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The paper is dedicated to Professor Bozena Kolarz.

Summary — The reaction of phosphoric acid with ethylene oxide (EOX) in
organic solvents or water has been studied at -5 °C to +30 °C by means of
NMR and MALDI—TOF spectroscopy. Linear telechelic oligomers compris-
ing 4—25 ethylene oxide monomeric units and 3 terminal hydroxyl groups
were found to be the main products of this reaction. Side products include
cyclic esters, condensation products containing 2—3 phosphorus atoms in the
chain and oligodiols. The esters are stable at temperatures up to 170 °C; and in
water exhibit strong resistance to hydrolysis up to approx. 80 °C. Aqueous
medium at 100 °C in presence of aluminum oxohydroxide in the form of
boehmite leads to hydrolysis of one ester bond, in situ yielding a diester,
which reacts with the boehmite to form hybrid phosphate-alumoxane struc-
tures; with molar ratio of P:Al in such polymers of approx. 1.1. A transparent
colloidal dispersion with a broad molecular weight spread of the polymer
component and low limiting viscosity number (about 0.002 cm>/g) is formed.
Lowest molecular weight fractions form true solutions in water and DMSO.

Key words: phosphoric acid, ethylene oxide, oligomeric phosphates,

boehmite, hybrid phosphate-alumoxane polymers, chemical structure,
MALDI TOF.

The reaction of phosphoric acid with oxiranes leads mechanism of oxiranes addition to the acids of phospho-
to the formation of telechelic esters containing oxyal- rus in anhydrous non polar media and the kinetics of
kylene units terminated with hydroxyl groups. The ethylene oxide (EOX) addition to various OH groups

present in these systems were studied in the early nine-
- ties by Biela, Kubisa and Penczek [1—3] by means of
" To whom all correspondence should be addressed. NMR spectroscopy. It was found that in the absence of
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external acidic catalysts the reaction is self catalyzed by
the P-OH group and can be described in terms of “acti-
vated monomer” polymerization. Monomer activation
does not require ionization of the acid and proceeds pre-
dominantly with EOX activated by hydrogen bond for-
mation:

DO + HPO; === I:O--H—O—P<< =Lox

Further elementary steps involve addition of the acti-
vated monomer to the P-OH and C-OH bonds:

=P-OH +*0]] =p_-g oI
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The reactivities of the subsequent P-OH groups in
Hj3PO, increase with an increase in the degree of substi-
tution, which favors the formation of fully substituted
esters ([).

O(CH,CH,0)H 0
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The formation of a small amount of cyclic phosphate
of the general formula (II) was also observed and attri-
buted to the internal esterification or transesterification
reactions; however, the structure of the final products
obtained after complete conversion of the P-OH bonds
was not studied in detail [2]. According to patent re-
ports, the telechelic oligomers made from oxiranes and
phosphoric acid are promising flame retardants that can
be incorporated into various types of condensation poly-
mers [4—8].

Studies carried out in our laboratory showed that
they can serve also as an inexpensive source of organo-
phosphorus ligands in the synthesis of hybrid inorganic-
organic polymers. For example, polymeric aluminum
diphosphonate (III) can be obtained by reacting oli-
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gomeric esters in an aqueous medium with boehmite,
which is the most stable and naturally abundant alumi-
num oxohydroxide.

Particles consisting of small “boehmite like cores”
and side organic ligands have received recently consi-

derable interest with respect to their potential applica-
tions as nanometer-sized, chemically reactive fillers,
supports for metallocene catalysts and precursors of
commercially important fine ceramics [9—11]. Metal or-
ganophosphates also play an important role in the
preparation of new families of microporous and meso-
porous materials [12, 13].

Therefore, it seems to be reasonable to obtain more
detailed information about the structure of phosphorus-
containing oligomers formed in the reaction of phospho-
ric acid with oxirane and their reactivity towards va-
rious mineral sources.

The main goal of this work was to identify organo-
phosphorus compounds which are formed in the reac-
tions of EOX with phosphoric acid in bulk, aprotic sol-
vents and in water by means of NMR and MALDI TOF
techniques.

We also report the synthesis of aluminum phosphates
by controlled hydrolysis of triesters in the presence of
boehmite.

