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Abstract Organic solids have been prepared from radi-

cal-initiated activation of solutions composed of tetrade-

cane and triallyl trimesate (TAM) monomer or triallyl

phosphate (TAP) monomer using a recently developed

variation of precipitation polymerization methods. The

powders, which comprise fused aggregates, are shown to

be rich in monomer (83–88 wt% TAM or 86–92 wt%

TAP), and are believed to be formed by a combination of

hydrocarbon addition and allyl group oligomerization.

TAM-g-tetradecane primary particles are on the order of

500 nm in diameter, while TAP-g-tetradecane particles

are on the order of 100–200 nm diameter. These prod-

ucts are thermochemically assessed using a combination of

differential scanning calorimetry, thermogravimetry and

pyrolysis combustion flow calorimetry. The phosphorus-

containing TAP-g-tetradecane shows exothermic activity

around 230 �C, likely due to thermal decomposition of the

trialkyl phosphate moiety, and may find use in advanced

materials applications.
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Introduction

Continued interest in precipitation [1–3] and dispersion

[4–6] polymerizations has yielded a range of techniques for

preparing crosslinked organic solids with controlled parti-

cle size and morphology. These methods typically involve

the copolymerization of mono- and di-functional acrylates

[7, 8], styrenics [9–11] and their mixtures [12–14] to

generate crosslinked spheres with sizes in the micron

range. Similar precipitation polymerization processes are

used to prepare crosslinked polymer monoliths [15, 16],

whose structure porosities are well suited to a wide range

of analytical chemistry devices [17, 18].

A variation of precipitation polymerization has recently

been described in which intermolecular C–H bond addition

from a saturated hydrocarbon (R-H) to an olefin contributes to

molecular weight growth [19]. This adaptation broadens the

scope of crosslinked particle and monolith syntheses in two

ways. In the first place, functional molecules (R-H) that do not

contain polymerizable C=C bonds can be incorporated into

the product. Secondly, allylic monomers that are not readily

homopolymerized can be used to prepare solids in high yield.

This study is concerned with two allylic monomers,

triallyl trimesate (TAM) and triallyl phosphate (TAP),

whose peroxide-initiated reactions in the presence of

tetradecane give novel organic solids. The ability to

incorporate TAP is of particular interest, since organophos-

phorus compounds are known to have application in a

variety of advanced materials applications, such as flame

retardants [20–31], optoelectronics, mechanics and biology

[32, 33]. The precipitation polymerization methods

described in this study differ from a conventional copoly-

merization and polymer grafting approach [34] in that high

phosphate concentration can be generated during solids

preparation through a simple, high yielding reaction.
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The non-volatile TAP-g-tetradecane solids described in

this report may potentially be useful in advanced materials

applications on account of their small size, high ash yields,

and ability to serve as a latent source of phosphorus-based

acids.

The objective of this study is to evaluate the thermo-

chemical properties of these particles. Thermal analysis

was conducted using differential scanning calorimetry

(DSC), thermogravimetry (TG) and pyrolysis combustion

flow calorimetry (PCFC). DSC can potentially offer insight

into the decomposition chemistry, while TG and PCFC

provide data about the rate of mass and fuel released by the

samples during heating, such data being pertinent to

assessment of degradation and flammability [35–37].

Experimental

Materials

Triallyl trimesate (TAM, 99%, Monomer Polymer Inc),

triallyl phosphate (TAP, TCI), dicumyl peroxide (DCP,

98%, Sigma-Aldrich) and tetradecane (Sigma-Aldrich)

were used as received.

Synthesis of TAM-g-tetradecane and TAP-tetradecane

Tetradecane (150 g), DCP (0.9 g, 0.6 wt%) and the desired

monomer (TAM or TAP, 7.5 g, 6 wt%) were sealed within

a glass pressure tube equipped with a magnetic stir bar and

immersed in an oil bath at 170 �C for 25 min. The mixture

was cooled to room temperature before isolating the solid

product by filtration at reduced pressure. The resulting

solids (TAM-g-tetradecane and TAP-g-tetradecane) were

washed with toluene (3 9 20 mL) and dried at reduced

pressure.

