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Porous polyurea (PPU) is prepared through a simple protocol by reacting toluene diisocyanate (TDI) with
water in binary solvent of water-acetone, and the process is optimized. Porosimetric test demonstrates that
PPU possesses typical properties of porous materials. The structure of the material is characterized by
Fourier transform infrared (FTIR), NMR ('H & *C) and X-ray diffraction (XRD). FTIR analysis shows

10 that TDI is full reacted. Microstructure analysis of PPU by NMR reveals that PPU is consisting of short
polyurea chains with degree of polymerization about 15. The presence of crystallinity in PPU is
confirmed by XRD, which shows three diffraction peaks, for which the corresponding chain
conformations, based on interplanar spaces owing to different hydrogen-bonding, are depicted. TGA
analysis demonstrates that PPU is of high thermal stability, and no degradation is seen before 270 °C.

15 DSC test reveals that no obvious glass transition is observed owing to intensive hydrogen-bonding.

uniform microspheres by reacting isophorone diisocyanate with
water in a binary solvent mixture of water-acetone,"”” and that on
porous PU aerogels through reactions of Desmodur diisocyanate
s0 and triisocyanate with water in the presence of a catalyst.?'
Another relevant topic to this work is porous material, which is
well studied and widely applied in different industries. Porous
materials may be inorganic materials,”® polymers>*?® or their
combinations.””*® Because of the easy control of their specific
ss surface area, their designable pore structure and functionalization,
porous polymers have been gaining more importance and widely

Introduction

Polyureas (PU) can be synthesized either through condensation
polymerization of multifunctional isocyanates (NCO, commonly
diisocyanate or triisocyanate) with polyamines, or through the
20 reaction of multifunctional isocyanate in excess with water with
release of carbon dioxide, which turns the isocyanate groups to
amines, followed by the same condensation polymerization of the
isocyanate with the in-situ produced amines.'” PU has been well
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known to be of thermal shock and abrasion resistance, high
impact resistance, good flexibility and water repellency as well as
fast cure etc.* Common applications are protective coating
materials for different structural materials, including concrete®®
and metals,” for instance. Up to date, PU materials have been
commercialized in a variety of fields, and relevant researches are
being conducted to explore their novel applications.>'%'4

Up to now, most of the reported studies on PU syntheses and
structure analyses were mainly focused on the condensation
polymerization using diisocyanate and diamines,'>'® fewer using
multifunctional amines or isocyanates.'”?" It is to stress that the
35 pathway to PU synthesis, via multi-functional isocyanate reaction
with water, followed by condensation reactions between the same
isocyanates and the in-situ formed amines,'>*'*** is advantageous
because the reactions involve only isocyanate monomer without
need of any other chemicals, and in general, it can be easily
performed at ambient temperature. Nevertheless, little effort has
been done on these PU's in comparison with those from
copolymerization of isocyanates with amines. The reaction to
produce PU by reacting isocyanate with water has been
predominantly used for environmental curing of films baring
4s NCO groups or for foaming polyurethanes.”’ Among the
numbered studies, there were reports on the preparation of highly
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applied to different fields including conventional applications as
ion-exchange,”**  adsorption,”***  chromatography’'**  and
catalysis,*>** for instances, and new emerging applications such
as biological technology and tissue engineering,*>*°
microreactor,”® sensor technology etc.’”* Commonly used
processes for the preparation of porous polymer materials include
suspension polymerization, high internal phase emulsions® or
dispersion polymerization®**>* and a variety of emulsion
polymerization etc.?**'*? All these processes are commonly
labelled as heterogeneous polymerization, where surfactants and
stabilizers are compulsory to ensure the stability of the
polymerization and the formation of the desired porous structures
in the products. In addition, the porous materials thus obtained
usually have to go through a chemical modification, prior to their
practical application, in order to endow them with functional
groups, such as amine, sulfonate, hydroxyl, carboxyl, imine, thiol
and amidoxime etc.”*® This demonstrates that, to fabricate a
functional porous polymer material, multiple steps are usually
required, each step is more or less sophisticated with long-lasting
and high energy consuming, and the chemical modification leads
often to adverse effects on the performance of the porous
materials.*® Furthermore, the organic porogens, surfactants and
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stabilizers commonly used in these processes, hard to be full
removed, are unpleasant, particularly in biological and medical
applications.

