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ABSTRACT: Tris-(o-phenylenedioxy)-cyclotriphosphazene (TPP) was synthesized and characterized by elemental analysis (EA)
and nuclear magnetic resonance (NMR). The melting point and the enthalpy of fusion of TPP were measured by da ifferential
scanning calorimeter (DSC), and the thermal stability of TPP was measured by thermogravimetric analysis (TGA). Using a static
analytical method, the solubility data of TPP in nine solvents were measured and correlated with an empirical equation. Moreover,
using the Scatchard—Hildebrand model, activity coeflicients have also been calculated and compared with the experimental values.
The partial molar excess enthalpies at infinite dilution were also predicted.

B INTRODUCTION

Cyclophosphazene has a cycle structure comprised of nitrogen
and phosphorus atoms. Many studies of flame retardants have
focused attention on these atoms. The flame retardants reported
in many papers have these heteroatoms."” Hence, the phospha-
zene structure has good flame retardant properties, and cyclo-
phosphazene compounds could be used as flame retardants.*
Tris-(o-phenylenedioxy)-cyclotriphosphazene (hereafter abbre-
viated as TPP; its formula is shown in Scheme 1) (CAS RN 311-
03-5) is a cyclophosphazene derivative and could be used as a
nonhalogen flame retardant for acrylonitrile butadiene styrene
(ABS)* and poly(butylene terephthalate) (PBT).® Moreover,
TPP can be used as building blocks for preparation of assembled
materials.” As a result of its unique features, organic zeolites and
molecular self-assembled materials seem to constitute a compet-
ing alternative for strategic industrial and environmental applica-
tions such as gas storage, selective gas recognition, and separation,
where absorption properties of materials are emerging at the
forefront of present-day research.* '® For example, TPP nano-
channels show a strong affinity for including simlple-shaped gas
molecular and aliphatic or aromatic molecules."’ > The one-
dimensional arrangement of functional molecules using the TPP
nanochannel is particularly interesting from the point of view of
developing new molecular devices."*

TPP can be prepared according to the literature.”® In the
industrial process and design, knowledge of solubilities of these
compounds in different solvents is very important for their prepara-
tion and purification. To the best of our knowledge, the solubilities
of TPP in selected solvents have not been reported in the literature.

In this study, TPP was synthesized and characterized. The sol-
ubilities of TPP in ethanol, ethyl acetate, acetone, dichlorme-
thane, tetrahydrofuran (THF), acetonitrile, toluene, chloroform,
and 1,2-dichlorethane were also measured.

B EXPERIMENTAL SECTION

Materials. Hexachlorocyclotriphosphazene (HCCP) was pur-
chased from Zhangjiagang Xinyi Chemical Co., Ltd. and purified
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by recrystallization from n-heptanes to give a material melting
point at (112.5 to 113.5) °C before use. All of the chemicals were
analytical grade reagents, which were purchased from Beijing
Chemical Factory. They were used without further purification.
Their mass fraction purities were all higher than 0.99.

Apparatus and Procedure. The melting points and enthalpy
of fusion were determined with a DSC Q100 (TA Instruments
USA) differential scanning calorimeter in flowing nitrogen at a
heating rate of 10 K-min '. The elemental analysis was per-
formed on an Elementar Vario EL element analyzer. '"H NMR
and *'P NMR spectra were obtained with a BrukerARX-400 and
JEOL ECA-600, respectively. Thermogravimetric analysis (TGA)
was carried out with an SDT Q600 (TA Instruments USA)
thermogravimetric analyzer at a heating rate of 10 K+-min " under
nitrogen from (298.15 to 1073.15) K.

The setup for the solubility measurement was the same as that
described in the literature.'® A jacketed equilibrium cell was used
for the solubility measurement with a working volume of 120 mL
and a magnetic stirrer and a circulating water bath was used with a
thermostat (type SO L, made from Shanghai Laboratory Instru-
ment Works Co., Ltd.), which is capable of maintaining the
temperature within & 0.05 K. An analytical balance (type TG-
328B, Shanghai Balance Instrument Works Co.) with an un-
certainty of & 0.1 mg was used during the mass measurements.

