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ABSTRACT: The preparation of the addition products of
H3PO, to bisphenol A based epoxy resins is described.
These products are considered modifiers of the epoxy res-
ins and for the further formation of useful networks (coat-
ings and related products). Depending on the ratio of
H3PO, to epoxy groups and other reaction variables, a
family of oligomers with acidic end groups has been
formed. The major reaction is the addition of H3POy, to ep-
oxy groups. Among the side reactions, the acid-catalyzed
addition of the >CH—OH (and/or —CH,OH) groups to
epoxy groups dominates. The —OH groups, if not present
in the starting resins, are emerging from the P—OH to
oxirane ring addition. The matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry analysis
of the starting epoxy resins has revealed their structural
diversity. In the kinetic measurements and determination

of the ester composition, diglycidyl ether of bisphenol A
(BADE) as a model compound has been mostly applied.
The kinetics of the H3PO,~BADE reaction is described, and
the structures of the final products are analyzed with
*IP{'H}-NMR, which gives (at pH ~ 12) quantitatively the
proportions of the monoesters, diesters, and triesters as
well as the unreacted H3PO,4 The conditions have been
found leading exclusively to the monoester, and this indi-
cates that an increase in the reaction temperature enhances
the selectivity of the reaction; that is, it depresses the pro-
portion of the acid-catalyzed —OH and epoxy group reac-
tion. © 2007 Wiley Periodicals, Inc. ] Appl Polym Sci 105: 246~
254, 2007
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INTRODUCTION

The modification of epoxy resins into the esters of
phosphoric acid is providing a new family of prod-
ucts that by themselves or as additives can be
applied to coatings and related final products con-
verting epoxy groups.

In our previous studies, it has been shown that
close to the stoichiometric ratio (P—OH/oxirane
~ 1) in the reaction of H;PO, with diepoxides, in-
soluble gels are formed.' Indeed, three acidic func-
tions of HzPO, and two epoxy groups give a typical
Aj; + B, system that should lead to network forma-
tion. The gels are further converted into soluble,
highly branched macromolecules by simple hydro-
lysis because the hydrolysis of triesters (knots in
gels) is much faster than the hydrolysis of diesters
and monoesters.!™ In these macromolecules, there
are diesters of phosphoric acid (linear units), triest-
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ers of phosphoric acid (branching points), and
monoesters of phosphoric acid (end groups; see
Scheme 1).

It has also been observed that in certain basic sol-
vents (e.g., dimethyl ethers of oligoethylene glycols),
the third acidic group of H3PO, is becoming less re-
active, and triesters are less extensively formed.

In another series of our works, we studied the
kinetics and mechanisms of H3;PO, addition to sim-
plest epoxides, mostly ethylene oxide.*® We estab-
lished that the reaction stops with the complete con-
sumption of the acid at the conversion stage of
~ 1.25 mol of ethylene oxide per mole of the P—OH
groups. Addition to every next acidic group pro-
ceeds faster than that to the previously reacted
group, the ratio of rates being equal to 1 : 1.9 : 4.
This is in contrast to our aforementioned work, in
which the reaction was carried out in polyethers as
solvents. The elementary reaction of addition
involves activated epoxide and dimeric H3PO,. The
activated epoxide is either H-bonded or protonated
(Scheme 2).

The proportions of various esters that form may
very considerably, mostly depending on the oxirane
ring/—POH ratio and on other conditions of the
reaction. We applied this knowledge to an attempt
to prepare simple addition products of H3PO, to
diglycidyl ether of bisphenol A (BADE).
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EXPERIMENTAL
Materials

BADE was obtained from Epidian 6 (Organika-Sar-
zyna S.A., Sarzyna, Poland) by vacuum distillation.
Finally, the fraction boiling at 210°C at 0.015 mmHg
was collected. According to the gas-liquid chroma-
tography analysis, the purity of BADE was over 97%.

Epoxy resins (Organika-Sarzyna) were dried in the
melt before the reaction for several hours under
reduced pressure (at ~0.01 mmHg).

Phosphoric acid (Aldrich, Steinheim, Germany)
with a melting point of 41-44°C was dried for 8 h at
~0.01 mmHg and 50°C.

CH>—CH—CHa OCH>—CH—CH,
il S B R

Dioxane-1,4 was refluxed for 16 h with Na metal
and next stored over a Na/K alloy in a glass ampule
with a Teflon stopcock.

