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Abstract: The reaction of the tetrakis(hydroxymethyl)phosphonium cation with urea has been investigated calorimetrically 
and by means of 31P NMR spectroscopy. The heat of reaction amounts to AH = -24 kcal/mol. The reaction involves the step
wise condensation of the methylol groups with urea, with at least four different phosphonium species present in the reaction 
mixture. The kinetics of the reaction can be analyzed in terms of the sequence in eq4, with k\ = 3.0 X 10-3, kj = 2.25 X 10~3, 
and t j = 1.5X 10-3 S-' at T = 65 0C. The onset of the gelation of a stoichiometric reaction mixture is in agreement with FIo-
ry's theory of gelation and corresponds to a conversion of p = 0.587. A reaction mechanism is proposed which involves the dis
sociation of the tetrakis(hydroxymethyl)phosphonium cation as the rate-limiting step. 

The reaction between the tetrakis(hydroxymethyl)phos-
phonium cation, TK, and urea, U, is the basis for durable flame 
retardant treatments of cellulose-containing textile materials. 
An aqueous solution of the two components is padded on the 
textile fabric, which is then subsequently subjected to a heat 
cure to produce the flame retardant finish.1-2 Although it is 
known that the reaction involves a polycondensation of the TK 
methylol groups with the amide groups of urea to form a highly 
cross-linked resin, the details of this condensation process are 
still unknown. 

In order to increase the understanding of this important 
commercial process, we have studied the kinetics of the con
densation reaction by means of 31P NMR spectroscopy. 

Experimental Section 
Materials Used. The tetrakis(hydroxymethyl)phosphonium 

phosphate-acetate was Pyroset Fire Retardant TKP, American Cy
anamid Co. Urea (American Cyanamid Co.), 1.3-dimethylurea 
(Aldrich), and formaldehyde (37% solution, Baker) were used as re
ceived. Dimethylolurea was synthesized from urea and formalde
hyde. 

Procedures. Calorimetry. The calorimeter was a 250-mL Dewar 
flask, fitted with a magnetic stirrer and a Hg thermometer. The Dewar 
flask was preheated with water to the desired reaction temperature. 
The two preheated reactant solutions were then introduced separately 
and mixed by means of the magnetic stirrer. After mixing, the stirrer 
was stopped and the reaction temperature monitored. The temperature 
rise was corrected for cooling; and the heat of reaction was then esti
mated from the maximum temperature rise of the reaction mixture, 
assuming a specific heat of 1.00 cal/g. 

31P NMR Spectroscopy. 31P NMR spectra were measured with a 
HA-100 spectrometer at 40.5 MHz (23.5 kG) operating in the HR 
mode. P4O6 was used as the external standard; the solutions were used 
without dilution at the original concentrations. Instrument settings 
were as follows: rf attenuation, 10 dB; receiver gain, 2; recorder speed, 
1000 s; scanning speed, 25 for normal spectrum, 3 for expanded re
gions of spectrum. 

Kinetic Measurements. Since the reaction is sensitive toward 
changes of pH, the reaction mixture was buffered at pH 5.0 using 1.0 
M acetate buffer. The reaction was initiated by immersing NMR 
tubes containing a stoichiometric solution of the reactants into a 
constant temperature bath, set at 65 ± 0.1 0C. Individual NMR tubes 
were then quenched in ice water at specified time intervals. The 
samples were kept at 0 0C until they were introduced into the NMR 
cavity. The actual measurements were carried out at room tempera
ture. 

Viscosimetry. The determination of the gel point was carried out 
viscosimetrically in a separate experiment. The viscosity of the ther-
mostated reaction mixture was monitored by means of a "Rotovisco" 
rotating viscometer. The gel point coincides with the onset of the steep 
viscosity increase. 