In this paper, porous polyurea (PPU) with functional amine
groups was easily prepared via a simple one-step precipitation
polymerization in H,O-acetone binary solvent, using toluene
diisocyanate (TDI) as the only monomer, in which neither any
additives as porogen, surfactant or stabilizer were used, and nor
any chemical modification on the resultant porous polymer was
needed. Characterization of the materials demonstrated that PPU
thus prepared possessed high surface area and pore volume. As
afore mentioned, very limited studies on PU syntheses via
isocyanate reaction with water, works on their structure
characterizations are also rarely available. The microstructure of
this PPU is also characterized using different instrumentation
including nuclear magnetic resonance (NMR, 'H and *C), X-ray
Diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR). Thermal properties of this PPU were also tested.

Experimental
Materials

Toluene diisocyanate (TDI 8020, industrial grade, with 80% of
2,4- and 20% of 2,6-TDI according to the supplier, Wanhua
Chemicals, China), acetone (AR, Tianjin Damao Chemicals),
potassium bromide (KBr, AR, Tianjin Kemiou Chemical Reagent
Co.) and 2,4-diaminotoluene (TDA, CP, Aladdin) were used as
received. Dimethyl sulfoxide-d6 (DMSO-ds, 99.9% atom D) and
deuterium oxide (D,0, 99.9% atom D), both used in NMR tests,
were purchased from Aladdin. Water used throughout this work,
except in NMR test, was double-distilled.

PPU synthesis

To a round bottom flask of 120 mL capacity, 90.0 g of H,O-
acetone mixture at mass ratio of 3/7 was first charged. The flask
was immersed in a water bath at 30 °C, and 10.0 g of TDI was
added at a rate of 20 mL-h™" under stirring at 300 r'min”'. The
polymerization was allowed to continue for 2 h after TDI addition
completed, followed by centrifugation to separate the solid,
which was rinsed twice by acetone and dried at 70 °C under
vacuum to get a powder polymer product. In order to optimize the
process, polymerizations were also carried out at different
polymerization temperature and with varied TDI feeding rate.

Characterization and instrumentation

PPU morphology was observed under scanning electron
microscope (SEM, FEI Quanta 200). Its porous properties were
determined by Hg intrusion using Micromeritics porosimeter
(AutoPore IV 9500). Pore size below 100 nm and the size
distribution were also analyzed by N, adsorption-desorption
using a surface area analyzer (BET, Quantachrome, Nora 200E).
Fourier transform infrared spectroscopy (FTIR) analysis of PPU
was done from 400 cm™ to 4000 cm™ on a Briiker spectrometer
(Vertex 70) with the sample compressed in KBr pellet. For NMR
analysis of high-resolution, PPU was dissolved in DMSO-ds and
the tests carried out with a Briiker instrument (Advance III) at
400 MHz for 'H and 100 MHz for "*C. Spectra were obtained
with a 5-mm-QNP probe at 298 K. Tetramethylsilane was used as
the internal reference. To understand the crystallization and
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structure of the sample, powder X-ray diffraction (XRD) was
recorded on a diffractometer (Briiker D8 Focus) in the two-theta
range from 6° to 60° using a Cu-K radiation source. Differential
scanning calorimetry (DSC) test was conducted, from 30 °C to
450 °C at a heating rate of 5 °C/min, using a Mettler-Toledo
instrument (DSC 822) in a nitrogen atmosphere. Differential
thermal analysis (DTA) and thermogravimetric analysis (TGA)
were carried out using Perkin-Elmer equipment (Pyris Diamond
TG/DTA) with the temperature range scanned from 30 °C to
500 °C at a heating rate of 10 °C/min in a nitrogen atmosphere.