Kinetic measurements

The kinetic measurements of the addition of HzPO,
to BADE in a dioxane solution were performed at 25
and 100°C. The starting concentrations of the
reagents were as follows: [H3PO4]p = 2.18 mol/L
and [BADE], = 0.495 mol/L. The solutions of H3zPO,
and BADE were mixed in an [H3PO4]o/[BADE],
molar ratio of 2 : 1 (one HzPO, molecule per oxirane
group) and reacted at the desired temperature. After
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Figure 1 MALDI-TOF MS of Epidian 1. The capital letters
over the peaks denote the corresponding structures shown
below them. The matrix was DHB/Nal.

various times, small samples of the reaction mixture
were taken and poured into an excess of Na,CO; in
a water solution. The *'P-NMR spectra in a strong
alkaline solution (after the additional adding of NaOH
directly before the measurement) were recorded. A
relaxation delay of 20 s was used.

Determination of the ester composition

The reaction was studied at 25 and 100°C. The diox-
ane solutions of [BADE], = 0.495 mol/L and
[H3POy4]o = 2.18 mol/L were prepared. A solution of
BADE was added dropwise for 10 min to the solu-
tion of H3PO, in such a way that the final [H3PO4]o/

1000 2000 3000 4000
Mass (m/z)
Figure 2 MALDI-TOF MS of Epidian 012. The capital let-

ters over the peaks denote the corresponding structures
shown below them. The matrix was DHB/Nal.
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[BADE], ratio was varied from 0.5 to over 11.5. The
reaction mixture was then kept overnight. The 'H-
NMR spectra did not change after this time; no ep-
oxy groups were present in the reaction mixture.
The composition of the esters in each reaction mix-
ture was determined on the basis of >’P-NMR spec-
tra in the water solution at pH ~ 12.

NMR spectra were recorded with a Bruker (Karls-
ruhe, Germany) AC 200 spectrometer operating at
200 MHz for 'H spectra, at 50.33 MHz for °C spec-
tra, and at 81.01 MHz for °'P spectra.

Mass spectrometry measurements were performed
with a Voyager Elite (Framingham, MA) time-of-
flight instrument. 2,5-Dihydroxybenzoic acid (DHB)
as a matrix and Nal as an ionizing agent were used.

RESULTS AND DISCUSSION

The addition of H;PO, to the epoxy resin consists of
a series of consecutive, parallel reactions.

The major reaction is shown in Scheme 3 (in
higher molar mass epoxy resins based on bisphenol
A, there are also hydroxyl groups). The structures
shown in the scheme are the dominant species; sev-
eral side products are formed during the industrial
synthesis of epoxy resins. These are described in the
next paragraph.

Structures of the epoxy resins

Several epoxy resins were used, having at least nom-
inally the structure of diglycidyl ethers. Pasch et al.”
analyzed by matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF
MS) epoxy resins (technical products provided by
Dow Deutschland, Inc., Rheinmiinster, Germany)

TABLE I
Assignments of the Selected Signals Shown in the
Expanded MALDI-TOF Mass Spectra (Figs. 1 and 2)

Calculated molar
mass of the structure

Structure m/z n m cationized with Na™
A 933 2 — 932.11
1217 3 — 1216.46
1502 4 — 1500.81
B 951 2 — 950.11
1235 3 — 1234.46
1520 4 — 1518.80
C 1061 2 2 1062.25
1345 3 2 1346.60
D 1161 3 — 1163.41
1445 4 — 1447.76
E 970 2 — 968.58
1253 3 — 1252.93
1538 4 — 1537.28
F 1080 0 2 1080.72
1365 1 2 1365.72
G 1044 0 2 1044.26
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* Cl was also found in the technical products by elemental analysis
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TABLE II
Comparison of the (M,,) Values of the Epoxy Resins
Given by the Producer and Determined from the
"H-NMR Spectra

(M,,)

Resin Producer TH-NMR
Epidian 1 1000 1050
Epidian 012 2000 1850
Epidian 014 3100 3100
Epidian 016 6600 4500

and established that there are several structural
imperfections. Depending on the source of the epoxy
resins, these imperfections could differ, as the manu-
facturing processes also differ. Thus, we analyzed by
MALDI the molecular structures of the epoxy resins
used throughout this work (technical products of
Organika-Sarzyna). In Figures 1 and 2, the MALDI-
TOF spectra of the epoxy resins with molar mass
({M,,)) values equal to 1000 and 2000 (data from pro-
ducer) are shown.

