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Methods of synthesis of new prospective polyol components for obtaining of polyurethane foams of reduced combustibility using
eco-friendly substrates have been presented. With this end in view, N,N-bis(2-hydroxypropyl)urea was esterified with boric acid
and next the hydrogenborate obtained was hydroxyalkylated by the excess of propylene carbonate. The influence of the way of
esterification on the hydroxypropyl derivatives of borate substituted urea properties has been investigated. Esterification was run
in the presence and in the absence of solvent. According to instrumental analysis, the characteristic of hydrogenborates obtained in
bothmethodswas found to be similar.Thehydroxypropyl derivatives of borate substituted urea show similar spectral characteristics
and thermal stabilities and differ slightly inmolarmasses, by-product contents, and physical properties, particularly viscosities.The
properties of these derivatives were assessed paying special attention to their application as the polyol components of polyurethane
foams. Hydroxypropyl urea derivatives, modified by boric acid, show changes in physical properties with temperature, similarly to
typical polyols used for obtaining of polyurethane foams.

1. Introduction

Mass production of polyurethanematerials results in increase
of the requirements for production technology of these
plastics and their properties. Special emphasis is put on
environment-friendly activities nowadays. Exclusion of toxic
and dangerous substances from natural environment is
becoming a very important aspect of these actions [1]. The
desired effect of these modifications is the improvement of
output properties of the raw materials processed with no
deterioration of the final product properties. The properties
of foams can be controlled by chemical or physical modifica-
tion of foam structures [2, 3].

The fundamentalmaterials for the production of polyure-
thanes are isocyanates and active hydrogen-containing com-
pounds, that is, polyols. Isocyanates react both with active
hydrogen-containing compounds and, given the right condi-
tions, with each other. Therefore in case of foamed mixtures
containing unreacted isocyanate, side reactions are possi-
ble. Newly formed isocyanuric structures can significantly

decrease flammability of polyurethane foams produced [4, 5].
Instead of using excess of isocyanate, suitable (i.e., nitrogen-,
boron-, or phosphorus-containing) polyols may be used to
decrease flammability [5, 6].

This work concentrates on the synthesis of new polyols
from eco-friendly substrates [7–12], containing active hydro-
gen atoms together with nitrogen and boron atoms. It is
suspected that these polyols will decrease flammability of
rigid polyurethane foams.

2. Materials and Methods

2.1. Syntheses

2.1.1. Reactions of N,N-Bis(2-hydroxypropyl)urea with Boric
Acid-Synthesis EBUI. In a round bottom flask 6.6 g (0.0375
moles) N,N-bis(2-hydroxypropyl)urea (BHPU) and 4.7 g
(0.075 moles) boric acid (BA, pure, POCH, Poland) were
placed.The reactionmixture was stirredmechanically at 110–
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130∘C. The progress of reaction was monitored by determi-
nation of weight loss and acid number (AN) of reaction
mixture.

2.1.2. Reactions of EBUI with an Excess of Propylene Car-
bonate. In a 250 cm3 three-necked round bottom flask 10 g
(0.0375 moles) BHPU esterified with boric acid (EBUI) and
the appropriate amount of propylene carbonate (PC, pure,
Fluka, Switzerland) were placed to reach the molar ratio
of reagents of 1 : 6, 1 : 12, or 1 : 18 and 0.46–0.78 g potas-
sium carbonate (12.0–20.8 g/mole EBU, 0.09–0.15 mole/mole
EBU) or 0.38–0.63 g diazabicyclo[2.2.2]octane (DABCO,
10.1–16.8 g/mole EBU, 0.09–0.15 mole/mole EBU) was added.
The reactionmixture was stirredmechanically at 160 or 180∘C
with monitoring of reaction progress by determination of
unreacted PC [13].

2.1.3. Reactions of BHPU with Boric Acid-Synthesis EBUII.
17.6 g (0.1 moles) of BHPU, 12.4 g (0.2 moles) of BA, and
100 cm3 of xylene were inserted into a round-bottomed
flask that fits with mechanical stirrer, Dean-Stark trap, and
reflux-condenser. Then it was heated to about 100∘C and set
stable until 0.2 moles of water was azeotropically distilled.
The xylene was distilled off in a rotary evaporator and the
reaction’s product (EBUII) was dried off to a stable weight in
a vacuum dryer at 90∘C and 0.09MPa.

