymer prepared in solution in Fig. 1. The chemical shift values of the dif- 
ferent P atoms are compiled in Table 4. The lower chemical shift when the 
phenyl group is replaced by an alkoxy group is a consequence of the increased 
d-orbital occupation through dn-nn back-bonding involving the electron on 
the oxygen atom. Replacement of piperazine by dimethylhexamethylene- 
diamine led to increased deshelding of the P atom. The IR spectra of all the 
compounds showed characteristic absorption bands at around 1200 cm-' 
(P-N-C symmetric stretch) and 950 cm-' (P-N-C asymmetric stretch). 
The major absorption peaks are listed in Table 3, and a representative IR 
spectrum is shown in Fig. 2. The elemental analyses of the polymers were 
consistent with those calculated for a given molecular weight. 

_ -  

Intrinsic Viscosity and Molecular Weight 

The intrinsic viscosity [9] of the various oligomers prepared under differ- 
ent conditions, shown in Table 3, decreases as the ratio of the reactants in- 
creases. The molecular weights of the polymers were determined by analy- 
sis of the terminal NH-groups by the perchloric acid titration method. They 
were in the range 2000-8000 and are comparable to the molecular weights 
reported for similar compounds [ 1 11 . From [a] and the molecular weights, 
the Mark-Houwink constants K and a were calculated by the well-known rela- 
tion [a] =ma. A plot of In [a] versus In M gave an excellent straight line 
(Fig. 3). The value of a = 0.68 is slightly higher than that reported for a simi- 
lar phosphonamide [12]. In contrast to several organic polymers, a low 
value of the constant a is indicative of the strong dipolar interactions of the 
polymer. The value of K was obtained as 2.608 X dL/g. 
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A 

1 1 I 1 L I 

SO 40 30 20 10 0 ppm 

FIG. 1. 31P-NMR spectra of the polyphosphonamide Zaprepared (A)  in 
solution and (B) interfacially. 
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n 
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c 
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U - 

3 

2. 8 

2. 6 

2. 4 

2. 2 

FIG. 3. Determination of the Mark-Houwink constants for the Polymer 2a - 
in HCC13 at 25OC. 

Thermogravimetric Analysis 

The thermal behavior of the various P-containing polymers have been ex- 
tensively studied [ 13-17]. In general, although phosphorylation does not im- 
prove the initial decomposition behavior, they have been found to decrease 
the overall rate of decomposition and leave behind a good amount of char. 
Char-yielding polymers are desirable for use in flame-retardant formulations 
[ 15-2 I]  . Some of the polymers of the above type have already been utilized 
in flame-retardant formulations and in copolymerization. Since the flame- 
retardant action of the P-containing polymer can arise either by their inter- 
action in the condensed phase or in the vapor phase through the decomposi- 
tion products [ 2 2 ] ,  a study of the thermal behavior of these polymers can 
furnish some information on their mechanism of flame-retardant action. 
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FIG. 4. TGA of the various polyphosphon(ry1)amides. Heating rate, 10°C. 
Atmosphere, N z .  

Thermogravimetric analysis of the polymers was done under Nz at a heat- 
ing rate of 1O0C/min. The thermograms are shown in Fig. 4 for the various 
polyamides. The polymers based on phenylphosphonic dichloride had the 
highest thermal stability. The phosphorylamides were found to be the least 
stable, the stability decreasing catastrophically when the ester group contains 
halogens. In these cases the thermal decomposition of the polyamide must 
be expected to be triggered by rupture of the P-N bond. In phenylphosphon- 
amides this bond is stabilized by a possible dn-nn back-bonding involving the 
nonbonding electron on N with the d-orbitals on P, which can be favored 
through extended conjugation with the phenyl group. In phosphorylamides 
this extended delocalized back-bonding is not possible. Further, replacement 
of the phenyl group by an alkoxy group can result in a reduction in the stabil- 
ity of the P-N bond, owing probably to the competition between the oxygen 
and the N-atom for back-bonding. The bulkier halogen atoms on the alkoxy 
groups probably disrupt sterically the geometrical requirement to favor the 
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TABLE 5 .  Thermal Decomposition Characteristic of the Poly(Phosphon- 
amide) and Poly(Phosphorylamide)a 