EXPERIMENTAL

Materials

Phosphoric acid (85 % aq., POCh, Poland), phospho-
ric acid (99.9 % anhydrous, Fluka), EOX (>99.8 %,
Fluka), and boehmite (Catapal D® alumina supplied by
CONDEA-Vista) were used without purification. The
solvents and other reactants were purified according to
general procedures. The reactions, purification of start-
ing materials and solvents as well as all other operations
were performed in the atmosphere of dried and deoxi-
dized nitrogen.

Synthesis of phosphoric acid organic esters

Synthesis of phosphoric acid esters with EOX

EOX was introduced at -78 °C to a weighed, nitrogen
containing, glass pressure ampoule. Next, it was intro-
duced into a cooled glass pressure ampoule containing
anhydrous phosphoric acid (and the solvent when per-
forming the reaction in its presence) by means of a stain-
less steel capillary.

Reactions with an aqueous solution of phosphoric
acid were carried out in a 100 mL three-neck flask,
equipped with a magnetic stirrer and dry ice condenser,
to which a weighed amount of phosphoric acid was in-
troduced first and EOX by means of a capillary, next.
Since the reaction proceeds vigorously and is strongly
exothermic, it was cooled with an acetone dry ice bath.
EOX was introduced to the system in a continuous man-
ner.

Synthesis of the aluminum organophosphate {[compound (III)}

Reactions of the obtained oligoesters with boehmite
were carried out in water for 48 hours at boiling point of
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water under ambient pressure. The aluminum organo-
phosphate obtained was purified by extraction of or-
ganic residue with acetonitrile.

Hydrolysis of EOX oligomeric triesters

Distilled water was added to a flask equipped with a
magnetic stirrer and reflux condenser containing known
amounts of the products obtained. Next, the mixture
was heated at ca. 80 °C or in boiling water. Samples were
taken in course of the heating for titration in order to
determine the amount of the liberated P-OH groups.

Methods of characterization

Carbon, hydrogen, oxygen and phosphorus content
were determined by the combustion method on a Carbo
Elbo model 1108 apparatus.

Aluminum content was determined complexometri-

cally.

1);C, A1 and *'P NMR spectra of solid samples were
recorded on a Bruker DSX 300 spectrometer.

Spectrometric molecular mass determination was
performed by means of a MALDI TOF 4 mass spec-
trometer (Kratos Analytical). 'H and >'P NMR spectra
were recorded on a Varian Mercury 400 spectrometer
(CDCl3 or DMSO, 25 °C). The ESI MS spectrum was re-
corded on a LC-MSD 110, Agilen Technologies mass
spectrometer with electrospray ionization. The optimi-
zation of the Electrospray MS detection conditions was
obtained for standards transported to the ionization
source by light aspiration (25 ul - min™') obtained by the
nebulizing gas stream 11 ul - min”. The chromato-
graphic program LC Chemstation 3D (Hewlett Packard)
was used for MS data, allowing observation of the mass
specfra.

Acidic groups of the products obtained were deter-
mined by titrating the products in aqueous solutions
with a 0.1 M NaOH solution. The end point of titration
was determined by measuring changes of pH of the indi-
cator electrode during titration.

GPC measurements were carried out on a Lab
Alliance chromatograph equipped with a refractometric
detector and PLaquagel-OH Mixed 8 um chromato-
graphic column using PEOX as a molecular weight
standard. The measurement was performed in deminer-
alized water at a 0.5 cm>/min flow.

RESULTS AND DISCUSSION

Reactions in anhydrous conditions

Reactions of anhydrous phosphoric acid and EOX
were carried out in bulk, as well as in acetonitrile and
dioxane solutions using a 5 to 20-fold excess of the oxi-
rane. *'P(H} NMR spectra of the products (e.g. Fig. 1)
indicate that phosphoric acid is completely converted

o)
I
P-£ OCHZCHZ%M OH

0
li
HO—P—(—OCHchZ)-sm OH

(o]
Hzc/o\ /7

wf”\.,

\o/ \o«w OH T U

2

H,C

b) |

)
17 : / 0 -

-1

]