Instrumentation and analysis

Samples for scanning electron microscopy analysis were

sonicated in acetone, deposited on a glass slide by evapo-

ration and gold-sputtered prior to analysis using a JEOL

JSM-840 instrument. FT-IR spectra were acquired in

transmission mode from KBr pellets using a Thermo

Nicolet Nexus 670 spectrometer. Attenuated total reflec-

tance (ATR) spectra were collected using a DuraScope

ATR (from Smiths Detection) with DTGS detector and

diamond-ZnSe crystal interface. Differential scanning cal-

orimetry (DSC) was conducted with a TA Instruments

Q1000 instrument under nitrogen using the following

procedure: equilibrate at 30 �C; first heat at 10 �C/min

to 150 �C; isothermal for 2 min; cool at 10 �C/min to

-60 �C; isothermal for 3 min; second heat at 10 �C/min to

475 �C. Changes in the powder particles were also

observed by placing them on a glass substrate, which in

turn was placed on a hot plate, and heating up to 340 �C at

a rate of approximately 3 �C/s. Thermogravimetry (TG)

was conducted in platinum pans with a TA Instruments

Model Q5000 under nitrogen or air (at flow rate of

100 cm3/min) by raising the temperature from 30 to

900 �C at a rate of 10 �C/min. Analyses of TAP-g-

tetradecane using a ceramic pan gave the same results as

obtained using a platinum pan. Pyrolysis Combustion Flow

Calorimetry (PCFC), to determine heat release rate as a

function of temperature, was conducted using a Micro

Combustion Calorimeter Model Govmark MCC-1 in

accordance with ASTM D7309-07. Pyrolysis was carried

out under nitrogen by heating from 90 to 800 �C at a rate of

1 �C/s. The combustor was run at 900 �C using an oxygen

flow rate of 20 cm3/min and nitrogen flow rate of 80 cm3/

min.

Elemental analysis

The phosphorous content of TAP-g-tetradecane was

determined using a Perkin-Elmer Optima inductively cou-

pled plasma (ICP) spectrometer, with sample digestion

done for 15 min at 240 �C in three parts of sulphuric acid,

three parts of nitric acid and one part of perchloric acid.

The carbon and hydrogen content of TAP-g-tetradecane

and TAM-g-tetradecane were determined with a Perkin-

Elmer 2400 Elemental Analyzer using combustion or

pyrolysis to convert the sample elements to simple gases,

i.e. CO, CO2, H2O, N2. The oxygen content of TAM-g-

tetradecane was determined with this instrument, but

interference from phosphorous within TAP-g-tetradecane

prohibited similar determination of its oxygen content. In

some cases, an energy dispersive spectrometer (EDS)

connected with a FEI Scanning Electron Microscope

Quanta 200 was also used to determine proportions of

carbon, oxygen and phosphorus in TAP-g-tetradecane

before and after exposure to elevated temperatures. Unless

otherwise mentioned in the text, phosphorus values dis-

cussed below are from ICP.

Results and discussion

Precipitation polymerization

Syntheses of the organic monoliths start from clear,

homogenous solutions at 170 �C. However, solutions

become cloudy within one half-life of the peroxide initia-

tor, and proceed to generate solids which adhere to the side

of the reaction vessel. These crosslinked monoliths are

completely insoluble in all solvent mixtures, and are

280 B. I. Chaudhary et al.

123



unaffected by extensive sonication or heating. In theory,

the composition of these solids can vary from pure

monomer to a 3:1 ratio of tetradecane to TAM/TAP.

However, the addition of three tetradecane moieties to the

coagent would yield a trialkyl compound with appreciable

solubility in non-polar aromatic solvents. Given the insol-

ubility of the products, the monomer-rich compositions

listed in Table 1 are not surprising.