Results and discussion

Polyurea synthesis by reacting TDI with water and its
characterization

With TDI added to the binary solvent of H,O-acetone, water was
playing a dual role as a reactant and a component in the binary
solvent. As reactant, it reacts with isocyanate group (NCO) on
TDI molecules to yield CO, and amine. The amine molecules
generated continue to react with NCO to form linear polyurea, as
illustrated in Scheme 1. In principle, biuret formation by NCO
reacting with hydrogen of carbamido to form crosslinked PU will
not occur because specific conditions (high temperature, catalyst)
are required for this reaction.**° As a component in the solvent,
the presence of water is compulsory to promote the precipitation
of the oligomers and making the polymerization to be a
precipitation polymerization. The yield of the product was 100%
thanks to the step polymerization mechanism involved as
schematized in Scheme 1.  Fig. 1 shows SEM images of the as-
prepared PPU. It is seen that the material is of irregular granular
form. The size of the granules varies from 10 pm to 20 pm.
Porous structure was visible on the surface of the granules. Under
SEM of high magnification, micron-sized pores are clearly seen
(Fig. 1B).

Water
Acetone

OCN—Ph(CH3)—NCO +2H,0 H,N—Ph(CH3)—NH, +CO,
TDI

o)
HZNJFC—NH71>|.(CH3)—HN7%NH2

Scheme 1 Presentation of polyurea formation through precipitation
polymerization of TDI with water

Fig. 1 SEM images of PPU prepared by reacting TDI with water followed
by precipitation polymerization in water-acetone

Pore volume and pore size distribution curves from intrusive
mercury test are given in Fig. 2. At start of the test at low
pressure, larger pores were first filled with Hg, followed
gradually by Hg intrusion in the pores of smaller size with
pressure increase. Fig. 2 demonstrates that the integrated pore
volume (integrated) was in constant increase in the full range of
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the pore size tested (2 nm to 130 pm), indicating the presence of
the pores with continuous size variation in the tested span, and
the largest contribution to pore volume was by large pores with
size varying from 10 pm to 40 pm, followed by those from 3 nm

s to 100 nm. From Fig. 2, the specific surface area was of 161.68
m*g", the pore volume of 2.20 cm® g with the porosity of
71.77%. For the pores below 100 nm, BET test was carried out,
which gave the specific surface area of 157.4 m*g" and pore
volume of 0.38 cm® g, Comparing these data, it is obvious that

10 the specific surface area was mainly contributed by small pores of
size below 100 nm, and pore volume mainly by large pores of
size above 100 nm. All these demonstrate that this material is a
typical porous material *'>3
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15 Fig. 2 Pore size distribution and integrated pore volume of PPU

TDI concentration and porous property of PPU

Since TDI was added into the reactor at a constant rate (20 mL-h”
1) in all runs, it is easy to conceive that TDI concentration was in
constant increase with polymerization time in a similar way for

20 runs with different TDI concentration, which means that, a given

polymerization with a higher TDI concentration comprehends all

the runs with TDI concentrations lower than this given run if it is

stopped at an appropriate time. For instance, for the run with 10

wt% TDI (where 10 g or 8.20 mL of TDI was added in about 25

min at constant rate of 20 mL-h"), when a quarter of TDI was

added, the polymerization process and the profile of TDI
concentration variation was quite the same as that of 2.5 wt% at
end of the polymerization; and for the same run with 10 wt% of

TDI with half of TDI added, the polymerization was the same as

30 that of 5.0 wt%. This is determined by the nature of the protocol

where TDI was added at a constant rate for all runs. With this in

mind, polymerizations with varied feeding rate of TDI were
carried out to study the influence of TDI concentration on the
polymerization and the properties of the porous material. In this
case, TDI concentration for a given run at any given
polymerization time was different from another one with different

TDI feeding rate. Porous properties of PPU prepared with TDI

feeding rate varied from 10 mL-h" to 30 mL-h™' and that with one

single shot were measured, the results listed in Table 1.