Initial decomposition 
Refs. temperature, "C % Char at 600°C EA ,b kJ/mol 

2a 380 

2b 275 
- 

- 
2c 255 

2d 215 
- 

2e 330 

2f 250 
- 

- 

3 200 

34 

40 

49 

27 

15 

29 

18 

395 

61.5 

179.7 

800 

154.6 

125.4 

188.1 

aHeating rate 10°C/min, atmosphere Nz .  
bFor initial stage of decomposition. 

back-bonding, thereby causing a reduction in the bond stability. Electron- 
withdrawing substituents on the alkoxy group can help reduce the interaction 
between the oxygen and the P-atom, thereby stabilizing the P-N bond. This 
may explain the decreased stability of the tribromoethyl phosphorylamide 
over the trichloroethyl phosphorylamide. In general, the steric hindrance 
to the stabilization of the P-N bond dominates over the electron-withdraw- 
ing effect. 

From the thermal decomposition characteristics of the polymers (Table 5) 
and the thermograms (Fig. 3), the following conclusions can be drawn. 

The polymers based on phenylphosphonamides are the most stable ones. 
For a given polymer, better stability results when piperazine is the diamine 
compared to  dimethylhexanediamine. This is quite obvious in view of the 
cyclic structure of the former. Higher char yield is obtained for piperazine- 
based polymers at higher temperature. The relatively high char yield in spite 
of their lower thermal stability for 2b and 2c must be due to crosslinking in- 
volving the amine and the ester or chloroalkyl group on the P atom. For 2d 
and 2g, the first-stage decomposition probably involves loss of the tribromo- 
ethyhroup. From the thermal studies it appears that 2a-based polymers can 
show better flame-retardant action in the condensed phTse. The activation 
energy for the major thermal decomposition step was calculated from the 
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16 

15. 5 

15 

14. 5 

14 

13. 5 

47 
Ad 

1.45 1.55 1.65 1.?5 1.85 1.95 2.05 2.15 

1/Tx 10' 

FIG. 5. Coats-Redfern plot for determination of the activation energy for 
the thermal decomposition of various polymers. 

weight loss-temperature profile by the equation of Coats and Redfern 
[21] : 

where (Y is the fraction decomposed at temperature 7', 9 is the heating rate, 
and E is the activation energy. E was calculated by a plot of the left-hand 
side of Eq. (1) versus 1/T by assuming a first-order reaction. Representative 
kinetic plots are shown in Fig. 5. In general, the thermal stability decreased 
in the order shown on page 1 1  09. 
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Glass Transition Temperature 

The glass transition temperatures of the prepolymers can give useful infor- 
mation on the Tg of their blends and of polymers bearing them as functional 
groups. The most thermally stable system, 2a, was chosen for this study. The 
Tg of 2a of varying molecular weight was determined by DSC analysis. The 
valueswere corrected by using indium as standard. As expected, the Tg was 
found to increase with increasing molecular weight. Applying the Fox- 
Loshaek relation [24] for the variation of Tg with molecular weight, 

where Tgm is the Tg for the polymer of infinite molecular weight. Figure 6 
shows the plot of Eq. (2) for Polymer 2a. K was found to be 1.12 X 1 O5 and 
Tgm was determined from the interceptas 209.5"C. The low K value shows 
the rigid nature of the polymer chain. 

465 ; 

4 6 0  ; 

455 - + 

4 5 0  - 

445 ; 

4 4 0 ' " " " " " " " ' " " ' '  
1. 2 1. 7 2. 2 2. ? 3. 2 

1/MnX lo-' 
FIG. 6. Variation of Tg with molecular weight for the Polymer 2a. - 
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Physical Characteristics 

In general, the prepolymers were soluble in alcohols, CHCIB, and DMF but 
insoluble in ketones, ethers, esters, and hydrocarbon solvents, with the excep- 
tion of 2c which was partially soluble in a variety of solvents. They were 
highly hygroscopic. The hygroscopicity was severe in the case of _ _  2b; 2a and 
2b were swollen by water. 2a, 2b, 2c, and - 2d were fine white powders, where- 
g t h e  rest were tacky resinous products. 