Results and Discussions 

Dissociation Equilibrium of Tetrakis(hydroxymethyl)phos-
phonium Cation and the Reaction Stoichiometry. The disso
ciation of TK is described by the equation 

+P(CH 2 OH) 4 - P(CH2OH)3 + CH2O + H+ (1) 

with an equilibrium constant of K\ = 8.70 X 10"8 M2.3 At pH 
5.0 and in the presence of excess formaldehyde, [F]free = 
0.25 [TK]o, the equilibrium is far to the left with practically 
all of the organic phosphorus in the phosphonium form. This 
assumption is supported by the 31P NMR spectrum of the 
TK-phosphate-acetate depicted in Figure 1. The spectrum 
shows only the phosphonium and the phosphate absorptions, 
the latter being due to the presence of the H2PO4

- anion, while 
the equilibrium concentration of the tertiary phosphine is below 
the detection limit. 

To select proper starting concentrations for TK and U, it is 
necessary to establish the reaction stoichiometry. Since the 
reaction is markedly exothermic, the stoichiometry can be 
determined calorimetrically: by increasing the initial ratio of 
[U]/[TK], the amount of heat liberated during the reaction 
increases until this ratio corresponds to the stoichiometry of 
the reaction. Beyond this point, the heat of reaction becomes 
constant. According to Figure 2, this leveling off occurs at a 
reactant ratio of [U]/[TK] = 2, which suggests a stoichiom
etry according to the equation 

+P(CH2OH)4 X" + 2H2NCONH2 = product (2) 

Therefore, the reaction occurs between a tetrafunctional 
phosphonium cation and a bifunctional amide. The bifunc-
tionality of U is supported by the observation that 1,3-di-
methylurea does not react with TK under identical reaction 
conditions: apparently, replacement of one amide hydrogen 
by a methyl group is sufficient to prevent the condensation 
reaction from occurring. 

From Figure 2 one obtains a value for the heat of reaction 
of AH = -24 kcal/mol TK, which corresponds to AH = - 6 
kcal/mol CH2OH group. This is in agreement with the re
ported heat of reaction for the condensation of F with U,4 in
dicating that the exothermicity of the reaction between TK and 
U can be accounted for by the condensation of all four methylol 
groups of the TK cation with amide groups. The heat of reac
tion is, therefore, apparently the same, regardless whether the 
condensation involves free formaldehyde or a methylol group 
bonded to quaternary phosphorus. 

3,Phosphorus NMR Spectra of Tetrakis(hydroxymethyl) 
phosphonium Phosphate-Acetate in the Presence of Urea. 
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Figure 1. 31P NMR spectrum of a 1.84 M aqueous solution of tetra-
kis(hydroxymethyl)phosphonium phosphate-acetate; pH 5.0, I M acetate 
buffer. 

Table I. Relative Concentrations of Phosphorus Species at 
Different Reaction Times" 

Reaction 
time, 
niin 

| + PR4]/([+PR4] 
+ [PR3]) 

(I+PR4] 
+ [PR3]VU+PR4] 

+ [PR3] + [H2PO4-]) 

O 
6 
13 
18 
21 
Av 

0.892 
0.832 
0.818 
0.799 
0.838 

0.836 ± 0.035 

0.71 
0.71 
0.71 
0.72 
0.72 
0.71 

" Conditions as in Figure 3. 

Figure 3 shows the 3 i P NMR spectra of a stoichiometric re
action mixture consisting of 1.84 M TK and 3.68 M U, buff
ered at pH 5.0, for different reaction times. Comparison with 
Figure 1 shows that the presence of U causes the appearance 
of a new absorption, which is assigned to P(CH2OH)3 . The 
appearance of this species directly after mixing of the reactant 
solutions indicates a shift of the eq 1 equilibrium to the right 
side, which is obviously caused by the reaction of U with F 
according to the equation 

CH2O + H 2 NCONH 2 — H O C H 2 N H C O N H 2 (3) 

which in turn has an equilibrium constant of /C3 = 27.8 M - ' .4 

The sum of the integrated intensities of the phosphonium and 
the phosphine absorptions relative to that of the phosphate 
anion remains approximately constant throughout the reaction, 
which means that no appreciable amounts of other phosphorus 
species such as phosphine oxides are formed. Table I lists the 
distribution of organic phosphorus between phosphonium and 
phosphine species for different reaction times. One recognizes 
that this distribution remains likewise unchanged. 