Elemental analysis of the TAM-g-tetradecane material

revealed a composition of 67.8 wt% carbon, 6.8 wt%

hydrogen and 24.2 wt% oxygen, which is consistent with a

TAM content of 83–88 wt%. Elemental analysis of the

TAP-g-tetradecane solids revealed that the composition

was 52.4 wt% carbon, 7.8 wt% hydrogen and 12.2 wt%

phosphorus, which is consistent with a TAP content of

86–92 wt%. The calculated molar monomer:tetradecane

ratio for TAM-g-tetradecane was 3.5, while that of TAP-g-

tetradecane was 7.4. It is clear, therefore, that monomer

oligomerization is more extensive than hydrocarbon addi-

tion, yielding a solid phase that is coagent-rich.

FT-IR analysis of TAM-g-tetradecane revealed a strong

C=O stretch at 1734 cm-1 and a strong C–O stretch at

1238 cm-1, both consistent with large amount of the ester

functionality in this solid (Fig. 1). The relatively strong

C=C stretch found at 1650 cm-1 in triallyl trimesate

spectra (not shown) was absent in the spectrum of TAM-g-

tetradecane, suggesting that little residual allylic C=C

functionality existed in the reaction product. TAP-g-te-

tradecane showed a characteristic strong P=O stretch at

1277 cm-1 and a characteristic strong P–O stretch at

1020 cm-1, consistent with trialkyl phosphate functionality

(Fig. 1). The C=C stretch present at 1651 cm-1 in triallyl

phosphate (not shown) was relatively weak in the TAP-g-

tetradecane, again suggesting that allyl group conversion is

high. A lack of residual unsaturation in the solids relates

not only to reaction efficiency, but also to the potential to

further derivatize the material by potential C=C bond

activation.

Figure 2a and b provides SEM images of TAM-g-

tetradecane and TAP-g-tetradecane, respectively. Consis-

tent with an earlier report on this variation of precipitation

polymerization [19], these solids are composed of primary

particles with diameters on the order of 100–500 nm that

are fused into larger aggregates. The overall morphology of

the TAM-g-tetradecane was shown to be that of a high

surface area, crosslinked organic monolith [19], and the

solubility and microscopy data discussed herein from the

TAP-g-tetradecane are also consistent with such morphol-

ogy. Single particles can also be generated by this process,

albeit at the expense of solids yield.

Thermal properties

Differential scanning calorimetry (DSC) data acquired

from -60 to 150 �C under nitrogen revealed no major

phase transitions or thermal decomposition effects for

either the TAM or TAP derived solids. Furthermore, the

DSC trace for TAM-g-tetradecane remained featureless

from 150 to 350 �C (Fig. 3), but did show a slight exo-

therm with peak around 389 �C. In contrast, the DSC trace

for TAP-g-tetradecane showed a well-defined exotherm

(-475 J/g) with a peak heat release rate observed at

230 �C (Fig. 3) and a much smaller exothermic peak

around 404 �C. Monomeric trialkylphosphates are known

to exhibit exotherms below 300 �C when heated under a

nitrogen atmosphere [38]. Although the detailed mecha-

nism leading to those exotherms was not elucidated, the

observation of them below 300 �C in the monomeric

Table 1 Composition of crosslinked monoliths

Molar elemental

composition

C:H:O:P

Molar monomer:

tetradecane ratio

TAM-g-tetradecane 3.7:4.5:1.0:0.0 3.5:1

TAP-g-tetradecane 11.2:19.7:4.4:1.0 7.4:1
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Fig. 1 FTIR spectra of a TAM-g-tetradecane and b TAP-g-

tetradecane
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analogues is noteworthy in light of the DSC results

obtained with the TAP-g-tetradecane in this study. It is,

therefore, proposed that thermal decomposition of bound

phosphate is responsible for the 230 �C exotherm gener-

ated by TAP-g-tetradecane.