40  The data in Table 1 indicate that PPU prepared with lower TDI
feeding rate (10 & 20 mL-h™") is characterized by higher specific
surface area (>160 m>-g™"), larger pore volume (>2.1 cm*-g') and
higher porosity(>71%). In contrast, for those prepared with
higher TDI feeding rate, the specific
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surface area was

45 significantly reduced together with the pore volume and porosity.
To understand these results, it may be necessary to have a
briefing on precipitation polymerization. Up to now, this
polymerization has been employed mainly as an effective means
to fabricate uniform polymer microspheres with neat surface
because there is no need for surfactant and stabilizer."***** The
correlative and widely accepted mechanism proposed by Stover
et al.>® suggests there are two steps in the process with regard to
microsphere production: the nucleation of the primitive particles
and their growth. At start of the polymerization, the monomers
ss and the solvent form a homogeneous and clear solution. Once the
monomers start to polymerize, oligomers are formed. With the
polymerization in progress, there is a moment where the
oligomers reach their critical length, where they become
insoluble in the solvent and start to precipitate out from the
o solvent and form the primitive particles. The growth of these
particles is assumingly accomplished through an “entropy
process”. Namely, particle growth proceed either through
polymerization of oligomers adsorbed on the surface of the
primary particles regardless of their length, or through direct
6s polymerization of monomers with reactive groups available on
the surface of the same particles. The stability of the particles is
assured by the presence of a layer of soluble chain terminals with
reactive functional groups chemically bonded to the particle
surface. These soluble chain ends tend to extend towards the
70 solvent phase to maximize the entropy of the system, and to
protect the particles from collision and aggregation. Their
continuous reactions with oligomers or monomers contribute to
the particle growth.

w
=

Table 1 Porous properties of PPU prepared with different TDI feeding
75 rate (H,O/acetone ratio 3/7; Total TDI 10 wt%; Stirring rate 300 rpm;
Temperature 30 °C)

TDI feeding Specific surface  Pore volume  Porosity
rate (mL-h™) area (m>-g™") (cm®-g™") (%)
10 163.15 2.11 72.03
20 161.68 220 71.77
30 109.39 1.54 65.94
One shot 118.24 1.85 70.43

In the present system, there was no microsphere observed,
which indicate that there was no particles formed, or alternatively,
primitive particles were formed but immediately aggregated soon
after their formation, leading to the porous materials as seen in
Fig. 1. From the chemical structure of PPU shown in Scheme 1,
one can see that the oligomers (and PPU polymer also of course)
are consisting of, alternatively, urea units (-HN-CO-NH-) and
ss methyl-substituted phenylene (-Ph(CH;)-) units. It is easy to

imagine that the chains of PPU oligomers must be highly rigid,

and are prone to precipitate out once formed. The primitive
particles thus nucleated, hardly to be spherical because of the
high rigidity of the chains, most likely do not have the flexible
o0 chain ends required to maintain their stability, and a quick
aggregation of the particles may take place by consequence. With
the polymerization going on, further aggregation between the
aggregated primary particles was also to occur, leading to the
formation of the porous PPU in large blocks of several dozens of
os microns, as shown in Fig. 1A. This is quite similar to the phase
separation commonly seen in preparation of porous materials,

%
3
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which has been often ascribed to the formation of large
pores,”**%7 and so does the partial aggregation of small particles.
This is particularly true with polymers and primary particles of
high rigidity, which do not allow them to rearrange their shape,
causing the final materials with pore size much larger than that of
the interstices if the particles were closely packed.

In summary, it is likely that the polyurea oligomers
precipitated out quite soon after their formation to generate small
primary particles, which in turn quickly aggregated short of the
flexible polymer chains terminals. The polymer chain ends,
although not flexible enough to protect the particles from
aggregation, were acting, together with the monomer and the
oligomers available for surface reaction, as adhesive to stick
together the primary particles and the subsequent aggregates,
resulting in PPU with large pore. This was in good agreement
with the results shown in Fig. 2 (PPU prepared with TDI feeding
at 20 mL-h" and 30 °C), where large pores with diameter
between 10 um and 100 pm were detected.

Fig. 2 shows that the pores with continuous size variation in
the tested span from 2 nm to 130 um were observed. Besides the
large pores (size of 10 pm and larger), there were also the pores
of small size from 3 nm to 100 nm. Keeping always in mind that
the oligomers, the primitive and aggregated particles were of high
rigidity, the growth of the particles by further adherence of
oligomers under any form onto the interface of PPU-solvent is
alike a simple pileup, particularly when PPU surface is rough,
because these rigid oligomers lack sufficient conformational
flexibility to allow them to rearrange their shape to pack space
efficiently. Under this circumstance, there will be solvent trapped
between the new pileup and the existing PPU. Evaporation of the
trapped solvent molecules will leave nano-and micron-sized
pores, similar to the formation of microporous materials by direct
synthesis method®” and to that of the materials of intrinsic
microporosity with nano-sized pores,”®®' where monomers of
high rigidity consisting of aromatic rings, like TDI in this work,
have been commonly used.