While the total intensity of the phosphonium absorption 
remains constant, one observes at high reaction times, ac
cording to Figure 3, the appearance of up to four separate lines 
in the phosphonium region of the spectrum. The new lines 
appear downfield from the original +P(CH2OH)4 line and are 
assigned to +P(CH2OH)4-„ (CH 2 NHCONH 2 )* species. 
Based on the variation of their relative intensities with reaction 
time, the four phosphonium lines are assigned as follows: Ai 

[UREA]0/ [Tk] 

Figure 2. Calorimetric determination of the reaction stoichiometry. 
Conditions: [TK]0 = 0.92 M; [U]0 = 0.4-4.0 M: pH 5.0; T = 65 0C. 
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/ 1 = 6 mln. 
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F 
Figure 3. 31P NMR spectra of the reaction mixture containing tetra-
kis(hydroxymethyl)phosphonium phosphate-acetate and urea at different 
times. Conditions: [TK]0 = 1.84 M; [U]0 = 3.68 M; pH 5.0 (acetate 
buffer); T = 65 0C. 

= +P(CH2OH)4 , A2 = + P ( C H 2 O H ) 3 ( C H 2 N H C O N H 2 ) , A3 

= +P(CH 2OH) 2 (CH 2NHCONH 2 ) 2 , A4 = +P(CH2OH) 
(CH2NHCONH2)3 . Apparently, the downfield shift is highest 
for the phosphonium species containing the largest number of 
P - C - N bonds. 

From the stoichiometry according to eq 2, one should expect 
the appearance of a fifth line corresponding to the fully sub
stituted phosphonium species. Failure to observe this line may 
be due to the fact that at high conversions the reaction mixture 
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Table II. Chemical Shifts of the Phosphorus Species Present in the 
Tetrakis(hydroxymethyl)phosphonium Cation-Urea System 

Chemical shift, ppma Assignment 

136.3 P(CH2OH)3 

110.1 H2PO4
-

85.3 +P(CH2OH)4 
84.3 + P ( C H 2 O H ) 3 ( C H 2 N H C O N H 2 ) 
83.2 +P(CH2OH)2(CH2NHCONH2)2 

81.8 + P ( C H 2 O H ) ( C H 2 N H C O N H 2 J 3 

62.9 OP(CH2OH)3 

" Chemical shifts are upfield and relative to P4O6. 

Table III. Relative Concentrations of the Phosphonium Species at 
Different Reaction Times" 

tion time, 
min 

O 
2 
4 
6 
8 

10 
12 
14 
16 
18 
20 

A1 

1.00 
0.63 
0.45 
0.33 
0.24 
0.19 
0.16 
0.12 
0.09 
0.08 
0.07 

Relative concn 
A2 

0.00 
0.31 
0.41 
0.45 
0.39 
0.41 
0.35 
0.34 
0.31 
0.30 
0.28 

A3 

0.00 
0.06 
0.14 
0.22 
0.32 
0.33 
0.38 
0.41 
0.40 
0.35 
0.33 

A4 

0.00 
0.00 
0.00 
0.00 
0.05 
0.07 
0.11 
0.13 
0.20 
0.27 
0.32 

" Conditions as in Figure 3. 

undergoes gelation, which leads to a considerable broadening 
of the NMR absorptions, thus making the detection of the 
postulated species difficult. 

The P(CH 2OH) 3 absorption is likewise found to broaden 
at higher reaction times, indicating the formation of substituted 
phosphines during the reaction. In this case, however, the new 
lines seem to appear upfield from the P(CH2OH)3 absorption. 
Since the differences of the chemical shifts are smaller and the 
total intensity is lower in this case, a resolution of the individual 
lines is not possible. 

