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FUNCTIONALIZATION OF THE SURFACE OF
MONTMORILLONITE WITH CATIONIC
OLIGOURETHANE CAPABLE OF
DIISOCYANATE ADDITION

O. M. Gonchar, S. D. Nesin, and Yu. V. Saveliev UDC 678.686:547.491.8:539.2

A method of montmorillonite modification with polar oligourethane containing reactive amino groups has
been developed. It is shown that functionalized montmorillonite is capable of adding aromatic and aliphatic
diisocyanates, as well as sequential addition of aromatic diisocyanates and glycerol, which is essential for
montmorillonite application as filler for polymer materials. According to wide-angle X-ray scattering,
interlayer distance dyy; of montmorillonite in the obtained samples varies depending on nature of oligomer
macromolecules in the interlayer space that is explained with different conformation and orientation of
aromatic and aliphatic oligourethane fragments.
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INTRODUCTION

The provision of organophilicity to the surface of silicate nanoparticles is an urgent task for the production of polymer
organic/inorganic nanocomposites with montmorillonite (Mt) and other layered silicates. Recently, modification of the surface
of Mt nanoparticles has been widely used due to their application in the production of organoclay nanocomposites [1]. These
nanocomposites have increased mechanical strength in comparison with initial polymers. Modification of the surface of
layered silicate nanoparticles by organic surfactants is required to increase the compatibility of a polymer with clay [2]. Better
compatibility of the matrix with a filler can improve physical properties. Mt has a layered structure, where free cations of
alkaline earth metals are placed in the interlayer space, which are easily replaced by organic cations. Common modifiers used
for organic Mt modification include cations of organic quaternary ammonium salts [3, 4], cations of quaternary phosphonium
salts [5, 6], diamines [7], and amino acids [8]. Mt modified with organic cations is dispersed in the polymer matrix, where it acts
as a reinforcing agent, improving the properties of a polymer material. Sometimes, conventional alkylammonium cations do
not provide sufficient affinity of the modified Mt with the polymer matrix. Modification with aliphatic surfactants does not lead
to sufficient exfoliation in the polymer matrix in the case of polar polymers such as polyurethanes, polyamides, and
polyepoxides. This is associated with the lack of sufficiently high-quality interaction between a nanofiller and the polar
polymer matrix [9-11]. Mt modified with aliphatic surfactant is easily exfoliated in the polymer matrix in the case of non-polar
polymers (polyethylene and polypropylene) [12]. This is explained with the nature of a modifier and the high interlayer
distance ensured by sufficiently large hydrocarbon fragments of an organic modifier [13]. At the same time, molecules of polar

Institute of Macromolecular Chemistry, NAS of Ukraine, Kyiv, Ukraine. E-mail: lexgon@ukr.net. Translated from
Teoretychna ta Eksperymentalna Khimiya, Vol. 59, No. 3, pp. 185-191, May-June, 2023. Received June 21, 2023; accepted
August 31, 2023.

214 0040-5760/23/5903-0214 ©2023 Springer Science+Business Media, LLC



monomers used in polycondensation reactions are not large sufficiently enough to significantly increase the interlayer distance
in Mt [14-17]. Alkylammonium cations that contain polar hydroxyl groups are often applied in the production of organoclays,
which are used in the development of polar polymer-based nanocomposites, in particular polyepoxides. For instance,
bis(2-hydroxyethyl)-quaternary ammonium salts are often used. Hydroxyl groups provide increased affinity to the polar
environment, however, they are sterically inaccessible for polycondensation or polyaddition reactions due to the proximity to a
large hydrocarbon radical [18]. Layered silicate modification with high-molecular amino acids, for example, synthetic
m-aminodecanoic acid, is often used in the development of polar polymer-based nanocomposites, namely, polyamides [19]. At
the same time, the presence of the terminal carboxyl group contributes to the affinity of polyamide with the polymer matrix.

Therefore, it can be concluded that the use of modifiers that contain sufficiently large fragments for an increase in the
interlayer distance, as well as polar fragments for an increase in the polar polymer affinity is important for the production of
polar polymer-based nanocomposites. Previously, cationic oligourethanes, which have two large fragments of polar urethane
nature from 17 to 21 atoms in length [20], namely oligourcthane ammonium chloride (OUAC) based on
N-methyldiethanolamine (N-MDEA), 1,6-hexamethylene diisocyanate (GMDI), and isopropyl alcohol were synthesized. This
cationically active oligourethane has two 17-atom long polar fragments that increase the interplanar distance and enable the
exfoliation of the modified Mt in the environment of polar organic solvents. In addition, such a modifier provides high affinity
to the polar polymer, forming nanocomposites with complete Mt exfoliation, which increases the strength of the polyurethane
material by an average of 40%.