2.1.4. Reactions of EBUII with an Excess of Propylene Car-
bonate. In a 250 cm3 three-necked round bottom flask
10 g (0.0375 moles) EBUII and the appropriate amount of
propylene carbonate (PC, pure, Fluka, Switzerland) were
placed to reach the molar ratio of reagents of 1 : 6, 1 : 12, or
1 : 18 and 0.62 g potassium carbonate (16.6 g/mole EBU, 0.12
mole/mole EBU)was added.The reactionmixture was stirred
mechanically at 180∘C with monitoring of reaction progress
by determination of unreacted PC [13].

2.2. Analytical Methods. The product’s molar masses
[number-average (𝑀

𝑛
), weight-average (𝑀

𝑤
), and 𝑧-average

(𝑀
𝑧
)] were determined with the use of a gel chroma-

tograph Viscotec T60A equipped with RI detector (of
refractive index). Separation was performed by means
of two independent columns: PSS SDV (of 7.8mm ×
300mm dimensions), accompanied by TSK deposits of
100 and 1000 Å pore diameter and the following recording
conditions: 25 ± 0,1∘C, eluent flow rate: 1 cm3/min, injected
sample size: 20𝜇dm3, polymer concentration in solution:
5mg/cm3, analysis time: 30min, and eluent: THF (distilled
from above sodium); calibration was performed on the basis
of typical polystyrene and branched references.

The elemental analysis (C,H,N) of EBUI and IIwasmade
by means of an element analyzer Vario EL III C, H, N, S, and
O, manufactured by Elementar.

Boron content tests in products were performed bymeans
of spectrophotometric method [14].
1H- and 11-B-NMR spectra of products were recorded

with 500MHz spectrometer (Bruker, Germany) in d
6
-DMSO

and HMDS or boron trifluoride reference. IR spectra were
taken for films with ALPHA FT-IR spectrophotometer
(Bruker).

MALDI ToF spectra of reaction products of urea with EC
were obtained on BRUKERAutoflex Speed (Bruker Daltonik,
Germany) mass spectrometer working at linear mode with
delayed ion extraction, equipped with nitrogen laser working
at 337 nm. There was used method of laser desorption
from the matrix, which was a plate of silver nanoparticles
(AgNPET) [15]. The samples were diluted with methanol
to 10mg/cm3. Therefore in some cases the molecular ion
weights were increased by the mass of Ag+, H+, K+ (because
of catalyst), and CH

3
OH.

Chromatographic analysis of by-products, that is, propy-
lene glycol (PG) and products of its consecutive reactions
with PC (dipropylene glycols and tripropylene glycols), was
performed with gas chromatograph Agilent Technologies
7890 A GC with FID detector. Initial temperature was
50∘C, heating rate 20∘C/min, end temperature 220∘C, time
of heating at 220∘C 6min, loader temperature 250∘C, and
detector temperature 300∘C. The samples were dissolved in
methanol (0.01M). Internal reference was cyclohexanone.
Percentage of glycols was calculated according to calibration
curves.

Thermal analyses (DTG and TG) of products were per-
formed in aluminum crucible, in temperature range of 20–
600∘C, on approximately 2mg sample, under a nitrogen
atmosphere with Termowaga TGA/DSC 1 derivatograph,
Mettler.

The following properties of hydroxyethoxy derivatives of
urea have been determined: pycnometer density, refractive
index (with Abbe’s refractometer), Höppler viscosity, and
surface tension by ring detach method. All measurements
were made in temperature range 20–80∘C.

3. Results and Discussion

To modify hydroxypropyl urea derivatives with boron it was
decided to esterify N,N-bis(2-hydroxypropyl)urea (BHPU)
with boric acid. See Figure 8.

Esterification was run in two ways. In the first method
BHPU was directly esterified by boric acid (BA) in the
absence of solvent, at the temperature range 110–130∘C. At
the temperature above 130∘C BA releases some water and
turns into metaboric acid, whereas decreasing temperature
below 110∘C results in some problems with homogenization
of reacting substances and considerable increases in reaction
time.