--- 

Synthesis and Characterization of Polythiuram Disulfides Bearing 
Phosphonamide and Phosphorylamide Blocks 

Tetraalkylthiuram disulfides are generally prepared by the simple addition 
reaction of the corresponding amine with CS2 to give the dithiocarbamate, 
followed by oxidation to the thiuram disulfide. Recently, Maiti et al. report- 
ed the synthesis of polythiuram disulfides by an extension of the above reac- 
tion to diamines and obtained insoluble poly(thiuram disulfides). The in- 
solubility arises from the presence of a large proportion of the highly polar 
dithiocarbamyl groups. 

Our recent study on the functionalization of PMMA by using a functional 
thiuram disulfide as “iniferter” [3] has given evidence that they are excellent 
vehicles for placing functional groups on vinyl polymers. In line with our inter- 
est to synthesize vinyl polymers containing phosphorylamide and phosphon- 
amide blocks, we synthesized poly(thiuram disulfides) containing those phos- 
phorus functionalities. The above described amine-terminated polymers (2a-2g) 
were reacted with CS2 t o  the bis(dithiocarbamates), which were subsequent- 
ly oxidized by I2 to the poly(thiuram disulfides). The reaction scheme and 
the mechanism of the reaction can be depicted as shown on page 11 12. 
The products - _  3a, 3b, 3c, - _ _ -  3d, 3e, 3f, and 3g correspond to the precursors &, 
2b, _ - - _ -  2c, 2d, 2e, 2f, and&, respectively. The polymerization occurs by cou- 
pling of the radicals. Termination may be occurring by coupling with 
monoradicals resulting from adventitious monofunctional prepolymers 
or by the cyclization of the macrodiradical. 

Synthesis of Model Poly(Thiuram Disulfides) 

thesized model poly(thiuram disulfides) based on three typical secondary 
diamines, N,N’-diethylethylenediamine, piperazine, and N,N’-dimethyl- 
1,6-hexanediamine, as expressed on page 11 13. 

In order to obtain insight into their synthesis and characteristics, we syn- 

We preferred to choose secondary mines  since the thiocarbamates of 
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primary mines  are comparatively less stable due to their tendency for easy 
dehydrosulfurization in solution to give isothiocyanates: 

H S  
I 1 1  

-N-C-S-R - -N=C=S t HS-R 

Further, possible intermolecular H-bonding through the -NH groups can ren- 
der the polymers less intractable. 

The above model compounds were characterized by IR, NMR (1 a only), 
and elemental analysis. The characteristic IR absorption was observed at 
1500 cm-' (CH2 bend), 1380 cm-' (CH, bend), 1175 cm-' (C=S stretch), 
and 720 cm-' (CH2 bend). 

The NMR spectrum of la,  shown in Fig. 7 along with that of its P-contain- 
ing analog, is consistent with its structure. While . lb and l c  were insoluble in 
all solvents, l a  was soluble in CHC1, and DMF. This is aGibuted to the 
presence of along spacer between the thiuram disulfide groups, reducing the 
extent of intermolecular interaction. Although the elemental analysis con- 
formed very well to the empitical formula and the polymerization was quan- 
titative as estimated from the amount of 12 consumed, l a  did not have a very 
high molecular weight. Since the reaction resembles a paycondensation re- 
action, the above observation lends support to the fact that a considerable 
extent of chain cyclization has taken place. Thermogravimetric analysis of 
these polymers showed asharp weight loss between 160-240°C, due exclu- 
sively to the loss of CS2. The weight loss was equal to the quantity of CS2 
present. Hence the TGA offered a simple and elegant means for quantita- 
tively determining the composition of thiuram disulfide linkages in the 
polymers. 