By a comparison with data published by Pasch
et al.,” we have found similar structures, denoted by
us as A, B, and E;. On the other hand, we have
found in our samples (Sarzyna) structures C, D, F,
F;, and G, which were not observed by Pasch et al.
in the Dow resins.

To comprehend better the original MALDI-TOF
MS results, there are inserts in the corresponding fig-
ures indicating the structures in more detail. In
Table I, the assignments of the selected signals
shown in the expanded MALDI-TOF mass spectra
are given. The structures are shown in Scheme 4.
Whenever the chlorohydrin structure is observed, it
could be present in one of the two positions, as indi-
cated by an arrow.

Ar
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'{..Z\_’:‘:}- D= CHALH—CH 0L CHe—CH—CH
I w
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chcy| A
-CH, CH,
AJ i :
i
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Figure 3 'H-NMR spectrum of Epidian 1.
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The actual proportions of the given structures are
not exactly known because the MALDI response
could differ with the structure. Nevertheless, partic-
ularly for the higher molar mass, the influence of
these differences may be less evident.

In Table II, the (M,) values determined from the
epoxy content (data given by producer) are com-
pared with our "H-NMR measurements, assuming a
simple structure without side products. The dis-
agreement observed for the highest molar mass
product 6600 (4500) indicates that in this product
there is more branching than in the lower mass res-
ins. This is understandable if the chemistry of the
synthesis is taken into account.

In Figure 3, the '"H-NMR spectrum of the epoxy
resin (Epidian 1) is shown, indicating the corre-
sponding groups (electronic integration is given,
being used in the calculations). From this and similar
spectra, (M,) could also be calculated under the
same assumption described previously.

Phosphorylation processes

First, the dependence of the structure of phosphoryl-
ated products (i.e., the ratio of the monoesters, die-
sters, and triesters) on the [H3PO4]o/[Epoxy Group]p
ratio was studied. Thus, we determined the propor-
tions of the monoesters, diesters, and triesters as
well as the concentration of the H3;PO, left and other
structures (e.g., pyrophosphates) related to this ratio
in the starting reaction mixture.

phospharic
acid
monoesters
|| ‘| '| diesters
i trigsters
I (1IN il
e = it SR ) Ll Mt et 2 i o e Wk o A g
cC
s g s 2 B
m =1 5] & =]
= -~ = —
& = = s o
E
I T T T T T T T T T T T T T |
8 6 4 2 0 -2

Ppm

Figure 4 *'P-NMR spectrum of the reaction mixture of
BADE with H3PO, in dioxane at 25°C after 25 h (reaction
conditions: [HzPO4]o/[Epoxy Group]o =1 : 1).
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A typical *'P-NMR spectrum, with assignments
for the major chemical shifts, is given in Figure 4.
This and all other *'P-NMR spectra were taken in
H,O as the solvent at pH ~ 12 because under these
conditions there is no overlap of the monoesters, die-
sters, and triesters, which are known to overlap
under neutral or acidic conditions.

Depending on the reaction conditions, various
ratios of monoesters, diesters, and triesters are
observed. In Figure 4, all of the major groups of
the structures are identified, although we are not
in a position to discriminate more subtle structures
within the monoesters, diesters, and triesters. Per-
haps, for instance, within monoesters, the major
peak is related to the product of regular additions,
without side processes in its vicinity (Scheme 5).

The major peak is split into two, apparently
because of the two different ways of ring opening.
Actually, in our work on the reaction of propylene
oxide (methyl oxirane) with H;PO,4, the o- and f-
ring openings were found to proceed with almost
the same probability.” The other peaks in this region,
usually two smaller singlets (one of these is further
split), can be related to the end group having in its
vicinity the —OH substituted during synthesis, by
either a reaction with an epoxy group or phospho-
rylation. During the course of the reaction, the ratios
of the peak areas (from electronic integrations) of
these three signals, located within the chemical shifts
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Scheme 6

of the monoesters, change from 9.2 : 2.6(3.5) : 1 at the
beginning (first recorded spectrum) to 6.2 : 1.9(3.3) : 1
at the end of reaction. In the angle brackets, the ratio
of the first two signals are given.

Thus, the changes in these proportions are not
substantial, at least for the first two peaks, in the
course of the reaction. In the region of the diesters,
there are products of a lower degree of phosphoryla-
tion, mostly two singlets: one split into two, very
close to one another at 6 = 0.83 ppm and 6 = 0.67 ppm.
In the later stages of the reaction, the third peak at &
= 0.50 ppm appears.