Synthesis of TPP. TPP was prepared according to the
literature (Scheme 1).'* A stirred mixture of (NPCL,); (20 g,
0.058 mol), catechol (19 g, 0.173 mol), and anhydrous sodium
carbonate (36.6 g, 0.346 mol) was allowed to react in boiling
tetrahydrofuran (300 mL) for 3 h under N, atmosphere. The
reaction mixture was then cooled to room temperature. The solid
components were filtered off and then washed with aqueous S %
hydrochloric acid followed by distilled water. The insoluble residue
was dried under vacuum for 6 h at 25 °C and then recrystallized
from xylene to yield crystals of TPP (15.6 g, 60 %).
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Figure 1. Experimental heat Q flow from the DSC measurement of TPP.

Characterization of TPP. '"H NMR (CDCls-dg), 0 (ppm):
7.11 to 7.09 (m, 1H), 7.02 to 7.04 (m, 1H); *>'P NMR (CDCl;-
dg): 0 = 33.73 ppm. Elemental analysis (%, cal): C, 47.23 %
(47.08 %); H, 2.66 % (2.63 %); N, 9.01 % (9.15 %). These results
show a high purity of the TPP sample as certified by the specifica-
tion. The result of DSC measurement of TPP was shown in
Figure 1. The melting point of TTP was 522.2 K, [lit.,'” (516.15
to 517.15) KJ. The enthalpy of fusion of TPP was 42.56 J-g .
The results of the measured melting point and the enthalpy of
fusion of TPP and uncertainties are listed in Table 1. The result of
TGA measurement of TPP is shown in Figure 2. It is showed that
there is a single-step decomposition, and no or very little residues
remain for TPP. The thermogravimetric analyses in this work are
compared with the literature values® and are listed in Table 2.
The results obtained are in good agreement with those listed in
the literature.

Solubility Measurement. The solubilities were measured by a
gravimetric method.'® For each measurement, an excess mass of
TPP was added to a known mass of solvent. Then the equilibrium
cell was heated to a constant temperature with continuous stirring.
After at least 2 h (the temperature of the water bath approached a
constant value, then the actual value of temperature was recorded),
the stirring was stopped, and the solution was kept still until it was
clear. A preheated on—off injector with a cotton filter withdrew
2 mL of the clear upper portion of the solution to another previously
weighed measuring vial (). The vial was quickly and tightly closed
and weighed (m,) to determine the mass of the sample (m; — my).
Then the vial was uncovered with a piece of filter paper to prevent
dust contamination. After the solvent in the vial had completely
evaporated, the vial was dried and reweighed (m,) to determine the

Table 1. Measured Melting Point and Enthalpy of Fusion of
TPP

melting point uncertainty enthalpy of fusion uncertainty

K K J-g 'emol ! %

522.2 0.26 42.56 0.93
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Figure 2. TGA thermograms of TPP under N,.

Table 2. Thermogravimetric Analyses of TPP and Compar-
ison with Literature Values

TPP Tonset/K Ts9/K Tho%/K Ts00/K
exp. 521.18 551.15 593.15 634.15
lit.° 523.15 550.15 588.15 628.15

mass of the constant residue solid (m, — my). Thus, the solid
concentration of the sample solution in mole fraction, x, could be
determined from eq 1"

(my —mo) /M,
(my —mg) /My + (my — my) /M,

(1)

X =

where M; and M, is the molecular weight for solute and solvent,
respectively.

Different dissolution times were tested to determine a suitable
equilibrium time. It was found that 2 h was enough for TPP in
solvent to reach equilibrium. During our experiments, three parallel
measurements were performed at the same composition of solvent
for each temperature, and an average value is given. The maximum
standard deviation of each triplicate data is 0.25 %, and the
minimum is 0.14 %. The estimated relative uncertainty of the
solubility values based on error analysis and repeated observations
was within 2 %.

B RESULTS AND DISCUSSION

The mole fraction solubility x of TPP in selected solvents
measured in this work is summarized in Table 3 and plotted as
In x vs 1/T and T in kelvin in Figure 3. From this figure, it can be
seen that a trend of increasing solubility with temperature is
observed.