This work aims at producing a new N-MDEA and GMDI-based modifier, namely oligourethane aminoammonium
chloride (OUAC) with terminal amino groups. This will provide new opportunities in the field of organoclay and the
development of organic/inorganic nanocomposites, namely, the ability to perform step-by-step addition on the surface of
modified Mt nanoparticles by polyaddition and polycondensation. The paper provides several examples of such additions with
aliphatic and aromatic diisocyanate, as well as an example of sequential addition of aromatic diisocyanate, glycerol, and
repeated aromatic diisocyanate.

EXPERIMENTAL

Natural montmorillonite from the Cherkasy clay deposit (Ukraine) was used for research. N-methyldiethanolamine
(Aldrich) and 1,6-hexamethylene diisocyanate (Aldrich) were used for the OUAC modifier synthesis. Glycerol (Gl) (Aldrich)
and diphenylmethane diisocyanate (DPMDI) (Aldrich) were used for functionalization. Dimethylformamide (DMF) (Aldrich)
was used as a solvent. An HCIl aqueous solution with a concentration of 0.1 mol/L obtained from a standard titer
(Kharkivreakhim, Ukraine) was used for the formation of an ammonium cation. A methylene blue indicator (MB) (China) was
used for the determination of the Mt exchange capacity.

The sodium form of Mt (Na-Mt) was obtained in the following way: a suspension of initial (natural) Mt (5%) in
distilled water was boiled with sodium carbonate at a weight ratio of Mt:Na,CO, = 100:1 for 1 h. Separation of the formed
Na-Mt from the sodium carbonate solution was performed by four-time centrifugation and washing with distilled water. The
content of dry matter in the Na-Mt suspension was determined by the gravimetrical method.

The Mt surface exchange capacity was determined by the MB indicator adsorption on the Na-Mt surface.
Photocalorimetric analysis was used for the calculation of the modifier:Mt ratio [21]. The MB adsorption on the surface of Mt
was evaluated for the determination of the Mt exchange capacity. The dependence of the adsorption value on the MB
equilibrium concentration (solution concentration when adsorption equilibrium is reached) was determined. Eight samples of
the same Mt mass were filled with solutions of the same volume but different MB concentrations. The equilibrium
concentration was determined after two days. Adsorption (a, mmol/g) was calculated as the difference between the initial
amount of MB added to the suspension of Mt in a solution with a concentration of C;, and the amount of MB remaining after
adsorption per 1 g of Mt according to the formula

a=(C, - C)Vlg,
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where C; is the initial MB concentration; Ceq is the equilibrium concentration of MB (per 1 g of Mt) after adsorption; ¥ is the
volume of the sample aqueous solution, L; g is the mass of Mt sample, g.

The equilibrium concentration increases sharply after the adsorption value exceeds 0.65 mmol/g indicating that the
exchange capacity of the used Mt is 0.65 mmol/g. The MB concentration in the solution was measured with a CK-2PM
photocolorimeter after separating Mt from the aqueous solution. The value of the Mt exchange capacity enables the calculation
of the required amount of the modifier, as well as the determination of its theoretical content after adsorption.

The modified Mt structure was studied by wide-angle X-ray scattering (WAXS) [22]. The X-ray optics of a
DRON-4-07 diffractometer are produced according to the Debye—Scherrer (transmission) method. Cuk, radiation was
monochromatized with a Ni filter. A scintillation counter was used to register scattered X-rays in the automated step-by-step
scanning mode. The measured values of the scattering intensity were corrected for the attenuation of the incident X-ray beam of
the studied samples and the subsequent deviation of the background intensity of X-ray scattering by the collimator system.
Scattering intensity values were normalized to the scattering volume. Finely dispersed Mt powders were placed in unit cells.
Scattering intensity was recorded during conditional scanning of a scintillation detector at a scattering angle from 2 to 40°. The
Bragg law was used for the determination of the distance (d) between layers of particles in Mt [23]

d=n\(2sind,,)",
where 7 is the serial number of the diffraction peak on the X-ray diffraction patterns (n = 1); A is the wavelength (for Cuk A =
0.154 nm); O is the X-ray scattering angle.