The most probable structures are o,a-opening and
other isomers, in which the first and second ring
openings may be of the o or B type, giving the struc-
tures shown in Scheme 6.

Thus, at 0.43-0.87 ppm, we may have products
resulting from the -, o,B-, and B,B-opening. The major
peak, split into two, differing only by 6 = 0.04 ppm,
may be due to the o,0-opening and o,B-opening,
whereas the next singlet, at 8 = 0.67 ppm, could be
due to the B,p-ring opening. The ratio of these peaks
is close to 1.5, whereas for the equal probabilities of
product formation, a 2 : 1 ratio could be expected.
The third small peak may result from the diester
having in its vicinity substituted hydroxyl groups
[-CH(OH)—] existing from the beginning or
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Figure 5 *'P-NMR spectrum of a typical silylated reaction
mixture of BADE with H3PO, in a dioxane solvent at 25°C
after 25 h (reaction conditions: [H3;PO,]o/[Epoxy Grouplg
=1:1).
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Figure 6 Kinetics of the reaction of H3PO, (0.68 mol/L)
with BADE (0.34 mol/L) in 1,4-dioxane at 25°C: (V) triest-
ers, (A) diesters, (H) monoesters, and (@) H3PO,.

formed during the phosphorylation process. In
the region of triesters (from 6 = —0.23 ppm to &
= 0.08 ppm), there are three peaks; their peak areas
and positions do not change with the conversion.
The triesters are formed in the reactions of diesters
with epoxy groups from another molecule. The three
singlets most likely hide a much more complicated
pattern due to the superposition of the differences
described for a diester, plus two possible epoxy ring
openings.

The previously described structural analysis was
based on the *'P-NMR spectra studied in H,O as a
solvent at pH ~ 12. It was possible because products
of H3PO, addition to BADE (the lowest molar mass

100
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Figure 7 Kinetics of the reaction of H3PO, (0.68 mol/L)
with BADE (0.34 mol/L) in 1,4-dioxane at 55°C: (W) triest-
ers, (A) diesters, (l) monoesters, and (@) H;PO,.
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Figure 8 Kinetics of the reaction of H3PO, (0.68 mol/L)
with BADE (0.34 mol/L) in 1,4-dioxane at 100°C: (W)
triesters, (A) diesters, () monoesters, and (®) H3zPO,.

epoxy resin from bisphenol A) are soluble in H,O.
Similar reaction products of H;PO, with epoxy res-
ins of higher molar masses are not soluble in H,O.
Therefore, the structural aspects of these products
had to be studied differently. It is also known that in
organic solvents acidic esters of H3PO, of a given
alcohol absorb in the same region, excluding any
possibility of the structural analysis. Therefore, to
distinguish structural units, the required samples of
the reaction mixture (still containing H;PO,) were
silylated. In the reaction with hexamethyldisilazane,
the corresponding esters are formed and are known
to absorb in the *'P-NMR spectra as follows:
[(CH3)5Si0];P=0 at 6 = —25 ppm, [(CHj3); SiOl,
P(O)OR at 6 = —17 to —18 ppm, and [(CH3)3SiO]
P(O)(OR), at 6 = —7 ppm. A typical spectrum of the
product, containing all mentioned previously struc-
tures, is shown in Figure 5.

There is a major peak at —17.5 ppm of the sily-
lated monoester, and there are peaks related to die-
sters and triesters as well as a peak at —25 ppm
(H3POy).

TABLE III
Dependence of the Ratios of Various Esters on the
Starting [H;PO4]o/[Epoxy Groupl, Ratio at 25°C

[EP[OHX;Pgs(])ou/p]O Final composition (%)

No. (mol/mol) Monoester Diester Triester
1 1.05 59.2 26.0 14.8
2 2.23 74.2 16.1 9.7
3 5.44 84.6 8.8 4.6
4 11.55 92.0 5.3 2.6
5 17.36 ~ 100 0 0
6 23.28 ~ 100 0 0
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Kinetics of polyaddition

The course of polyaddition was studied on the basis
of the 'M-NMR spectra (disappearance of epoxy
groups) and *'P-NMR spectra (appearance of esters).
Typical plots, giving the dependence of the H3POy,
monoester, diester, and triester concentrations as a
function of time, are shown in Figures 6-8.