The thiuram disulfides of all the phosphorus-containing prepolymers were 
synthesized. A detailed study on the synthesis of 3a was carried out by pre- 
paring diamine precursors of varying n In this case the poly(thiuram disul- 
fides) were synthesized also by the in-situ reaction, i.e., without isolation and 
purification of the diamine precursor. It was found that, under similar condi- 
tions, the polythiuram disulfides were soluble until the molar ratio exceeded 
1.15 (diamine/PC12). The disulfide linkages at this point corresponded to 
9% (by TGA; theoretical 9.36%) when the diamine precursor was isolated by 
precipitation in ether and converted to its thiuram disulfide. The polymers 
obtained were always soluble, irrespective of the molar ratio (diamine/PC12 ) 
or FP of the precursor. The insolubility of the poly(thiuram disulfides) in 
the former case could be attributed to the participation of small amounts 
of unreacted piperazine or very low molecular weight prepolymers in the 
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chain-extension reaction, thereby raising the thiuram disulfide sequences in 
the chain. (The reaction conditions are shown in Table 3.) 

IR spectra were similar to those of the precursors. Additional peaks charac- 
teristic of the S-C-S linkage could be observed at 1175 cm-' only in poly- 
mers containing much of the thiuram disulfide moiety. The H-NMR spectrum 
of the PTD 3a-3d resembled their diamine precursor, except that an additional 
peak was observed at 4 ppm due to the proton on the carbon a to the thiocar- 
bamyl group. In the case of 3e the two types of a-proton appeared at 3.95 
ppm (CHz-N-C=S) and 3.4Fppm (CH3-N-C=S). Representative spectra 
are shown in Figs. 7 and 8. The 31P-NMR spectra did not differ from those 
of the prepolymers. This ruled out the possibility of any side reaction involv- 
ing the P atom during the thiocarbamylation reaction. 

The elemental analysis of the products (Table 6) ,  whose compositions vary 
with the molecular weight of the prepolymer, confirmed the presence of sulfur. 
In certain cases the sulfur contents were greater than those calculated or deter- 
mined by other means (e.g., Iz consumed, TGA). This discrepancy may be 
due to the presence of some elemental sulfur formed by the hydrolysis of the 
thiuram group during the purification (washing with Hz 0). The reduction in 
the bromine content of 3d shows that part of the Br group has been substi- 
tuted by the amine. 

They were characterized by IR, H NMR, "P NMR, and elemental analysis. 

_ _  

- 

Physical Characteristics of the PTDS 

All the polymers were pale yellowish fine powders with the exception of 
3d, 3f, and 3g which were tacky brown solids. They were soluble in alcohols, 
CHCL3, DMT, etc. The exception was 3c which was partially soluble in ace- 
tone, THF, and ethyl acetate. 

Although 2d is soluble in alcohols, the insolubility of its thiuram disulfide, 
3d, may be aznsequence of the above-mentioned branching caused through 
the participation of the bromo groups in the condensation reaction (through 
amine or dithiocarbamate). 

-- 
- 

Thermogravimetric Analysis 

When the PTDS were subjected to thermogravimetric analysis, an additional 
sharp weight loss was observed at around 200°C. This was caused by the ther- 
mal decomposition of the thuram disulfide with the release of CS2 molecules. 
This was confirmed from the TGA of model compounds la, lb,  and lc, for 
which weight loss equal to the content of CSz was observed at this tempera- 
ture. This observation led to an easy and precise method for the determina- 

- _  
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TEMPERbTURE C 
FIG. 9. TGA of 2a, 3a, and lb.  N2 atmosphere. Heating rate, 10°C/min. _ -  - 

tion of thiuram disulfide concentration in these polymer by TGA. The disul- 
fide concentrations from TGA were in excellent agreement with those calcu- 
lated from the amount of I2 consumed during synthesis. The concentrations 
of thiuram disulfides calculated by the two methods are included in Table 3. 
The TGA of 3c and 3g did not furnish many details since the diamine precur- 
sor also starts70 decompose at this temperature. The thermograms of 2a, - 
3a, and 1 b are shown in Fig. 9 for comparative purposes. - - 

DSC Analysis 

Thiuram disulfides are known to undergo thermal dissociation to give free 
radicals capable of initiating vinyl polymerization. In order to study the solid- 
state thermal decomposition of these compounds, they were subjected to DSC 
analysis in a N2 atmosphere. It was found that nearly all compounds based on 
piperazine showed an exotherm around 140-180°C due to the decomposition 
and the eventual evolution of CS2. The decomposition temperatures were 
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FIG. 10. DSC thermograms of the polythiuram disulfides. 

found to vary with the structure of the polymer backbone. A tendency to 
hgher temperatures was observed for the halogenated P backbone. Although 
the thiuram disulfide groups undergo slow dissociation at temperatures 
lower than 100°C in solution, the thermograms do not give any evidence 
for such a reaction in the solid state. 