The chemical shifts for the various phosphorus species in the 
reaction mixture are listed in Table II. 

Quantitative Determination of the Phosphonium Species in 
the Tetrakis(hydroxymethyI)phosphonium Cation-Urea System 
and Kinetic Analysis. By expanding the NMR spectrum in the 
phosphonium region it becomes possible to integrate separately 
each phosphonium line. Therefore, concentration-time data 
for the individual phosphonium species are obtained as shown 
in Table III. 

Table III shows that Ai steadily decreases as the reaction 
proceeds and A2 and A3 both go through a maximum, while 
A4 keeps increasing until the gel point of the reaction mixture 
is attained. This behavior suggests that the time dependences 
of the concentrations of the four phosphonium species can be 
explained in terms of the consecutive reaction scheme: 

k\ ki k-\ 
A 1 - ^ A 2 ^ A 3 — ^ A 4 (4) 

Owing to the fact that the reaction leads to an insoluble 
cross-linked gel, this sequence can be considered as a series of 
irreversible reactions. While the time dependences of the 
species A2, A3, and A4 are likely to be complex, the decay of 
Ai is expected to obey a second-order rate equation, since the 
reaction is run under stoichiometric conditions. Rather sur
prisingly, the data of Table III suggest an exponential decay 
of the Ai species instead, indicating that the reaction between 
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Figure 4. Calculated and experimental time dependences for the different 
phosphonium species according to the sequence given in eq 4. 

TK and U cannot be rate determining for the conditions ac
cording to Figure 2, but must be preceded by a slower first-
order process. 

The decay of Ai according to Table III is satisfied by a rate 
constant of k\ = 3.0 X 10 - 3 s - 1 . Assuming that the time de
pendences of the remaining species are likewise governed by 
first-order processes, the reaction sequence can be treated as 
a series of three first-order processes with A2 and A3 as inter
mediates and A4 as the reaction product. This system has been 
integrated;5 the concentration-time integrals for all four 
species are listed in Table IV. 

While k ] can be readily determined, the evaluation of /c? and 
ki is possible only by iterative methods. However, if one makes 
the ad hoc assumption that the condensation of each free 
methylol group occurs with the same velocity and is not af
fected by the structure of the phosphonium species to which 
it is attached, the rate constant for the consumption of every 
phosphonium species should be proportional to the number of 
free methylol groups attached to it. Considering the structures 
assigned to the four species according to Table II, the ratios 
of the three rate constants should, therefore, be: /ci//c2//c3 = 
4:3:2. With this assumption one obtains/c, = 3.00X 10~3,/c2 

= 2.25 X 10 - 3 , and A:3 = 1.50 X 10 - 3 s_1 , respectively. Using 
the integrals from Table IV, the time dependence of the con
centrations of the four phosphonium species is plotted in Figure 
4 together with the experimental points taken from Table III. 
One recognizes that the fit of the experimental data to the ki
netic model is satisfactory. Significant deviations are en
countered only at higher reaction times, particularly for A4. 
This is probably due to integration errors caused by increased 
line broadening at higher degrees of conversion. 

Infinite Network Formation in the System Tetrakis(hy-
droxy methyl !phosphonium Cation-Urea. The reaction between 
stoichiometric amounts of the tetrafunctional TK and the bi-
functional U eventually leads to the formation of an infinite 
polymer network. The appearance of this network is charac
terized by a sharply defined gel point, which in turn can be 
determined viscosimetrically. 

According to Flory's theory of gelation,6 the critical degree 
of branching, ac, at the point of gelation is given by ac = l / ( / 
— 1). Since the functionality,/, of the branching unit is four 
in the case of TK, the theoretical branching coefficient of « c 

= 0.333 is obtained. For stoichiometric concentrations of the 
reacting groups, the branching coefficient is related to the 
extent of reaction, p, by ac = p2. Hence, for the reaction be
tween a tetrafunctional and a Afunctional unit, the theoretical 
extent of reaction at the gel point is pc = 0.577. 