The course of the reaction of BHPU with boric acid was
followed based on mass balance (the water being released
during reaction was evaporated) and acid number (AN)
determination.The AN of the output mixture (assuming that
boric acid acts as a monobasic acid during titration) should
amount to 374mgKOH/g, whereas, after 20 minutes, which
is the time that is necessary for homogenization of reacting
substances, the AN equals 17.4mgKOH/g. At 130∘C already
after 45 minutes of reaction, the AN amounted to 0 and the
mass balance did not indicate the end of the reaction yet.
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Table 1: Elemental analysis of the reaction mixture obtained at initial molar ratio of BHPU : BA 1 : 2 at temperature 110∘C.

Time (h) % N % C % H % B
Calcd Found Calcd Found Calcd Found Calcd Found

0 9.33 9.57 28.00 % N % N 7.17 — —
6 10.61 10.42 31.82 31.69 6.82 6.90 8.20 8.37
7 10.61 11.08 31.82 33.74 6.82 6.58 — —

The zero value of the AN, or rather the impossibility of
its determination, follows from the presence of basic 1-
aminopropan-2-ol, formed as a result of BHPU condensa-
tion, which also takes place under reaction conditions. See
Figure 9.

The analysis of 1H-NMR spectra of the reaction mixture
showed the presence of carbamate groups, which confirms
the condensation reaction. Signals at 4.65 ppm and 8.2 ppm
from protons of methine group linked to oxygen atom of
carbamate group –CH–O(CO)–NH– and from nitrogen-
adjacent proton appear in the spectrum [16]. At the same
time a band at 1735 cm−1 coming from valence vibrations of
carbamate C=O bond is observed in the IR spectra of the
products.

The end of the process determined by the mass balance
was not observed until 90 minutes of the reaction. Based on
spectroscopic analysis, that is, by comparison of signal inten-
sities at 3.65 and 4.65 ppm frommethyl protons, respectively,
in 2-hydroxypropyl groups esterified with boric acid and in
oxypropylene groups adjacent to carbamate group, it was
estimated that at 130∘C already after 20 minutes of reaction
5mol%undergoes condensation. After an hour ca. 23mol% is
condensed and this value remains constant while the reaction
continues. Due to condensation, the next reactions of BHPU
with boric acid were carried out at the lower temperature.
AN was found to be 0 at 120∘C after 1 hour, at 115∘C after
two hours, and at the temperature 110∘C after 7 hours of the
reaction.

At 120 and 115∘C the participation of BHPU in con-
densation reaction is, respectively, 21 and 15mol% and at
110∘C it is 9mol% of BHPU. The participation of BHPU
in condensation depends on the temperature and decreases
when the temperature decreases. The temperature 110∘C was
deemed to be optimal for the reaction of BHPU with boric
acid.

According to the balance, theoretically calculated quan-
tity of water (1.35 g) evaporates after 6 hours of reac-
tion (Figure 1) and then AN determined amounts ca.
3.7mgKOH/g (Figure 1).

Elemental analysis of the mixture after reaction at 110∘C
also confirms the termination of the process after 6 hours
(Table 1).

In 11B-NMR spectra of reaction mixture (Figure 2) the
gradual decrease of the signal at 19.89 ppm, coming from
boron present in free boric acid, is observed for 6 hours;
from then on the intensity of this signal remains constant
(Figures 2(c) and 2(d)).

Due to condensation of BHPU, in the second method,
the reaction of BHPU with boric acid was run in the
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Figure 1: Weight loss and AN changes of BHPU and BA mixed at
the molar ratio 1 : 2 during reaction at temperature 110∘C.
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Figure 2: 11B-NMR spectrum of reaction mixture obtained at the
initialmolar ratio of BHPU : BA 1 : 2 at temperature 110∘Cmade after
(a) homogenization of reagents, (b) 5, (c) 6, and (d) 7 hours of
reaction.

presence of azeotropic solvent (xylene), with no catalyst. The
participation of BHPU in condensation reaction decreased to
7mol%.