3209 dx.doi.org/10.1021/je200252¢ |J. Chem. Eng. Data 2011, 56, 3208-3213



Journal of Chemical & Engineering Data

Table 3. Mole Fraction Solubilities (x), Solubilities (m, g/100 g
Solvent), and Activity Coeficients () of TPP in the Selected
Solvents

solvent T/K  10°x m y (x — &™) /x
ethanol 29395 0.0952 0.0997 318.5 0.0011
298.05 0.1173 0.1196 288.6 —0.0020
303.25  0.1527 0.1495 253.8 0.0016
308.35 0.1938 0.1894 2273 —0.0066
31335 0.2341 02493 2015 0.001S5
318.15 0.3080 0.3091 1809 0.0050
32295 03801 03789 163.6 0.0041
328.15 04511 04687 147.7 8.8-10°
33245 0.5620 0.5585 1362 —0.0049
ethyl acetate 298.15 0.4186 0.2190 81.08 0.0102
303.35  0.5627 0.2816 72.10 0.0042
30825 0.6746 0.3547 65.14 —0.0071
31345 0.8562 0.4487 5825 —0.0109
31825 1.0662 0.5583 52.39 —0.0082
323.15  1.3283 0.6942 47.03 —0.0026
328.15 1.6551 0.8667 42.17 0.0051
33245 1.8833 1.0341 38.59 0.0091
acetone 29435 02501 01977 1226 —0.0067
298.35 0.3231 0.2531 105.6 0.0071
30345 04293 0.3401 90.76 —0.0094
308.65 0.5882 0.4668 7548 0.0095
31335 07593 0.6014  65.53 0.0061
318.15 09771 0.7756 57.03 0.0016
32325 12602 0.9975 49.69 —0.0084
dichloromethane 288.15 1.0822 0.5845  24.00 0.0011
291.55 12671 0.6875 22.42 —0.0012
29445 14516 0.7851 21.14 —0.0010
29835 1.7521 0.9478 19.50 0.0024
30345 21901 1.1866 17.76 —0.0025
308.65 2.7632 14963 16.06 0.0012
THE 29195 09214 0.5865 31.16 0.0004
29825 1.11S1 0.7333 29.62 0.0020
303.65 1.3677 0.8738 28.58 —0.0025
307.95 1.5854 1.0079 27.69 —0.0021
31325 1.8788 1.1932 26.57 0.0020
31835 21771 1.3916 25.71 0.0002
323.15 24953 1.5963 24.94 —0.0010
32825 29224 1.8525 24.10 0.0010
acetonitrile 29325 0.1165 0.1790 180.3 —0.013$
298.15 02171 02462 1564 —0.0035
30325 02886 03245 1343 0.0158
308.15 03689 04141 1185 0.0170
313.55 04712 0.5260 106.1 —0.0049
31825 0.5863 0.6604 95.30 —0.0084
323.15 0.7432  0.8285 84.08 0.0044
32835 09222 1.0302 76.03 —0.0107
333.15  1.1499 1.2880 67.58 0.0035
toluene 293.15 0.6667  0.3342 44.28 —0.0115
29825 0.8679 0.4340 39.30 0.0047
303.15 1.0785 0.5389 35.85 0.000S
308.35 1.3687 0.6838 32.11 0.0120
313.55 1.6988 0.8487 29.39 0.0053

Table 3. Continued
solvent T/K 10° x m y (x — %) /x

31825 2.0468 1.0238 27.30 —0.0041
323.15 24879 12441 25.10 —0.0046
32835 3.0502 1.5248 22.97 —0.0027
333.15  3.6659 1.8359 21.17 0.0009
33825 44176 22127 19.58 —0.0009
chloroform 29325 1.7184 0.6627 17.33 0.0035
298.15  2.1405 0.8249 15.86 —0.0064
303.05 2.7034 1.0414 14.30 0.0026
308.05 3.3397 1.2890 13.11 —0.0043
313.65 4.2681 1.6495 11.74 0.0046
318.55 S5.1896  2.0067 10.83 —0.0012

323.05 6.2785 24308 9.932 0.0089

32875 7.7069 29848 9.187  —0.0070

1,2-dichloroethane 29325 0.4095 0.1903 72.65 —0.0077

29835 0.5852 0.2693 58.33 0.0143

303.15 0.7646 03530  50.56 —0.0228

308.15 1.0692 04971  41.01 0.0055

31325 14977 0.6971  33.14 0.0387

318.55 1.9483 0.9067 28.84 —0.0015

323.15  2.5197 11724 24.79 —0.0017

328.55 32406 1.5084  21.72 —0.0429

333.15 4.1878 19526  18.56 —0.0271

33825 S5.8219 27166  14.85 0.0420
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Figure 3. Mole fraction solubilities of TPP in selected solvents: experi-
mental data: M, chloroform; OJ, dichloromethane; ®, THF; O, toluene; A,
1,2-dichloroethane; A, ethyl acetate; V¥, acetone; V, acetonitrile; #,
ethanol; —, solubility line calculated from eq 2.