The presence of both large and small pores at the same time in
PPU enables one to better understand the results in Table 1,
particularly for the two samples with low TDI feeding (10 mL-h™'
and 20 mL-h™"). PPU thus prepared was featured by its high
specific surface area owing to the presence of small pores in large
number, large pore volume and high porosity owing to the
presence of abundant large pores. With higher TDI feeding rate
(30 mL-h" or one shot addition), TDI concentration was
increased, so was the concentration of amine groups. It is to note
that, upon its addition into the reactor, TDI reacted with water
first with amine groups immediately formed (Scheme 1). These
in-situ formed amines were likely to quickly react with TDI,
contributing to the propagation of the oligomer chains and
making the oligomers to precipitate out or to be captured by the
previously formed particles. At lower TDI concentration (or
feeding rate), fresh-added TDI was mostly consumed. With
higher TDI feeding rate, it is obvious that the concentration of
TDI (and the soluble oligomers) was increased and some of them
were trapped inside of the precipitated polymer chains and the
porous material (consisting of aggregated primitive particles).
And in addition, the molecules of the TDI added at a late stage
were also assumed to diffuse into the porous structure if not fully
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and quickly reacted upon their addition. The polymerization of
the TDI molecules present in the inner of the porous material will
contribute to reduce the pore size, leaving only the pores of nano-
size scaled like those formed in materials of intrinsic
microporosity.*®*! In Fig. 3 are given the pore size distribution of
the PPU prepared with TDI feeding rate of 10 mL-h™ and 30
mL-h™', which demonstrates clearly that, with higher TDI feeding
rate, the pores with the size from 2 nm to 500 nm were indeed
severely attenuated as expected. Based on this interpretation, the
decreases in specific surface area and in pore volume in PPU
prepared with TDI feeding of 30 mL-h™" are therefore anticipated.
These PPU samples synthesized with different feeding rate were
also observed under SEM, which shows that they all possess
structure and morphology of typical porous materials (Because of
its similarity with Fig. 1, SEM pictures are not given here but in
Supporting Information as Fig S1).
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Fig. 3 Pore size distribution and integrated pore volume of PPU prepared
with TDI feeding rate of 10 mL-h™" (squares) and 30 mL-h™" (circles)

Porous property and polymerization temperature

To study the influence of polymerization temperature on the
porous properties of PPU, a set of polymerization was carried out
at varied temperature from 0 °C to 50 °C while keeping the other
experimental conditions unchanged (10 wt% of TDI, feeding rate
at 20 mL-h™" and H,0-acetone mass ratio of 3/7 for the solvent).
Corresponding results are given in Table 2.

Table 2 Porous properties of PPU prepared at different polymerization
temperature (H,O/acetone ratio 3/7; Total TDI 10 wt%; Stirring rate 300
rmin’'; TDI feeding 20 mL-h™")

Temperature  Specific Surface  Pore volume  Porosity
O) area (m>-g’) (cm*g) (%)
0 126.23 1.67 68.42
20 125.21 1.25 61.71
30 161.68 2.20 71.77
50 148.23 3.48 80.33