The product obtained (EBUII) is a solid resin of pink
color, and its composition was confirmed by elemental
analysis (%Ncalcd = 10.61, %Nfound = 10.68, %Ccalcd = 32.81,
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Figure 3: 1H-NMR spectrum of EBUII: (a) without D
2
O and (b) with D

2
O addition.

Table 2: Reaction conditions of EBUI and EBUII with PC.

Synth. Kind of EBU Initial molar
ratio of reagent

Amount of K2CO3
(mole/BHPUmole) Temp. (∘C) Reaction

time (h)

Formal molar ratio
BHPU : oxypropylene unit in

product
1

EBUI

1 : 6 0.09 160 30 —
2 1 : 6 0.15 160 26.5 1 : 5.7
3 1 : 6 0.09 180 9.75 1 : 5.95
4 1 : 6 0.09∗ 180 42 1 : 5.0
5 1 : 6 0.15∗ 180 34.5 1 : 5.4
6 1 : 12 0.12 180 14 1 : 12.2
7 1 : 18 0.12 180 22 1 : 16.8
8

EBUII
1 : 6 0.12 180 9.5 1 : 3.8

9 1 : 12 0.12 180 13 1 : 9.6
10 1 : 18 0.12 180 17.5 1 : 15.2
∗DABCO was used as catalyst.

%Cfound = 32.00, %Hcalcd = 6.82, %Hfound = 6.80, %Bcalcd =
8.0, and %Bfound = 8.39).

The 1H-NMR spectra of hydrogenborates for both meth-
ods are very similar. Signals at 2.90 and 3.00 ppm of methy-
lene protons, of a chemical shift identical to the spectrum of
BHPU alone, are observed (Figure 3). A signal of secondary
amide protons undergoes a small shift from 5.95 ppm to
6.05 ppm. In turn, signals from hydroxyl protons of hydro-
genborate appear at chemical shift of 6.5–7.6 ppm. In IR
spectrum of EBUII (Figure 4) a band at 1378 cm−1 coming
from valence vibrations of borate O–B bond is observed.
The first and the second secondary amide band at 1635 and
1572 cm−1 are also recognizable.

3.1. Reactions of N,N-Bis(2-hydroxypropyl)urea Hydrogenbo-
rate with Propylene Carbonate. Hydrogenborates obtained
by method 1 (EBUI) and method 2 (EBUII) were subjected
to hydroxyalkylation by the excess PC in the presence of
potassium carbonate as a catalyst, at 160–180∘C (Table 2).
Reactions with EBUI were initially run at a temperature of
160∘C, the reaction time was long then, and the increase of
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Figure 4: IR spectrum of EBUII.

the catalyst amount resulted in only little shortening of the
process (Table 2, synth. 1 and 2). In turn, an increase of the
reaction temperature to 180∘C results in a threefold decrease
in the reaction time (Table 2, synth. 1 and 3). Application of
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Figure 5: 1H-NMR spectrum of product obtained at the initial molar ratio of EBUII : PC 1 : 6 in the presence of 0.12 mole K
2
CO
3
/mole EBU

at temperature 180∘C: (a) without D
2
O and (b) with D

2
O addition.

DABCO as a catalyst not only decreases the reaction time
but also limits the number of oxypropylene units preserved
in the product structure (Table 2, synth. 2–5). Therefore
K
2
CO
3
was used for next syntheses and reactions were run at

a temperature of 180∘C (Table 2, synth. 6 and 7).
Reactions of hydrogenborate obtained according to

method 2 (EBUII) with PC were carried out under the same
conditions as used in the first reaction series with EBUI
(Table 2, synth. 8–10). A spectroscopic analysis showed the
analogous course of the reactions of EBUI and EBUII with
PC.When carrying out an EBUI or EBUII reaction at 6-molar
excess of PC, a product containing free hydroxyl groups of
hydrogenborate and carbamic groups is formed, since signals
at 7.4 and 8.2 ppm are observed in 1H-NMR spectrum of the
products (Figure 5(a)) that disappear after addition of D

2
O

(Figure 5(b)).
In the products obtained at 6-molar excess of PC, free

unreacted, secondary amide groups are not present already, as
there is no signal at 6.0 ppm (Figure 5(a)). In the IR spectrum
of a product the second secondary amide band at 1540 cm−1
is not recognizable. However, the second tertiary amide band
is observed at 1667 cm−1.