S, ppm

Fig. 1. P NMR spectra of the EOX and EOX/H3PO, reac-
tion products: a) reaction carried out in acetonitrile; b) reac-
tion carried out in bulk; c) reaction with 85 % H3PO4aqueous
solution

into esters under these conditions. The main signals in
the range from -1.5 to -2.2 ppm accounting for 80—97
mol. % of total phosphorus, are due to the mixture of
linear triesters, whereas the small signals at & = 17 ppm
(1—3 % of P) are attributed to cyclic phosphates (II).
Additional signals at -0.5— -1.0 ppm were reported in
some spectra. They are probably the signals of diesters,
since only one neutralization point (corresponding to
pH change from 5 to 10) is observed during titration of
the reaction mixture with 0.1 M NaOH solution. The to-
tal consumption of acidic P-OH group determined from
the integration of signals in *'P NMR spectra of the pro-
ducts reached 83—100 % (Table 1). Unreacted phospho-
ric acid at 2—4 ppm and of monoesters at & -0.5—+3
ppm are observed (their chemical shifts depend on the
esters to acid proportion) at an early stage of the reac-
tion.

Signals characteristic for POCH, groups form com-
plicated multiplets in the 8 from 3.6 to 4.1 ppm range in
the proton resonance spectra (Fig. 2). One sharp peak for
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Table 1. Conversion of P-OH group and oxirane consumption
in the reaction of phosphoric acid (PhA) with ethylene oxide (EOX)
in various solvents”

P-OH Mole ratio
EOX/PhA | conver-
Solvent N A
mole ratio sion EOX/P | EOX/P-OCH,
mol %
15 92 9.1 3.3
Bulk ;
“ 20 100 87 29
o 5 83 5.0 2.0
Acetonitile 20 9%6 5.8 20
Dioxane® 15 100 5.4 1.8
19 9 0.9 35
3¥ 19 18 3.2
gd 90 7.3 2.8
Water 209 97 12.3 42
20% 100 12.9 43
20 100 10.2 3.4
Water-dioxane” 20 100 8.8 2.9

* Determined by *'P(H) and 'H NMR.

® Reaction carried out for 14 days at -5 °C.

910 mL per 1 g of PhA.

9 85 wt. % of PHA (PhA:water mole ratio = 1:1).
970 wt. % of PHA (PhA:water mole ratio = 1:1).
D phA:water:dioxane mole ratio = 1:1:5.
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Fig. 2. TH NMR spectra of the EOX/H3PO, reaction pro-
ducts: a) reaction carried out in acetonitrile; b) reaction with
85 % H3PO, aqueous solution; c) reaction carried out in bulk;
d) product of the reaction carried out in acetonitrile after
esterification with maleic anhydride (temp. 60 °C, two-fold
excess of anhydride)

both groups is observed due to the fast proton exchange
in systems, in which alcoholic and acidic OH groups are
present. The position of this signal depends on the pro-
portion between the acidic and alcoholic groups and on
concentration (at the 90—96 % conversion of the P-OH
groups and about 10 % concentration of the product in
CDCl3 8oy occurs usually between 3.4 and 4.3 ppm).
Degree of conversion in these systems can be deter-
mined on the basis of the relative intensity of the OH and
P-OCH, groups signals. It is very close to the value de-
termined on the basis of signal intensity in the phospho-
rus spectrum (*1 %) and on the basis of titration (+3 %).
A comparison of the intensity of the P—OCH; and other
methylene groups signals allows estimation of the mole
ratio of EOX monomeric units {m.u.) to the phosphate
m.u. in the products obtained (Table 1). The validity of
these methods was confirmed by another procedure
based on the esterification of terminal alcoholic OH
groups with maleic anhydride. The degree of EOX oli-
gomerization after esterification can be calculated from
the integration ratio of the signals at 8 ~4 ppm and & ~3.5
ppm (Fig. 2d) characteristic for terminal (-POCH, and
-C(O)OCHy) and internal (-CH,OCH,) methylene
groups, respectively. Both methods gave the same re-
sults (5 %) within inaccuracy in determination of the
signals intensities. The relative intensity of the CH=CH
group signal at 6.1 ppm and terminal methylene group
signal allow to determine the number of alcoholic OH
groups per one P-OCH, bond. Integration ratio of the
signals at 6 6.1 ppm and ~4 ppm under anhydrous con-
ditions is between 0.49 and 0.51, which means that the
molar ratio of POCH,/OH groups is close to unity, as
expected.