The solubilities were correlated as a function of temperature by
Inx = A+B/T (2)

The parameters A and B for each solvent are listed in Table 4. The
root-mean-square relative errors (RSD), defined by eq 3, are also
presented in Table 4. The smoothed data calculated from eq 2 are
compared with the data listed in Table 3.

1/2
1N calc 2

Xi — X
RSD = |— ) (2 —
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Table 4. Parameters of eq 2 and Root-Mean Square Devia-
tions of the Measured Solubility Calculated from eq 3 TPP in
Selected Solvents

solvent A B RSD
ethanol 6.1211 —4521.4 0.0036
ethylacetate 7.3038 —4499.9 0.0077
acetone 9.8223 —5330.6 0.0074
dichloromethane 7.3681 —4093.0 0.0017
THF 3.3797 —3027.4 0.0016
acetonitrile 7.3743 —4712.7 0.0104
toluene 6.7655 —4122.4 0.0061
chloroform 7.6201 —4102.8 0.0054
1,2-dichloroethane 11.780 —5739.7 0.0258

Table 5. Solubility Parameter and Liquid Molar Volume of
Selected Solvents*> and TPP

o 10°V;
substance (J-cm 3)? m®-mol "

ethanol 26.42 58.52
ethyl acetate 18.35 98.59
acetone 19.77 73.93
dichloromethane 20.38 64.43
THF 19.13 81.94
acetonitrile 24.09 52.68
toluene 18.35 106.6
chloroform 19.03 80.66
1,2-dichloroethane 20.25 79.44
TPP 21.80 236.9

where calc stands for the calculated values and N is the number of
experimental points. The results show that eq 2 can be used to
correlate the solubility data. Within the temperature range of the
measurements, the solubilities of TPP in all of the investigated
solvents increased with an increase in temperature. The solubility
of TPP in chloroform shows the highest value and in ethanol
shows the lowest values. The order of mole fraction solubility of
TPP in the select solvent at (288.15 to 323.15) K is chloroform >
dichlormethane > THF > toluene > 1,2-dichloroethane > ethyl
acetate > acetone > acetonitrile > ethanol.

To obtain the activity coeflicients of TPP in the solvents from
the experimental data, the following equilibrium equation for
solute was derived with an approximation®® for the term of the
difference of the heat capacities between the solid and the liquid
phases of the solute being negligible.

1 A H (T,
In :L(—mﬂ) (4)

x17, RTy \ T

where Ag,H refers to the enthalpy of fusion; T, is the melting
temperature; R is the gas constant; and x; and y; refer to the
mole fraction and activity coefficient of solute in the saturated
solution, respectively. With the experimental x,, T, Ag,H, and
T,, values known, the activity coefficients of TPP in different
solvents were obtained from eq 4. The results are listed in Table 3.
The experimental data shows that the higher the temperature, the
greater the solubility and the smaller the activity coefficient in all
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Figure 4. Residual function Y for TPP versus solvent solubility
parameters Ogqyen: regression line: Y = —41.979 Ogqpyent + 476.65
(R* = 0.9961).

Table 6. Parameters of eq 7 and AAD of Measured Activity
Coefficients with the Calculated Results from eqs 6 and 8 for
Solutes in Selected Solvents

solvent a b AAD %
ethanol 0.04724 —4.8-10° 0.30
ethylacetate 0.07817 —12.10* 0.66
acetone 0.11543 —21.107* 0.72
dichloromethane 0.06510 —1.1.107* 0.14
THF 0.01859 52-10°° 0.13
acetonitrile 0.07317 —93.107° 091
toluene 0.06069 —92.10° 0.49
chloroform 0.06199 —12-107* 0.46
1,2-dichloroethane 0.12964 —2.8.10"* 2.01

selected solvents. For example, the solubility of TPP in chloro-
form shows the largest value and in ethanol shows the lowest value,
while its activity coefficient in chloroform is the lowest and in
ethanol is the largest at same temperature. A relatively small
solubility and a large activity coefficient result from the deviation
from ideal behavior.