Spectra were recorded by a Tensor 37 (Bruker) Fourier transform infrared spectrometer in the wavelength range of
4500-500 cm . Irtran glass was used for the production of a modifier sample from an aqueous solution. The obtained spectra
were interpreted according to [24].

Thermogravimetric studies were performed on a Q-1000 derivatograph (MOM) to determine the content of the organic
part in the modified Mt. The measurements were performed in a ceramic cone-shaped crucible made of Al,O; in an air

atmosphere at a temperature of 25-800°C and a heating rate of 10 deg-min .

RESULTS AND DISCUSSION

A two-stage simple and at the same time effective synthesis of cationically active oligourethane OUAC has been
developed. A characteristic feature of the synthesis of this modifier is the presence of functional amino groups, which occur
simultaneously during the formation of a tertiary ammonium cation and are accompanied by the formation of an OUAC
solution of a given concentration. The target product appears in the form of a modifier solution of a given concentration, ready
to be added to the Na-Mt aqueous dispersion due to such a unique and simple process. All products formed as a result of the
synthesis contain amino groups in their composition and are water-soluble compounds capable of adsorbing on the Mt surface.

N-MDEA and GMDI were introduced into DMF in a ratio of 1:2 at the first stage of synthesis. The DMF content was
70 wt.%. in the reaction mixture. The synthesis was performed in an adiabatic reactor filled with an inert gas. The temperature
was maintained at 60°C under gentle stirring of the reagent solution for 1.5 h. A product with a tertiary amine and terminal
isocyanate groups was obtained after the interaction of all N-MDEA hydroxyl groups with half of all GMDI isocyanate groups:

CHs
|
2 OCN=(CH,)s=NCO +  HO(H,C),—N—(CH,),OH

I I

l

CHs
1
OCN[(HZC)GHNCOO(HZC)Z-N-(CHZ)ZOCONHJ(CHZ)GNCO

n

where n =1, 2.
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The resulting mixture mainly contains the product with n = 1, but there is a small possibility of the formation of the
product with n = 2, which also implies the presence of a small amount of unreacted GMDI.

An OUAC aqueous solution of a given concentration was obtained in the second stage. The product obtained at the first
stage was diluted 10 times with DMF. Then, the solution was cooled to a temperature of 25-30°C and introduced into a large
volume of an aqueous solution of hydrochloric acid, the amount of which corresponds to the amount of N-MDEA used in the
first stage, namely 1 mol of N-MDEA per 1 mol of HCI with correction on the loss of the oligomer solution on walls of the
vessel where the first stage of synthesis occurred. Losses on the walls of the vessel were calculated by determining the amount
of solvent (DMF) remaining on the walls of the vessel after draining 30 mL of DMF. This amount of DMF is approximately
0.36 g, and the required volume of 0.1 N of HCl solution for neutralization is approximately 0.75 mL in the case of an oligomer
solution of the same mass.

The amount of distilled water for the production of HCI solution was calculated in such a way as to obtain an OUAC
aqueous solution with a concentration of 4.5-10~* mol/L. The HCI aqueous solution was heated to a temperature of 25-30°C,
and the oligomer solution synthesized in the first stage was added to it under intensive stirring for 1-2 sec. Since the
neutralization reaction occurs almost instantaneously, much faster than the reaction of isocyanate groups with water, an
ammonium cation is formed at first, which dissolves oligomer molecules in water, and then isocyanate groups, being in a huge
excess of water, are transformed into amino groups:

CHj
OCN{(HZC)BHNCOO(H2C)2-l{l—(CHz)zocONHJ(CHz)GNCO

n

H,0 + HCI l—co2

CHj;
H,;N (HZC)GHNCOO(HZC)Z-ﬂ -(CH,),OCONH{(CH;)gNH,
@ n
eCI

A solution of the OUAC modifier with a given concentration of ionic groups (4.5-10~> mol/L) was obtained in this way.
Amino groups formed from isocyanate groups were determined by acid-base titration using 0.1 mol/L of HCI solution and
bromophenyl blue indicator. An OUAC solution in the presence of an indicator provides a clear basic reaction. The
determination of basic amino groups was performed by adding HCI until the change in the color of the solution, which
corresponds to a neutral reaction. The content of the main amino groups was 7.2-10~ g-eq/L. The yield of amino groups is 80%
of the theoretical one, which can be associated with the formation of urea bonds in the reactions of newly formed amino groups
with isocyanate groups that did not have time to react with water.