Molar ratio of EOX m.u. to phosphate m.u. for reac-
tions carried out in dioxane is about 1.8, and is slightly
higher than the value predicted on the basis of kinetic
data for the reaction carried out at 25 °C (1.5) [6]. Aver-
age length of the EOX m.u. sequences in the oligomers
formed increases with an increase in the polarity of the
reaction medium. In reactions carried out in acetonitrile
it is ~2.0, and in those carried out in bulk 3.3 (this value
decreases to ca. 2.9 if the reactions are carried out below
0 °C). In the absence of a solvent the reactions proceed at
first in a two-phase system and the system becomes ho-
mogeneous only after a certain time. Under these condi-
tions at least part of the products are formed in a
strongly polar medium of highly concentrated phospho-
ric acid and its esters.

Participation of oxonium ions should be taken into
consideration in a polar medium. In our opinion, their
addition to the terminal hydroxyl groups leads to the
formation of higher oligomers.

As was shown earlier, contribution of the reaction
pathway involving protonated EOX species is negligibly
small in reactions carried out in dioxane [5], however it
plays a significant role in the presence of external cata-
lysts (e.g. HBF,). The formation of oxonium ions in reac-
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tions carried out in bulk is indicated also by the forma-
tion of small amounts of dioxane and higher cyclic EOX
oligomers (that were detected by MS electron spray
spectroscopy of the reaction mixture).

DOB— H + O<] — HO 8j — cationic propagation
and cyclization
N

MALDI TOF spectra (Fig. 3) of the reaction mixture
show that oligoesters comprising one phosphorus atom
(I) are the main products formed in the systems studied.
Two main series of signals correspond usually to ad-
ducts with the proton and Na* cation. Molecular weight

() A-H,PO, +nEOX + H’
B - H,PO, + n EOX + Na'
(IV) C-2H,PO,- H,0 + n EOX + H'

of signals corresponds to oligomers comprising from 4 to
18 EOX m.u. in the case of products of reactions carried
out in solution and from 4 to 25 EOX m.u. of those car-
ried out in bulk. Mean EOX m.u. content in the products
determined on the basis of the relative intensity of sig-
nals in the MALDI TOF spectrum in this molecular
weight range is on average higher than that determined
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by the NMR method (in the case of the series with a pro-
ton by 1—3 units, and in that of Na* by 3—5 units).
Oligomers of lower molecular weights probably un-
dergo faster degradation under the measurement condi-
tions. Their content decreases with an increase in the
power of the radiation applied.
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Fig. 3. MALDI TOF spectrum of the reaction product of anhydrous H3POy4 and EOX carried out in dioxane (explanation in

text)
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Signals of condensation products comprising 2 (IV),
and in some cases also 3 phosphorus atoms (V) are pre-
sent in spectra of all the products studied:

— These products probably result maily from the in-
termolecular transesterification [eq. (8)] with the elimi-
nation of diols, since direct esterification of phosphoric
acid with alcohols requires a much higher temperature
[14—16].

. AN
HE 2p_ 0.0-PZ + HO-OH
/ AN

(8)

N /
=P-0~0H + HO~0O-P_
/ N

— The addition reactions of EOX to diphenylphos-
phoric acid in bulk and in acetonitrile were carried out
using a 10-fold excess of the oxirane, in a similar way as
the reactions with phosphoric acid, in order to confirm
the possibility of transesterification in the systems stu-
died.
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On the basis of analysis of 'H NMR spectra it was
found that about 29 % of the oxyphenyl groups undergo

c e\
ethylene
b . glycol
c,
ISR S RN T r
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8, ppm

transesterification at complete conversion of the P-OH
bonds in the reaction carried out in acetonitrile, and in
that in bulk about 19 %. The average number of EOX
m.u. falling in these reactions per one P-OCH; bond is
slightly lower than that in the reactions with phosphoric
acid, and is equai to 1.7 for reactions carried out in ace-
tonitrile and 2.4 for those in bulk. This results from the
smaller concentration of P-OH groups which catalyze
the oxirane oligomerization.