Experimentally, the time to gelation for the experimental 
conditions according to Figure 3 is fg = 21.5 min. Using the 

', 7977 
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Table IV. Concentration-Time Functions for the System 
k\ ki k} 

Ai —»- A2 —*• A3 —*- A4
 a 

A1/ A0 = e-^1 

A2/Ao = - ^ — 
k2- k\ 

A3/A0 = k\k2 

(e-
k" - e~k2') 

o-k\t -k2t 

+ -
(*2~ i f c l ) (*3 -* l ) ( * 2 - * i ) ( * 3 - * 2 ) (k3-k2)(k3-k[) 

A4/A0 = 1 
k2k3e~k" k\k3e~k^ k\k2e~ 

{k2-k{)(k3-kx) (k2-^Xk3-k2) (k3-k2)(k3-ki) 

" Conditions for ^ = 0: A] = Ao; A2 = A3 = A4 = 0. 

Table V, Calculated Concentrations of the Different Phosphonium 
Species at the Gel Point" 

Scheme I 

Species 
Calcd concn 

at ts = 21.5 min 
Concn of reacted 
methylol groups 

+ P(CH2OH)4 0.021 
+P(CH2OH)3(CH2N- 0.136 

HCONH2) 
+ P(CH2OH)2(CH2N- 0.333 

HCONH2)2 

+P(CH2OH)(CH2NH- 0.510 
CONH2J3 

X]CH2OHreacted = 
ZCH2OHreac,ed/ ECH2OH 

initial ~~ 

0.000 
0.136 

0.666 

1.530 

2.330 
2.330/4.000 = 0.583 

" Conditions as in Figure 3. 

integrated rate expressions of Table IV, one can calculate the 
concentrations of the various phosphonium species and hence 
the extent of conversion of the initially present methylol groups 
at the gel point. As shown in Table V, the total conversion at 
the gel point amounts to p = 0.583, which is in good agreement 
with the requirements of Flory's theory, thus supporting the 
validity of the kinetic model based on equal reactivities of the 
free methylol groups. 

The fact that the calculated composition of the reaction 
mixture at the gel point correctly reflects the theoretical re
quirements suggests that the experimental deviations apparent 
in Figure 4 are caused by experimental error rather than by 
an incorrect kinetic model. 

In order to reconcile the stoichiometric requirements with 
the extent of reaction at the gel point, one has to assume that 
the reaction progresses beyond this point. This is supported by 
the fact that the heat evolution of the reaction mixture con
tinues after gelation has taken place, indicating that further 
condensation is occurring. Quantitative NMR measurements 
of closely spaced absorptions beyond the gel point are, however, 
not feasible owing to increased line broadening. 

The Reaction Mechanism. A possible pathway for the po-
lycondensation of TK with U is the direct reaction of CH2OH 
groups attached to quaternary phosphorus with urea NH 2 

groups. This simple picture is compatible with the observed 
statistical ratio o(k\/k2/k^ = 4:3:2. However, it is not capable 
of explaining the observed first-order kinetics for the disap
pearance of the +P(CH2OH)4 species in a stoichiometric re
action mixture. A direct condensation of methylol groups at
tached to phosphorus should moreover result in a shift of the 
eq 1 equilibrium to the left side, thus decreasing the equilib
rium concentration of the tris(hydroxymethyl)phosphine in 
the presence of urea even further, which is the direct opposite 
of the observed behavior. 