Bands corresponding to NH bonds of the urethane part are visible in the IR spectrum of OUAC, namely, v(amide I) =
1695 cm™! and v(amide IT) = 1540 cm™'. A band of deformation vibrations of amino groups —NH, (v(NH,) = 1645 em!) is
visible between them. A band of the trans-associated form of the NH group (v(NH) = 3300 cm™") that is connected to an amino
group band is also visible. An absorption band of C-N vibrations (v(C—N) = 1260 cm ') is visible. The covalent coordinate
bond of NH" in the (CH3)—NH+: fragment confirms the presence of a characteristic broad shoulder at 2640 cm™'. All other
absorption bands correspond to the presence of aliphatic fragments (-(CH,)—, (CH,),—, and —CHj;).

Mt was modified by adding an OUAC solution to the Na-Mt suspension. The amount of the modifier substance
corresponded to the exchange capacity of Mt. The process was performed according to the ion exchange mechanism of free
cations Na" for organic cations OUA".

The resulting suspension was diluted with distilled water to a ratio of 1 g of Mt per 500 mL of water after adding the
OUAC solution. The adsorption process lasted two days, then the modified Mt precipitate was filtered, dried in an oven at a
temperature of 60°C to a constant mass, and ground to form a dispersed powder.
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The content of the organic component of modified Mt, determined by thermogravimetric study, is 23 wt.% This value
is 1.5% higher than the theoretical value of the modifier proportion in the composition of modified with OUA/Mt, which was
calculated based on the exchange capacity of Mt, which was determined above (0.65 mmol/g).

The addition of functional compounds on the surface of modified OUA/Mt nanoparticles was performed in DMF. The
OUA/Mt dispersion (1-1.5 wt.%) in DMF was obtained by treating a mixture of modified Mt and DMF with ultrasound (with
cooling) for 30 min. Diisocyanates were added to the obtained OUA/Mt dispersion in DMF, then it was kept at a temperature of
60°C for 1 d after ultrasonic treatment (30 min). All processes occurred in an inert gas environment. Then the dispersion was
centrifuged, washed twice, and centrifuged again until complete purification of diisocyanate.

Therefore, functionalized GMDI, OUA/Mt was treated with a fourfold excess of GMDI to obtain modified Mt. Such an
excess of GMDI was used to achieve optimal functionalization of the Mt surface, which is connected with the minimization of
reactions of isocyanate groups of attached GMDI molecules with amino groups of neighboring OUA molecules. An increase in
the excess of GMDI leads to a change in the nature of the solution and a worsening of the dispersion of modified Mt in it.

Some precipitation of modified Mt in DMF and the formation of a thick suspension were observed after ultrasonic
treatment of the dispersion mixture of OUA/Mt and GMDI for 30 min. The obtained dispersion was centrifuged many times
and washed with DMF after aging for 1 d at a temperature of 60°C.
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Functionalization of OUA/Mt with aromatic DPMDI was carried out similarly.
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A bulk gel in DMF was obtained after repeated centrifugation and washing of DPMDI-functionalized OUA/Mt.

The obtained products were dried at a temperature of 60°C for further research.

Thermogravimetric analysis of functionalized GMDI OUA/Mt showed an increase in the organic component up to 32
wt.%. This value corresponds to the addition of GMDI to all amino groups of the modifier. However, thermogravimetric
analysis of OUA/Mt functionalized with DPMDI showed an organic component content of 46 wt.%. This value exceeds the
amount of DPMDI, which is equivalent to the number of amino groups of the modifier. The higher amount of added DPMDI
can be explained by the fact that, unlike the aliphatic diisocyanate GMDI, the aromatic diisocyanate DPMDI is more reactive
and can participate in reactions of addition to urethane groups -CO-NH- with the formation of biuret bonds accompanied by
the branching of macromolecules. The opportunity for DPMDI addition to urethane groups was sufficient considering the use
of'a four-fold excess of DPMDI similar to the use of GMDI. However the high energy threshold of this reaction and the limited
time hinder the complete process of such reactions, and only partial addition of DPMDI to urethane groups occurs. The addition
of a larger amount of DPMDI only contributes to higher surface functionalization of Mt.