When heated to elevated temperatures on a glass sub-

strate, TAP-g-tetradecane was observed to visually

decompose, turning black around a temperature of 238 �C

(Fig. 4). In contrast, TAM-g-tetradecane did not show

visual signs of decomposition up to 238 �C. ATR spectra

collected on TAP-g-tetradecane as a function of tempera-

ture are presented in Fig. 5. Many changes in the

600–1400 cm-1 region are evident, consistent with chan-

ges involving P–O–H, P–O–C, P–O–P, and P=O groups. A

peak at a about 3359 cm-1 that first appears around 240 �C

is consistent with formation of some alcohol groups, while

the peak at a about 1630 cm-1 that appears prominently in

the 240 and 280 �C spectra is consistent with formation of

some alkene groups. In the 350 �C spectrum, a peak at

1594 cm-1 may include contributions from O=P–OH

groups. All these IR data are consistent with elimination of

phosphorus-containing species to product phosphorus acids

and the alkene, along with some amount of cleavage at

P–O to produce some alcohol, possibly via condensation of

initially formed P–OH with P–OR to produce P–O–P and

R–OH.

The above conclusions are reinforced by the thermo-

gravimetry (TG) results under nitrogen, illustrated in

Fig. 6. TAM-g-tetradecane showed relatively low weight

loss until well above 300 �C, exhibited rapid weight loss

when the temperature exceeded 350 �C, and yielded just

4 wt% of the original mass as residue (ash yield). In con-

trast, TAP-g-tetradecane started losing weight around

220 �C, which corresponds to the exotherm observed in

DSC (Fig. 3), and resulted in 13 wt% final ash yield. This

coincidence of TG and DSC responses in TAP-g-tetrade-

cane is attributed to trialkylphosphate decomposition

around 220 �C. This low-temperature decomposition pro-

duced some non-volatile products, as the rate of mass loss

declined after the initial loss around 220 �C, such that the

retained weight of TAP-g-tetradecane at 420 �C exceeded

that recorded for TAM-g-tetradecane. Moreover, the final

ash generated by TAP-g-tetradecane was significantly

greater than that of the TAM-derived product.

Fig. 2 SEM images of a TAM-

g-tetradecane and b TAP-g-

tetradecane (96,600)
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The effect of environment (nitrogen or air) on the TG

performance of both materials was also studied. TAM-g-

tetradecane decomposed faster in air than in a nitrogen

environment, consistent with acceleration of decomposi-

tion by oxidative processes (Fig. 7). However, the converse

effect was observed with TAP-g-tetradecane at tempera-

tures above 300 �C, possibly due to formation of complex

char structures that contain oxygen bound to phosphorus,

with only slight acceleration in air below this temperature

(Fig. 8).

Elemental analysis of the TAP-g-tetradecane starting

material showed a phosphorus content of 12.2 wt% and a

1:4.3 ratio of phosphorus:carbon. Analysis of a sample that

was heated to 360 �C revealed a phosphorus content of

15.0 wt% and a phosphorus:carbon ratio of 1:3.4. Heating

TAP-g-tetradecane to 900 �C yielded a char that, according

to energy dispersive spectrometry (EDS) measurements,

contained a phosphorus:carbon ratio which was approxi-

mately two times greater than that in the starting material.

Pyrolysis combustion flow calorimetry (PCFC) is a

recently developed method for assessing flame retardancy

of polymeric materials [36, 37, 39–41]. PCFC measures

heat release rate of milligram-sized samples, separately

reproducing the solid-state and gas phase processes of

flaming combustion in a non-flaming test by rapid con-

trolled pyrolysis of the sample in an inert gas stream fol-

lowed by high-temperature forced combustion of the

pyrolysis gas stream. The rate at which the sample releases

its heat of combustion is calculated via oxygen

consumption calorimetry, and the heat of combustion is

obtained from the time integral of the heat release rate.