At 25°C, the reaction is relatively slow and requires
approximately 100 h for completion. However, al-
ready at 55°C, a few hours are sufficient, and at 100°C,
the reaction is completed in minutes. Clearly, the
higher the proportion is of monoesters, the higher the
temperature is of the reaction.

Structure of the products versus
the reaction conditions

In our earlier work, it was shown (as indicated
above) that the rate of reaction of ethylene oxide
with P—OH groups is increasing in the following
order: (RO),P(O)OH > ROP(O)(OCH), > H3PO,. The
obvious way to obtain mostly the simple addition
products is to use a large enough excess of H3PO,
over the epoxy groups. The dependence of the pro-

100 %
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g 60 ln,u ® 25°C
& (f
E f 4 100°C
‘s 40 (
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[H,FPO,],lepoxy groups],

Figure 9 Dependence of the proportion of monoesters on
the [H3PO4]o/[Epoxy Group], ratio at 25 and 100°C in 1,4-
dioxane [reaction conditions: H3PO,; (0.68 mol/L) and
epoxy groups (0.68 mol/L)].
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portions of the various esters as a function of this ra-
tio is shown in Table III.

Thus, for the reaction of BADE, conducted at 25°C
in a 1,4-dioxane solvent in such a way that the solu-
tion of BADE in the dioxane solvent was slowly
introduced to the H3PO, solution in the same sol-
vent, the (practically) exclusive structure of the mono-
esters (PBADE) was observed when the [H3POylg/
[Epoxy Group], ratio was close to 17 (Scheme 7).
In all experiments, the rate of addition was kept
constant.

The proportion of monoesters in the mixture of ph-
osphoric acid esters as a function of the [H3POyly/
[Epoxy Group], ratio is given in Figure 9.

When the reaction was performed at 100°C, that
is, when a solution of BADE in 1,4-dioxane was
introduced slowly into a solution of H;PO, in the
boiling dioxane, then the reaction appeared to be
more selective, although the difference was rather
small. This is shown in Table IV and Figure 9.

This result means, nevertheless, that the tempera-
ture coefficients of the reactions of the H3PO, and
monoester with epoxy group differ in such a way
that the rate constant for the slower reaction (at
25°C) increases faster. This could be expected on the
grounds of the general kinetics. We were not explor-
ing higher temperatures, which could give even bet-
ter results. Another explanation could be that
because of the much faster reaction at a higher tem-
perature, the time at which the P—OH/epoxy
groups ratio is kept high is relatively longer.

Thus, with a large enough excess of H3PO, over
epoxy groups, almost exclusively monoesters of
phosphoric acid are formed. Reaction products close
to the simple addition products based on BADE are
water-soluble. The higher molar mass epoxy resins
were phosphorylated in the same way as described
for BADE. However, for all of these resins, that is,
Epidian 012, Epidian 014, and Epidian 016, the
H3PO,/epoxy resin ratio equal to ~4.0 was already
sufficient to have over 95% monoesters (95% of the P
atoms in the phosphorylated resin were in monoest-
ers, and the rest, i.e., 5%, were in the diesters and
triesters). The phosphorylated products were simply
precipitated from the dioxane solution into water,

TABLE IV
Dependence of the Ratios of Various Esters on the
Starting [H;PO,lo/[Epoxy Group], Ratio at 100 °C

[Ep[on;Pgﬁl(il/p]o Final composition (%)
No. (mol/mol) Monoester Diester Triester
1 1.95 80.6 11.2 8.2
2 5.13 90.4 6.3 3.1
3 9.74 96.8 32 0
4 17.80 ~ 100 0 0
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washed until the neutral pH, dried, silylated, and
analyzed by *'P-NMR as described for the silylated
product of the BADE-H;PO, reaction (Fig. 5).

CONCLUSIONS

BADE was taken as a model of epoxy resins for the
phosphorylation reaction. A relatively high excess of
H3PO, over epoxy groups is required at 25°C to
have almost exclusively a simple addition product,
that is, a monoester. At lower ratios, the phosphoryl-
ated products contain also diesters and triesters.
Their proportions as a function of the H;PO,/epoxy
groups have been determined.

The higher molar mass epoxy resins were studied
by MALDI-TOF MS, and it was shown that they
contain a large number of isomeric side products.
The phosphorylation of these resins is much more

Journal of Applied Polymer Science DOI 10.1002/app
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specific than that of BADE; that is, a higher propor-
tion of monoesters is obtained at lower H3PO,/ep-
oxy group ratio.
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