Model mixtures of triesters comprising different
amounts of condensation products were obtained in the
reaction of POCl; with ethylene, diethylene and tri-
ethylene glycols. On the basis of analysis of NMR spec-
tra it was found that distinct differences in the chemical
shifts of signals characteristic for triesters comprising
one phosphorus atom (I) and for the condensation pro-
ducts occur only in the case of ethylene glycol deriva-
tives in which phosphorus atoms in the condensation
products are bonded viz a single EOX m.u. (Fig. 4). The
signal of protons in the P-OCH,CH,O-P moiety is espe-
cially characteristic, being shifted by about 0.2 ppm to-
wards the lower field with respect to the signal of pro-
tons of other P-OCHj groups due to the induction effect
of the two ester groups. This last signal is clearly visible
in the spectra of products of all the reactions carried out

05 40 15 20 25
8, ppm
a
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] b ¢
P—£ OCH,CH;0H),
al all al
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N a d [ d d |l
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Fig. 4. TH NMR (1, 2) and 3'P NMR (3) spectra of the condensation products of POCl3 and ethylene glycol
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in solvents (Fig. 2a). On the basis of the intensities of
these signals it can be estimated that 25—30 % of the
EOX m.u. in the ester groups in products of reactions
carried out in dioxane or acetonitrile form bridges link-
ing the phosphorus atoms. However, such a clear differ-
entiation of the condensation products signals is not ob-
served in the products of reactions performed without a
solvent (Fig. 2c). Phosphorus atoms in the condensation
products of such systems are probably linked mainly via
bridges comprising two or more EOX m.u. due to the
higher degree of oligomerization.

Reactions with phosphoric acid aqueous solutions

An 85 wt. % aqueous solution of phosphoric acid is
approximately an equimolar mixture of the acid and
water. At room temperature this mixture reacts vigor-
ously with EOX. The reaction can be carried out in a
controlled manner by dosing the reactants at 0—5 °C
and, next, increasing the temperature to ambient. P-OH
groups conversion degree reaches 90—100 % at a
twenty-fold oxirane excess. Triesters of a linear structure
are the main phosphoroorganic products (80—97 %).
Signals characteristic for the condensation products in
which the phosphorus atoms are linked by a single EOX
m.u., are present in the NMR spectra of the products,
similarly as in reactions carried out in dioxane or ace-
tonitrile [they constitute 20—25 % of all the triesters
(Fig. 20)].

A series of signals corresponding to the products
comprising 2 phosphorus atoms (IV) and from 8 to 17
EOX m.u. (13 at an average) is present in the MALDI
TOF spectra. Signals of products comprising one phos-
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Fig. 5. ESI MS spectrum of the EOX and 85 % H3POy ag.

reaction product: A: H3PO4 + p EOX (I) (p =m + n + o);
B: H,O + n EOX; C: ethylene phosphate + n EOX (II)

phorus atom (I) are attributable to oligomers in which
the number of EOX m.u. varies from 4 to 17.

Diols are also formed besides esters. Mass spectra ob-
tained by the “electron spray” technique (Fig. 5) show
that the number of EOX m.u. in the diols formed varies
from 2 to 14. Weak signals characteristic for cyclic esters
(II) and a series of signals attributable to esters (I) of 3 to
15 EOX m.u. are also visible in these spectra. The aver-
age content of these m.u. is 8.8, which gives ca. 2.9 m.u.
per one ester bond.