A reaction sequence which is in better agreement with the 
experimental results is given by Scheme I: 

+ P ( C H 2 O H ) 4 - * • P ( C H 2 O H ) 3 + C H 2 O + H + (A) 

CH2O + H 2 NCONH 2 —>- HOCH 2 NHCONH 2 (B) 

H O C H 2 N H C O N H 2 

+ W • +CH 2 NHCONH 2 + H2O (C) 

+CH 2 NHCONH 2 + P(CH 2OH) 3 

—%* + P ( C H 2 O H ) 3 C H 2 N H C O N H 2 etc. (D) 

Since the reaction is buffered, the [H+] terms in Scheme I are 
constant. If the reaction is run at a lower pH, a decrease of the 
reaction rate is noted, which indicates that reaction A is re
versible, i.e., that the equilibrium according to eq 1 is operative. 
On the other hand, addition of formaldehyde causes a slight 
increase of the reaction rate rather than leading to the expected 
decrease. This apparent inconsistency can be resolved, if one 
assumes that the dissociation of the phosphonium cation occurs 
in two stages according to eq 53 and that only the first step, eq 
5a, represents a mobile equilibrium while the second step, eq 
5b, is virtually irreversible due to the rapid consumption of 
formaldehyde according to reaction B of Scheme I. 

+P(CH2OH)4 — +P(CH 2 OH) 3 CH 2 O- + H + (5a) 

+P(CH 2 OH) 3 CH 2 O- — P(CH 2OH) 3 + CH2O (5b) 

The fact that step B is indeed fast and therefore kinetically 
not important is established by the observation that using di-
methylolurea instead of urea does not increase the reaction 
velocity. Since for the reaction conditions employed [urea] » 
[formaldehyde], reaction B should obey pseudo-first-order 
kinetics. The corresponding pseudo-first-order rate constant 
for the conditions of Figure 3 can be estimated from the re
ported values A:35°c (U + F) « 4.4 X ICT4 M - 1 s_ 1 and E = 
14 kcal/mol;4 one obtains kB « 12 X 10"3 3 s _ l , which is four 
times as large as the experimentally obtained value of k \ = 3 
X 1O-3 s - 1 , indicating that K8 > KA is indeed valid. Finally, 
to account for the fact that the equilibrium concentration of 
P(CH 2OH) 3 is increased in the presence of urea, one has to 
assume that VB > VQ throughout the course of the reaction. 

These considerations, therefore, suggest that the rate of 
reaction between TK and U under stoichiometric conditions 
is controlled by the dissociation of the zwitterion, 
+P(CH 2 OH) 3 CH 2 O- , according to eq 5b. To explain the 
statistical ratios of the rate constants for the consecutive con
densation steps, one has to assume that the velocity of the 
dissociation is not affected by the presence of N-substituted 
methylol groups at the reacting phosphorus atom. 

Granzow / Reaction of Tetrakis(hydroxymethyl)phosphonium Cation with Urea 
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mL). After 2 min (>8ri/2 for hydrolysis) the solution was diluted 
25-fold and a spectral measurement on an aliquot showed 7%^-ni-
trophenolate released, (based on the weight of complex). The re-
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Abstract: Chelated /?-nitrophenylphosphatobis(trimethyienediarnine)cobalt(lll) perchlorate hydrolyses in the pH range 6.5-
13.5 to~35%p-nitrophenol and ~65% monodentatep-nitrophenylphosphate with a rate law, /cobsd

 = k\ + ^2[OH -] , n = 0.5, 
25 0C where k \ = 7 X 10-5 S - ' and ki = 5.1 M - ' S - ' . Tracer studies indicate that ester cleavage and chelate opening on the 
metal ion occur by different paths, through the chelated five-coordinate phosphorane intermediate and the conjugate base hy
drolysis mechanism for Co(III) amine complexes, respectively. The ester hydrolysis is accelerated 109-fold relative to the un
coordinated ester in basic solution. Evidence for strain in the four-membered ring of the chelated ester is adduced from an 
x-ray cryslallographic analysis of phosphatobis(ethylenediamine)cobalt(lll) which is also reported. The results are discussed 
in relation to alkaline phosphatase activity. 
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