Typical DSC thermograms are shown in Fig. 10. The DSC of 3d and 
3g overlapped with the decomposition exotherm of the polyamideitself. 
E o m  the initial part of the DSC thermograms it was possible to calculate 
the activation energy for the thermal decomposition of the thiuram disulfide 
groups by the method of Rogers et al. [25,26]. A plot of In d versus 1/T 
gives astraight line whose slope corresponds to E/R, where d is the distance 
of the peak from its base at temperature T, which is proportional to the heat 
evolved and in turn to the rate constant for the thermal decomposition at  
this temperature. The frequency factor A is given by 
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FIG. 11. Arrhenius plots for determining the activation energy for the 
solid-state thermal decomposition of the thiuram disulfide groups. 

where Q, is the linear heating rate and Trna, is the temperature at the maxi- 
mum of the exotherm. The activation energy calculated is much higher than 
that reported for the thermal dissociation of the disulfide in solution [3,4] 
(-30 kcal/mol). This high EA for the thermal dissociation, followed by the 
decomposition of the CS2 molecule, must be a consequence of the high 
stability of the thiuramyl radial N-C-S. 

II 
S 

The activation energy calculated for 3a did not vary much with the mole- 
cular weight. Figure 11 shows the ArrhGius plots for the determination of 
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EA. Those for 3c, 3d, 3f, and 3g could not be determined accurately because 
of interference of the major decomposition exotherm. The thermal decompo- 
sition characteristics of the polymers are collected in Table 7. 

- - -  

Molecular Weights 

The molecular weights of the polymers of 3a were calculated from their in- 
trinsic viscosities. The Mark-Houwink constants were taken to be the same 
as those for their precursors by assuming that the introduction of a small pro- 
portion of the thiuram disulfide group may not bring about significant effects 
on their viscosity characteristics. As expected, chain extension always results 
in an increase in molecular weight. But it did not increase substantially, con- 
trary to expectation, even up to the complete reaction of all the residual 
amine during chain extension. This shows that a significant extent of cycliza- 
tion may be taking place during the oxidative coupling. 

Synthesis of Poly(Thiuram Disulfide) Containing Phenyl 
Phosphonate Groups 

Polyphosphates and polyphosphonates are prepared by the condensation 
reaction of the corresponding dihalide with the diols. A recent study gives 
some idea as to the conditions to be employed to favor polymerization over 
cyclization [27]. Use of long-chain diols favors polymerization. An exten- 
sion of this reaction led to the synthesis of poly(pheny1 phosphonates) bear- 
ing a large proportion of the thiuram disulfide function, which was effected 
by the condensation reaction between N,N'-diethyl-N,N'-bis(2-hydroxy- 
ethy1)thiuram disulfide and phenylphosphonic dichloride as follows: 

c2 H5 C2H5 
I I 

!I I I  
S S 

HO-CH2 -CH2 -N-C-S-S-C-N-CHZ -CH2 -OH t (P-POC12 

3h - 

The polymer was obtained only in poor yield owing to the solubility of the 
very low molecular weight products in ether. Elemental analysis and 'H NMR 
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were consistent with the expected structure. The polymers underwent catas- 
trophic degradation at 150°C under TGA conditions. 

CONCLUSIONS 

Chain extension of poly(phosphory1amides) and poly(phosph0namides) 
through dithiocarbamylation and oxidative coupling results in a new series of 
thiuram-disulfide-based reactive polymers bearing the required phosphorus 
function, or functional polymeric “iniferters.” These polymers can serve as 
potential thermal “iniferter” for vinyl polymerization, resulting in a new class 
of copolymers. This study will be the subject of a subsequent paper [28]. 
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