Molar ratio of the terminal CH,OH groups to the
P-OCHj; groups (determined on the basis of the relative
intensity of signals at 8 ~4 ppm and 6.1 ppm in the
"H NMR spectra of the products obtained after esterifi-
cation with maleic anhydride) ranges between 1.6—1.7,
ie. close to the theoretical value (5/3) at complete con-
version of the OH bonds in the acid and water. This
means that part of the oxirane molecules act as a “drying
agent” in these systems affording ethylene glycol, which
competes with phosphoric acid as a starter for the oxi-
rane polymerization according to the “activated mono-
mer” polymerization. Molar ratio of all the EOX m.u. to
the P-OCH; groups in these products is ca. 13, which
means that at an average of 2.6 molecules of the oxirane
undergo addition to each of the OH bonds in the acid
and water. It is higher than that in the products of the
reaction carried out in dioxane and acetonitrile, caused
by higher polarity of the reaction medium and greater
participation of oxonium ions in the propagation step
[eq. (6)]. Dilution of the system with water or dioxane
causes a decrease in the degree of oligomerization (Table
1). For example, about 10 moles of EOX are consumed
(average degree of oligomerization is ~1.5 per one OH
bond) at complete conversion of OH groups in two
moles of water and 1 mole of acid. However, higher oli-
godiols and small amounts of esters are also formed be-
sides ethylene glycol, even at a 40—50-fold excess of
water with respect to the acid. It should be noticed that
phosphoric acid esters are formed already in the initial
reaction steps, when water is still present in the system.
At the conversion of 0.9 moles of EOX per one mole of
the acid and one mole of water (Table 1) about 27 % of
EOX m.u. form ester bonds (mainly monoesters), and
about 15 % of the m.u. is present in the form of ethylene
glycol. Conversion of one P-OH bond at this stage is
accompanied by the reaction of 3.4 molecules of the oxi-
rane, and about 4.3 molecules at complete conversion of
the acidic groups. Therefore, the “drying” of the system
proceeds parallel to the EOX addition to P-OH and
C-OH bonds. Thus, one can expect that the acid mole-
cules are only partly dissociated and oxirane activation
resulting from the formation of hydrogen bonds with
phosphoric acid is still possible.

The low molecular weight diols formed in the reac-
tion of EOX with concentrated phosphoric acid can be
distilled off under vacuum at 150—170 °C. Molar ratio of
the P-OCH, groups to the terminal OH groups after this
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operation is about 1.2 and the average number of EOX
m.u. falling per one ester bond is about 3. Slow decom-
position of the ester groups occurs with the formation of
P-OH bonds at a higher temperature of the process,
starting from 180 °C.

Hydrolysis of oligomeric esters of phosphoric acid

Mono- and diesters of phosphoric acid have a higher
value of the first ionization constant than the parent acid
[7]. Therefore, one can expect that these products can
react with a variety of inorganic oxides or hydroxides.
Oligomeric mono- and diesters are formed in the reac-
tion of phosphoric acid with oxiranes. However, due to
kinetic reasons, their concentration in the reaction mix-
ture is small after complete conversion of the acid [2].
Content of these compounds can be increased by hy-
drolysis of the triesters. The rate of hydrolysis of phos-
phoric acid esters is known to depend on pH and the
mechanism of these reactions in acidic and basic media
is well known [17, 18]. In the case of reaction products of
phosphoric acid and oxiranes, the pH value of their
aqueous solutions ranges usually between 5—5.5, which
results from the small amount of diesters present in the
final products.

A mixture of triesters and 20—25 % of diesters can be
obtained by controlled hydrolysis of reaction products of
phosphoric acid with EOX 80 °C (Table 2). pH value of
the reaction mixture is then 2.7—2.8. It is known that
phosphoric acid diesters in a weakly acidic medium oc-
cur mainly in the form of (RO),PO™ anions, which are
resistant toward a nucleophilic attack of water molecules
[17, 18]. A gradual decrease in pH with the triester hy-
drolysis progress leads to a decrease in the anion concen-
tration and hydrolysis of the diester neutral form, which
is catalyzed by the protonation of oxygen atoms.

Table 2. Hydrolysis of triesters”

Initial . .
composition mol Final composition
Temp. | Time o

% PH OCP " mol % PI‘I

triesters | diesters tricsters | diesters
98 2 52 80 8 96 4 3.6
96 4 3.6 80 4 94 6 33
94 6 33 80 10 76 23 28
76 23 2.8 80 14 56 26 25
95 5 3.4 100 4.5 38 18 19
95 5 34 100 6.5 3 49 1.9

» Reaction mixture obtained in the reaction of 85 wt. % phosphoric
acid with ethylene oxide.

Hydrolysis of triesters at 100 °C is accomplished al-
ready after several hours of reaction. pH of the reaction
mixture drops below 2 and the diesters undergo partial
decomposition to monoesters and phosphoric acid.

Hydrolysis in the presence of boehmite

Hydrolysis of triesters proceeds practically in the pH
2.7—3.5 range in the presence of boehmite, since part of
the P-OH bonds formed react with AI-OH groups.