Moreover, in IR spectra bands at 1046, 1090, and 1114 cm−1
occur, characteristic of valence vibrations of, respectively,
primary and secondary alcohol C–OH bonds and valence
vibrations of C–O–C– in ethers. The presence of the latter
band indicates that the consecutive reactions of hydroxyl of
2-hydroxypropyl group present in the derivative formed in
the reaction with PC proceed more readily, compared with
the reaction of hydrogenborate hydroxyl groups with PC.
The band intensity increases according to the increase of PC
excess used for the reaction. See Figure 10.

At 18-molar excess of PC in the IR spectrum of the
product, only bands at 1114 and 1046 cm−1 are observed,
which indicates the presence of ether bonds and primary
hydroxyl groups.

In the 1H-NMR spectra of the products (Figure 5(b))
two signals were observed from protons of methine groups
in the ester structure at 4.65 and 4.55 ppm. The former

Table 3: Boron percentage in obtained products.

Entry∗ Kind of EBU Initial molar ratio
of EBU : PC

% boron (wt%)
Found Calcd

3 EBUI 1 : 6 3.33 3.67
6 1 : 12 1.96 2.38
8 EBUII 1 : 6 3.28 3.57
9 1 : 12 2.03 2.43
∗Entry according to Table 2.

comes from carbamic groups, whereas the latter results from
incorporation of carbonate groups into the structure of the
product, according to Figure 11 in which 𝑦 ≥ 0.

Another confirmation of the presence of ester groups was
provided by IR spectra of the products, in which the band
at 1730 cm−1, characteristic of valence vibrations of the ester
carbonyl group, is observed. At higher excess of PC in 1H-
NMR spectra of the products only one signal is observed at
4.65 ppm of methine protons adjacent to carbamic group.

The boron content in the products obtained in reactions
with EBUI and EBUII and appropriate amounts of PC is
similar and in agreement with the calculated one (Table 3).

The product mixture contains also by-products—
poly(propylene glycols) (Table 4), formed in reaction of
PC with water (propylene glycol (PG)) and in consecutive
reactions of PG with PC. A total content of glycols in the
products approaches 3.6 wt%. The products are usually
accompanied by DPGs; PG is not formed and TRIPGs are
formed at 12-molar and higher excess of PC (Table 4).

Thermal analysis of the products of the reaction of EBU
with PC showed the decrease of their thermal stability, com-
pared to nonmodified by boron hydroxypropyl derivatives
of urea [17]. On the DTG curve of the products of the
reactions of EBUI and EBUII with 6-molar excess of PC, one
peak with maximum at the temperature of, respectively, 205
and 215∘C is observed. In the thermograms of the products
obtained at higher excess of PC, two or three peaks occur
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Figure 6: Thermogravimetry analysis of reaction products of EBUI
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Table 4: Percentage of by-products in reaction products of EBU
with PC.

Number∗ Percentage of poly(propylene glycols) (wt%)
DPG TRIPG ∑

1 0.61 0 0.61
2 3.44 0 3.44
3 2.47 0 2.47
4 3.59 0 3.59
5 2.42 0 2.42
6 0.92 0.74 1.68
7 0.98 0.17 1.15
8 0.88 0 0.88
9 1.04 0.22 1.26
10 0.98 0.93 1.91
∗Number according to Table 2.

Table 5: Thermal stability of reaction products of EBU with PC.

Number∗𝑇
5% (∘C) 𝑇

10% (∘C) 𝑇
20% (∘C) 𝑇

50% (∘C) 𝑇max (
∘C)

3 135 150 175 215 205
6 130 150 170 210 205 and 270
7 135 155 190 265 205, 280 and 370
8 125 150 175 215 215
9 130 150 180 240 205, 270 and 370
10 150 165 190 265 200, 275 and 370
∗Number according to Table 2. 𝑇

𝑋%: temperature, in which𝑋% weight loss
occurs.

Table 6:Molarmasses of the obtained polyols determined bymeans
of GPC method.