From Table 2, it is seen that, with polymerization temperature
increased from 30 °C to 50 °C, the specific surface area in PPU
was decreased with a significant increase in pore volume. From
the pore size distribution obtained from Hg intrusion (Because of
its similarity to Fig. 2, pore size distribution not given here but in
Supporting Information as Fig. S2), it was seen that, in
accordance with this increase in temperature, there were obvious
increases in the proportion of the large pores (size from 10 pum to
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100 pum) and that of the pores with the size between 20 nm to 1
um, whereas the extremely small pores (<10 nm) slightly
decreased. The increase in the number of the larger pores may be
an indication that, with increased polymerization temperature,
TDI got polymerized faster, particle nucleation and their
subsequent aggregation were promoted, leaving little TDI to fill
up the voids formed by the aggregation of the primitive particles.
As to PPU prepared at lower temperature (0 °C and 20 °C), an
decrease in specific surface combined with decreased pore
volume in comparison with that prepared at 30 °C, was detected.
Keep in mind that all the runs were conducted with the same TDI
feeding rate (20 mL-h™), the polymerization must be slower at
lower temperature, leading to a higher accumulated concentration
for TDI and the oligomers. This slow polymerization would give
possibility for TDI and the oligomers to diffuse into the pores
inside of the porous material, and to get the small pores partially
filled up or disappear. Pore size distribution obtained from Hg
intrusion demonstrated that there was effectively a substantial
decrease in the number of the pores with the size between 10 nm
to 1 pm (See Fig. S2 in Supporting Information), in good
agreement with the interpretation.

PPU characterization by FTIR

PPU sample and TDI were both subjected to FTIR, the spectra
are displayed in Fig. 4. A first observation is that the absorption
peak at 2264 cm’™', owing to stretching vibration of NCO, was
largely reduced in PPU compared with that in TDI, indicating
that TDI was practically all converted to PPU through the
described reaction steps (Scheme 1). The strong adsorption peak
at 3293 cm™ has been commonly assigned to NH stretching
vibration, and the one at 1540 cm™ to NH plane-banding
vibration. Note that this vibration of NH were often observed
between 1560 cm™ and 1578 cm’,%*% it shifted to a lower
frequency here owing to the presence of the adjacent aromatic
ring and intensive hydrogen-bonding. Urea carbonyl usually has
its absorption peaks from 1600 cm™ to 1800 cm™', depending on
its neighboring substituents, and particularly the presence and the
extent of hydrogen-bonding and of crystallinity in the
materials.'*®* The peak at 1645 cm™ is assigned to stretching
vibration of ordered urea carbonyl. With a urea group attached on
phenylene, the vibration absorption of aromatic ring appears
usually at 1593 ecm™ or 1600 cm™, so is the peak at 1598 cm™.
Absorption band at 1221 cm™ corresponds to the C-N stretching
vibrations.®? Thus the presence of characteristic groups in the
PPU is all confirmed.

Transmittance

2264

L . L 1 L L .
4000 3500 3000 2500 2000 1 1500 1000 500
Wavenumber /cm

Fig. 4 FTIR spectra of the porous polyurea (A) and TDI (B)
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PPU characterization by NMR

It is well known that TDI has a very limited solubility in water,
and the reactivity of its two isocyanate groups is quite
different.*>% It was questionable that polyurea was effectively
formed by dispersing TDI in the binary solvent. To this end, PPU
as-prepared was undergone *C and 'H NMR tests. In order to
better understand the results, NMR test was also done on 2,4-
TDA and TDI monomer (mixture of 2,4- and 2,6-TDI isomers).
The spectra of *C NMR are displayed in Fig. 5. Corresponding
chemical shifts are listed in Table 3.

In Table 3, there are two sets of chemical shifts, the ones found
in this work (Found) and those calculated (Calcul) based on the
additivity principle,*”®® in which effect of a substituent on
chemical shift (d¢;) of any carbon atom in a given compound is
quantized by assign a numerical value (Z;) as the contribution
factor, the chemical shift of a carbon atom in the compound can
be theoretically calculated by summing the effects of all
substituents by addition of all the contribution factors. Note that,
when chemical shift is calculated for different carbon, for a same
substituent different value is taken for its contribution factor (Z;)
because its position relative to the carbon on question was
changed. Taking 2,4-TDI as an example (chemical structure
given in Fig.5), to calculate the chemical shift of any carbon atom
i in the phenylene (J;), a base value (128.5 for phenylene) was
assigned, and a contribution factor (Z;) was defined relative to the
C; for each substituent as given in Table 4. This contribution
factor for substituent -CH; on C; is 9.2 (Z;) when calculating the
chemical shift for C;, those for -NCO on C, and C, are -3.7 (Z,)
and -2.8 (Z,); when calculating the chemical shift for C,, the
contribution factor for substituent -CH; on C; is 0.7 (Z,) because
position C; becomes C, vis-a-vis C»; those for -NCO on C, and
Cyare 5.1 (Z;) and 1.1 (Z;) because position C, is now C; vis-a-
vis C,, and position C, is now C; with regard to C,. For C, its
calculated chemical shift is therefore: J.,=128.5+9.2-3.7-
2.8=131.2; this calculated chemical shift for C, is: d.,=128.5+0.7
+5.1+1.1=135.4. The chemical shift for all the carbon atoms of
phenylene was estimated this way, the assignments are listed in
Table 3 and accordingly labelled in Fig. 5.