Sequential addition of DPMDI, glycerol, and again DPMDI was performed to study the possibility of step-by-step
addition of functional compounds on the surface of OUA/Mt nanoparticles. The previously obtained gel, functionalized with
DPMDI OUAA/Mt in DMF, was treated with a four-fold excess of glycerol using ultrasound in an inert gas atmosphere for 30
min. The resulting mixture was aged at a temperature of 50°C for 1 day. The product obtained after the reaction with glycerol
was re-centrifuged and washed with DMF. A gel of modified Mt in DMF, purified from glycerol residues, was treated with a
fourfold excess of DPMDI. The above-mentioned addition was performed according to the scheme:

NHCONHPhCH,PhNCO
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Fig. 1. X-ray diffraction patterns of the initial Na-Mt and four types of organomodified Mt: 1) Na-Mt,
2) OUA/Mt, 3) GMDI OUA/Mt, 4) DPMDI OUA/Mt, 5) (DPMDI+ Gl + DPMDI) OUA/Mt.

TABLE 1. Interplanar Distance in Modified Mt and the Content of its Organic Component

Sample 20/max, deg doo1, nNmM Content, wt.%

Na-Mt 6.8 1.30 -
OUAA/Mt 6.1 1.45 23
GMDI OUAA/Mt 5.7 1.54 32
DPMDI OUAA/Mt 6.0 1.47 46
DPMDI+GI+DPMDI

4.8 1.84 56
OUAA/Mt

The resulting addition product forms a thick gel with a content of 1.5 wt.%. in DMF. This indicates significant swelling
of the organic layer formed on the surface of Mt nanoparticles and the formation of a dense physical network.

Modified Mt after repeated centrifugation and washing with DMF was dried at a temperature of 60°C for further
studies.

Thermogravimetric analysis of modified Mt, obtained after three-stage addition on the surface of OUA/Mt
nanoparticles, showed an organic matter content of 56 wt.%

The results of the X-ray examination of all four types of modified Mt and the initial Na-Mt show a gradual increase in
the interplanar distance d,,; with an increase in the content of the organic component (Fig. 1).

Analysis of the change in the interlayer distance dy,, of modified Mt and comparison of TGA data leads to the
following conclusions. GMDI OUA/Mt has a larger interplanar distance dy;; = 1.54 nm than OUA/Mt (d,,, = 1.45 nm), which
is quite natural. However, the DPMDI OUA/Mt sample has dy;; = 1.47 nm, which is smaller than that of the GMDI OUA/Mt
and close to the value of OUA/Mt, although the amount of organic component in the DPMDI OUA/Mt sample is higher than in
both other samples. This fact can be explained by the rigid and relatively flat molecular conformation of DPMDI, which
enables the formation of a compact organic layer on the surface of nanoparticles. This assumption is confirmed by a slight
increase in d;; = 1.84 nm in the OUA/MB sample (DPMDI+ Gl + DPMDI) in which the content of organic matter is 2.4 times
higher than that of OUA/Mi. Table 1 lists values of the content of organic matter and the interplanar distance dyy,.

According to Table 1, it is clear that an increase in the content of the organic component is not proportional to an
increase in the interplane distance. However, it is caused by the nature of oligomer macromolecules in the interlayer space due
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to different conformation and orientations of aromatic and aliphatic oligourethane fragments. The sample of DPMDI OUA/Mt
suspension is significantly different from the similar OUA/Mt sample with the same content of modified Mt (1.5 wt.%) in the
DMF medium. The DPMDI OUA/Mt sample forms a thick suspension, while the OUA/Mt is a liquid dispersion, and the
(DPMDI+ GI + DPMDI) OUA/Mt sample forms a thick gel.

CONCLUSIONS

A modification method of montmorillonite surface with cationically active oligourethane containing available
terminal amino groups and a simple and effective scheme for the synthesis of cationically active
oligourethaneaminoammonium chloride have been developed, which contributed to the production of a modifier solution of a
given concentration. It is established that montmorillonite modified with oligourethaneaminoammonium chloride has amino
groups available for addition reactions on the surface of nanoparticles. The addition of functional compounds on the surface of
nanoparticles of modified montmorillonite in a polar solvent environment promotes the functionalization of the surface and
increases the content of the organic component and the interplane distance. The possibility of synthesizing an oligomer in terms
of a regular structure on the surface of nanoparticles is shown with the example of a step-by-step addition of monomers.

The use of montmorillonite modified with oligourethanecaminoammonium chloride provides new opportunities in the
field of production of hybrid organic/inorganic nanocomposites based on polar polymers, in particular, the design of an organic
layer on the surface of nanoparticles using diisocyanates and other functional compounds.
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