Number 𝑀
𝑛

(g/mole)
𝑀
𝑤

(g/mole)
𝑀
𝑧

(g/mole)
HN

(mgKOH/g)
5 484 487 492 622 ± 21
6 528 555 588 540 ± 18
7 565 603 643 469 ± 19
8 438 441 446 687 ± 22
9 461 473 486 626 ± 20
10 533 586 676 523 ± 17
∗Number according to Table 2.

at the temperature of 205, 270–280, and 370∘C (Table 5,
Figure 6). The first peak comes from the decomposition of
borate groups [18], the second from the decomposition of
carbonate and carbamate groups [13], and the third from the
decomposition of urea groups [19].

The determinedmolarmasses of the derivatives, obtained
by GPC method (Table 6 and Figure 7), indicate that molar
masses of the products increase according to the increase in
PC excess used for the reaction. In Figure 7 an appearance
of the subsequent fractions of higher mass, with the growth
in PC excess used for polyol synthesis, is clearly visible. The
molar masses are in the range of 441–586 and 487–603 g/mol
for the products obtained in reactions with, respectively,
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Table 7: Physical properties of reaction products of EBU with PC
measured at 20∘C.

Type of derivative Density
(cm3/g)

Surface tension
(N/m)

Viscosity
(Pa⋅s)

EBUI : PC 1 : 6 1.125 0.0336 1.369
EBUI : PC 1 : 12 1.110 0.0355 1.001
EBUI : PC 1 : 18 1.096 0.0375 0.584
EBUII : PC 1 : 6 1.161 0.0353 5.212
EBUII : PC 1 : 12 1.124 0.0354 3.211
EBUII : PC 1 : 18 1.116 0.0433 2.841

EBUI and EBUII (Table 6). The products obtained in the
reactions with EBUI have slightly higher molar masses.

Maldi ToF analysis confirmed the presence of carbonate
and carbamate groups in the product structure. The com-
positions of the product mixtures obtained at 6- and 12-
molar excess of PC/mol EBUI and EBUII are similar; the
products represent a mixture of oligomers containing up to,
respectively, 6 and 9 oxypropylene units permole of oligomer.
The differences in the composition are observed at 18-molar
excess of PC; the oligomers contain up to, respectively, 11
moles of oxypropylene units per mole of EBUI and 9 moles
of oxypropylene units per mole of EBUII.

The physical properties of the products obtained, such as
density, viscosity, and surface tension, have been examined.
It was observed that the physical properties of the products
of reaction of EBU with excess of PC are influenced by the
method of synthesis of EBU. Table 7, presenting the density,
surface tension, and viscosity data at 20∘C, shows that higher
values of the properties were measured for the products
obtained using EBUII. Density and surface tension data are
moderately close to each other; the greatest differences are
observed for viscosity values. It was found that the change in
these properties with temperature follows the same tendency
as the change of physical properties of typical polyetherols,
used for obtaining of polyurethane foams [20]. Density and
surface tension change linearly whereas viscosity follows
exponential dependence.These properties enable their appli-
cation as prospective polyol components for obtaining of
polyurethane foams.

4. Recapitulation and Conclusions

To modify the structures of hydroxypropyl urea derivatives
with boron, N,N-bis(2-hydroxypropyl)urea was esterified
with boric acid. Esterification was run in the presence and
in the absence of solvent. According to instrumental anal-
ysis, the characteristic of hydrogenborates obtained in both
methods was found to be similar. Hydrogenborates obtained
in both methods were hydroxyalkylated by the excess of
propylene carbonate in order to examine the influence of
the synthesis method on the properties of the derivatives
obtained. The hydroxypropyl derivatives of borate substi-
tuted urea show similar spectral characteristics and thermal
stabilities and differ slightly in molar masses, by-product
contents, and physical properties, particularly viscosities.

Hydroxypropoxyl urea derivatives, modified by boric acid,
show changes in physical properties with temperature, sim-
ilarly to typical polyols used for obtaining of polyurethane
foams.

Obtaining of foamed polyurethane materials using the
synthesized derivatives and investigation of properties of the
foams, paying special attention to the influence of the boron
introduction on the foam properties, will be the subject of a
separate paper.
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