DMSO

6 5

2,4-TDA

— : —_—— —
150 100 50 [ppm]

Fig. 5 >*C NMR spectra of 2,4-TDA, TDI and PPU

—
200

With all the peaks due to carbon atoms in phenylene assigned,
the assignments for the rest of the peaks (C; of methyl, Cg and Cy

This journal is © The Royal Society of Chemistry [year]
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in -NCO groups in Fig. 5) became quite easy. Under the light of
reported studies, the peak at 17.30 was assigned to the methyl
carbon (C), those at 131.30 and 124.20 to the carbons in -NCO
attached to carbons 2 and 4 (Cs and C, in Table 3 & Fig. 5),
respectively.?'3%6

As to PPU spectra, it is to note that all the resonance signals
were very weak because of limited solubility of PPU in DMSO.
However, with extended scanning time and enlarged spectra
(inserted on PPU spectra), one can see quite clearly that, the
peaks assigned to the carbon atoms attached to -NCO, seen in
TDI spectra (C,, C4, C, and Cg, at 132.55 & 132.83), all
disappeared. In addition, the characteristic peaks, assigned to -
NCO carbons in TDI (Cg, Cy and Cg, at 131.30 & 124.20), were
also absent. New peaks around 152.75 appeared, which have been
often assigned as characteristic resonance of polyurea.®>®® These

are strong indication that all -NCO (TDI) were effectively reacted.

Table 3 Calculated and experimental chemical shifts on *C NMR spectra
of TDI and 2,4-TDA

2,4-TDI 2,6-TDI 2,4-TDA
8 (ppm) 8 (ppm) 3 (ppm)

Calcul. Found Calcul. Found Calcul. Found
C, 1312 130.44 Cy 130.3 13044 C; 1143 109.40
C, 1354 13283 C,,Ce 1354 13283 C, 148.2 147.09
C; 121.0 12146 C5,Cs 1219 12329 C; 101.6 100.58
Cs 131.7 132.55 Cy 127.7 12742 C4 1445 146.68
Cs 1219 122.41 Cy --- 1349 Cs 105.0 103.46
Cs 1314 131.30 Cy --- 131.30 C¢ 130.8 130.20
C; -—- 17.30 C, - 16.66
Cs --- 131.30
Cy ---  124.20

Based on the mechanism of PPU formation (Scheme 1), it is
well conceivable that there were primary amines left in PPU.
There appeared an obvious peak at 146.9 in >C NMR spectra of
PPU, which is very close to those observed for amine attached
carbons in TDA (C, & C, at 147.09 & 146.68). This suggests that
the primary amine (-NH,) was present in PPU as expected. With -
NCO groups turned to urea or -NH,, their capacity of electron
attraction was reduced, which would shift the resonance peaks to
a lower field zone for the carbons of phenylene with -NCO
attached to before the reaction. The multiple peaks around 138.07
were therefore assigned to the carbons (C,, C,, C,» & Cg) in PPU.

Table 4 Contribution factor of different substituents on benzene for
chemical shift estimation on *C NMR spectra

Substituents Value of contribution factor

Z Z; Z3 Z4a

H 0 0 0 0
CH; 9.2 0.7 -0.1 -3.0
NH, 18.2 -13.4 0.8 -10.0
NCO 5.1 -3.7 1.1 -2.8

a Obviously, Z,=Zs, Z;=Zs. Chemical shift 6¢;=128.5+) Z;