Correlation. The Scatchard—Hildebrand activity coefficient
model for regular solution,”! eq S, will be used to correlate the
activity coefficients listed in Table 6. On the basis of this model
and a further simplification, the activity coefficient model used
for the correlation in this paper can be expressed as

RT In Y = lezz(él — 62)2 (5)

where ¥, is the activity coefficient of solute, V; is the molar
volume of the subcooled liquid of pure solid solute, 0; and 0,
are the solubility parameters of the solute and solvent, R is the gas
constant, T is temperature in kelvin, and x, refers the mole
fraction of the solvent. The value of molar volume of the subcooled
liquid for solid solute TPP was estimated using advanced chem-
istry development (ACD/Laboratories) Software V11.02, and
the results are listed in Table S. The solubility parameter 0, of the
solvents are obtained from literature.”* A residual function Y can
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Table 7. Coeflicients of eq 8, Infinite Dilution Activity
Coefficients at 298.15 K, and Values of H,®* Derived from
eq 9 for Solutes in Selected Solvents

v H,P>
solvent a K Y1(298.15K) kJ-mol
ethanol —1.5803 2159.0 287.4 17.9
ethylacetate —2.7067 2121.6 82.20 17.6
acetone —5.2275 2952.6 107.3 24.5
dichloromethane —2.7340 1705.7 19.82 14.2
THF 1.2355 645.07 29.94 5.36
acetonitrile —2.7986 2340.1 156.0 194
toluene —2.0968 17232 39.76 14.3
chloroform —2.8806 1684.3 15.94 14.0
1,2-dichloroethane ~ —7.0772 3329.9 59.82 27.7
be rearranged from eq 5:
RT In
Y = —31/1 — (522 = — 26261 + (312 (6)
Vix,

The equation shows that there is a linear relation between Y
and the solvent solubility parameter 0, for a given solvent and
temperature T (T = 298.1S5 K). The value of the solute solubility
parameter O; can be obtained from the slope of this line. This is
displayed in Figure 4. The result is also listed in Table S.

The prediction accuracy of the simplified Scatchard—
Hildebrand regular solution model eq 5 can be further improved
if a binary interaction parameter I, is added to eq 5 as given by’

RTIny, = Vix2[(01 — 85)* + 211,010, (7)

In this work, the parameter I, was correlated as a function of
temperature by

112 =a+bT (8)

The parameters a and b for each solvent obtained by regression
from the experimental data are listed in Table 6. The average
absolute relative error (AAD) of the activity coefficients calcu-
lated by eq 7 is also list in Table 6 where the AAD is defined as

1o [ =y
AAD = Ly [ o )
Nzi: lep

where exp stands for experimental values, cal stands for calcu-
lated values respectively of the activity coeflicients, and N is the
number of data points.

The activity coefficient at infinite dilution of solutes y7° are
extrapolated based on eq 7 to satisfy the condition x,—1. The results
of y1° were correlated with temperature by the following equation:

Iny® =a+b//T (10)

According to the Gibbs—Helmholtz equation, the value for
the partial molar excess enthalpy at infinite dilution H;"™ can be
directly obtained from the slope of a straight line derived from
eq 10

dlny®  HP®
31/T) R

(11)

The coefficients @', b/, and the values of H"* derived from eqll
are listed in Table 7.

The infinite dilution activity coefficients at 298.15 K are
calculated and listed in Table 7. There are only little differences
between the values listed in Table 7 and the results in Table 3 at
the same temperature. These results are useful for the estimating
of the heat of dissolution of the phosphorus-containing com-
pounds in the selected solvents.

B ASSOCIATED CONTENT

© Supporting Information. 'H NMR, *'P NMR spectra of
TPP, and uncertainty analysis for the melting point and enthalpy
of fusion of TPP. This material is available free of charge via the
Internet at http://pubs.acs.org.
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