Composition of the hybrid linkages formed depends
on the reaction time and P/ Al ratio in the starting mix-
ture. Hydrolysis carried out for 48 hours at 100 °C at a
P/Al ratio = 3 leads to a product soluble in water and
DMSO. 'H NMR spectrum of this product (Fig. 6) re-

-CH,CH,0H

/

— OCH,CH,0CH,CH,0H
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48 46 44 42 40 38 36 34 32

——

6.3 20.8 64.5

8, ppm

12.0

Fig. 6. "H NMR spectrum (DMSOgg) of the reaction product
of phosphoric acid aliphatic oligoesters with boehmite

veals signals characteristic for hydroxyl groups (8 ~4.6
ppm), P-OCH; groups (3.8—4.15 ppm) and the remain-
ing methylene groups in the EOX m.u. (3.4—3.6 ppm).
Relative intensity of these signals shows that the average
number of EOX m.u. per one P—OCH; bond is close
to 3. Elemental analysis (C 32.6 %, H 6.5 %, P 6.5 %, Al
5.2 %) indicates that the phosphorus to aluminum molar
ratio is ~1.1, and about 6.5 EOX m.u. fall per one phos-
phorus atom. Thus, it can be assumed that diester salts
are the main reaction products; elongation of the reac-
tion time leads to gradual hydrolysis of the P—OCH,
bonds in the derivative formed. An analysis of the /Al
NMR spectra indicates that the coordination number of
aluminum in the hybrid polymers obtained is 6, ie. it
forms octahedral structures. Two signals were detected
in the Al MAS NMR spectra of the solid product, at
8-3.2 and -25.6 ppm. On the basis of studies of the model
reaction of triethylaluminum with diphenylphosphate
acid we attribute the signals at § -25.6 ppm to the alumi-
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num nuclei bridged by phosphate ligands Al-O-P=0 —
Al The signal at & -3.2 ppm is probably due to the resi-
dual boehmite core, which contains Al-O-Al bonds. XRD
patterns for the products show that the product is amor-
phous, but residual peaks characteristic for boehmite at
20: 14°, 27°, 38° and 49° can be detected. Therefore, we
assume that the polymer obtained is of a gradient struc-
ture and that structures of the boehmite (VI) dominate
inside whereas that aluminum phosphate (VII) on the
surface.

~ po
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Position of signals in the 2 Al NMR spectra changes
after dissolution in DMSO or in water. In the first case,
two signals are present, at 8 =-6 and -13 ppm, whereas in
water a group of signals is observed in the § range from
-9 ppm to +1.5 ppm. This is probably connected with the
solvating effects and partial dissociation of the AI-O-P
bonds.

Preliminary chromatographic studies (Fig. 7) show
that a broad molecular weight distribution takes place in
aqueous solutions. However, the limiting viscosity
number of these solutions are relatively low (~0.002
cm®/g), which suggests that fractions of high molecular

—T—T T T T =TT T T T

100 1000 10000 100000
Molecular weight. Da

1000000

Fig. 7. GPC traces of polymeric organoaluminum phosphates

weight are not soluble in water but form transparent
nanodispersions, only.

A more detailed description of these systems will be
presented in a forthcoming paper.

CONCLUSIONS

Mixtures of telechelic oligomers comprising from 2 to
5 terminal hydroxyl groups and from 0 to 3 phosphorus
atoms are formed in reactions of EOX and phosphoric
acid. They resulted from the oxirane addition to phos-

phoric acid [egs. (2) and (3)], followed by the condensa-
tion reaction [eq. (8)] that occurs at ambient temperature.

The average degree of EOX oligomerization ranges
between 1.8—3.3, depending on the polarity of the sol-
vent used and acid concentration. Monofunctional cyclic
esters are also formed in these reactions at low yield
(1—3 wt. %), as well as trace amounts of cyclic EOX
oligomers. The amount of side products increases con-
siderably in the case of using substituted oxiranes.

Practical utilization of such a complicated mixture of
products for the synthesis of organic condensation poly-
mers seems to be rather difficult. However, hydrolysis of
phosphorus containing oligomers in the presence of
boehmite or other metal hydroxides can potentially be-
come an economically attractive method of modifying
inorganic fillers to improve their miscibility with organic
polymers.
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