Valuable information about the specimen can be obtained

from the total amount of heat released as well as the

temperature(s) at which peak heat release occurs. The heat

release capacity, which is a fundamental material property
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of pure polymers, is obtained by dividing the peak heat

release rate for the sample by the heating rate. Further

insight can be gained by measuring the amount of residue

remaining in the pyrolyzer after the experiment is com-

pleted (ash yield). Thus, PCFC was used to measure total

heat released, temperatures of peak heat release rate, heat

release capacity, and char yield with the TAM-g-tetrade-

cane and TAP-g-tetradecane to provide further insight into

the thermochemical properties of these materials.

Representative results of PCFC analyses are given in

Fig. 9. The peak heat release rate from TAM-tetradecane

occurred around 420 �C, close to the decomposition peak

temperatures observed by DSC and TG. In contrast, the

heat release plot of TAP-tetradecane showed a sharp peak

just around 230 �C, which is consistent with the onset of

TG decomposition and the exothermic process identified

by DSC. Heat release rate maxima were also observed

around 380 and 470 �C, corresponding to weight loss rate

maxima recorded by TG (Fig. 6). Of particular interest is

the 470 �C peak, since it is approximately 50 �C higher

than that generated by TAM-g-tetradecane. It appears that

the 230 �C decomposition of TAP-g-tetradecane produces

a material structure that is more stable than TAM-g-

tetradecane, thereby delaying its pyrolysis to higher

temperature.

The ash yield, defined here as the weight percent of ori-

ginal mass remaining after PCFC analysis, measured for

TAP-g-tetradecane was 22% (average of three replicates),

considerably greater than the 3% yield recorded for TAM-g-

tetradecane. However, both materials exhibited comparable

heat release capacity (HRC), with TAP-g-tetradecane gen-

erating 409 ± 77 J/g K and TAM-g-tetradecane generating

397 ± 20 J/g K. These results are in the range that some

workers have proposed to be indicative of organic materials

that possess flame-retardant properties. For example, UL-94

testing of a range of polymers showed that the transition from

horizontal burn ratings (slightly flame retardant) to vertical

ratings of V2 and higher (greater degree of flame retardancy)

occurs below 400 J/g K [36]. UL 94 is a widely used plastics

flammability standard from Underwriters Laboratories,

which classifies plastics according to how they burn in var-

ious orientations and thicknesses. Furthermore, limiting

oxygen index testing has shown that the transition to

self-extinguishing behaviour in air occurs at heat release

capacities below 550 ± 100 J/g K [36]. A transition to self-

extinguishing behaviour in the HRC range of 400–600 J/g K

has also been reported for wire coatings based on flame-

retardant polyolefin formulations [40]. Additional tests

would be required to conclusively establish flame-retardant

properties of these materials.

Conclusions

TAM-g-tetradecane primary particles were on the order of

500 nm in diameter, while TAP-g-tetradecane particles were

on the order of 100–200 nm. In both cases, elemental anal-

yses indicated that the majority of the particles were derived

from the coagent rather than tetradecane: 83–88 wt% in the

case of TAM and 86–92 wt% in the case of TAP.

The TAP-based particle exhibited an exotherm in the

DSC around 230 �C, which is hypothesized to be from

thermal decomposition of the trialkyl phosphate moiety. In

TG under nitrogen, the weight loss curves for the two

particles crossed over around 395 �C, with the TAP-g-te-

tradecane showing onset of weight loss around 220 �C and

higher weight loss at low temperature, but lower weight

loss at higher temperature, compared to TAM-g-tetrade-

cane. The ratio of phosphorus to carbon in TAP-g-te-

tradecane increased considerably during the course of the

TG experiment.

The PCFC heat release profile for TAP-g-tetradecane

showed a sharp peak around 230 �C and two other peaks

below 500 �C, while the TAM-g-tetradecane showed a

single peak (with a shoulder) below 500 �C.
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