"H NMR test on PPU was also carried out along with TDI and
2,4-TDA. All the spectra are displayed in Fig. 6. It is easy to
distinguish the resonance peaks of the methyl (C;, C, in Fig. 6)
protons, appeared at 1.90 for TDA and 2.24 for TDI. For PPU,
multiple peaks were observed between the chemical shifts 1.90
and 2.24. Tt is well known that, owing to their electron effect, the
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@
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6:
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7:
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substituents on the phenylene have important impact on the
chemicals shifts of the protons on phenylene and those in the
substituent.®” With -NH,, -NCO and a urea unit attached on the
aromatic ring as in the present case, this effect pushes the
chemical shift of the protons towards lower fields (appearing at
higher chemical shift), and the importance of this effect is in the
order of -NCO>Urea (-NH-CO-NH-)>-NH, in accordance with
their capacity as electron acceptor, which implies that the largest
chemical shift must occur for the methyl protons in TDI (2.24),
the smallest for that in TDA (1.90), and the chemical shift for
methyl protons in PPU in between. Because different
substitutions, including amine and urea bonds, were possibly
present simultaneously in PPU, multiple chemical shifts were
therefore observed.

This effect of substituents is equally valid to the chemical shift
of the protons of amine attached on benzene in PPU. The
chemical shifts of protons in -NH,, appeared at 4.50 in 2,4-TDA,
shifted to 4.80 in PPU (Fig. 6). This assignment of the peak at 4.8
was further confirmed by its vanishing when adding deuterated
water (D,0) in PPU solution in DMSO-d6. The addition of D,O
was to allow the active protons in -NH, to be replaced by
deuterium, and so that to prove that the peak was effectively
originated from -NH, in PPU.

When it comes to the resonance signals of the protons directly
attached on phynelene, the same effects, as that discussed on
chemical shifts of -NH, protons imposed by the substituents,
were well observed. Chemical shifts of the protons on carbons 3,
5 & 6 in TDA appeared at 5.77, 5.89 and 6.56, those in TDI at
7.01, 7.40 & 7.18. More than three peaks were seen in TDI
because TDI used here is a mixture of 2,4 and 2,6 substituted
isomers. As to PPU, the resonance became more complicated
with the use of TDI isomers, because the isocyanate group in the
final polyurea may be present as a urea unit (-NH-CO-NH-, main
repeating unit in PPU), as amine (when reacted with H,O only as
in the case where no more TDI available at end of the
polymerization, or where the amine ended oligomers wrapped up
in the precipitation polymerization), and even as residual -NCO
groups in small amount. Note that the protons in urea unit in PPU
(-NH-CO-NH-) should also have their chemical shifts between
6.5 and 10.0.°%%7° With all these combined, the chemical shifts
were observed in a wide span from 6.20 to about 9.0 as seen in
Fig. 6.

H,0
D, 0 added " Disappeared J \7 L
? w‘w/’wu | WJ
Q DMSO|___CH,
H
_V_% m@ H,0 (
LI VSR, I 1
¢ . o ,
= 6,3,4',5 ST
Hy LNCO i,
T A ST ol | DMSO
2,4-TDI 2,6TDI  []
N o . i 8,9 !
HJE .\'ﬁz | 3
6 5
2,4-TDA | JIe L DMSO |
1 i o 4 2 tppml

Fig. 6 "H NMR spectra of 2,4-TDA, TDI and PPU

It is conceivable that, for a polyurea chain, there are two

6 | RSC Advances, [2014], [vol], 00-00
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terminal -NH, groups upon polymerization. The intensity of the

peak at 4.80, belonging to the protons of -NH,, was quite obvious.

This is an indication that the degree of polymerization of PPU
may be very low. To clarify this point, the polymerization degree
s of PPU was estimated by comparing the integrated area of the
resonance peaks at 4.80 with that owing to the protons of the
methyl on phenylene in PPU, present between 1.93 and 2.20.
Assuming the degree of polymerization (or the number of
phenylene in PPU) being X (the number of TDI units, equal also
10 to the number of methyl group), the proton number in methyl is
3X in one polyurea chain, and that in terminal -NH, is always 4,
because PPU here is linear polyurea (the hydrogen in urea unit is
not active enough under present experimental condition**). The
peak area for methyl protons was determined to be 11.23, and
15 that of -NH, was 0.99. The following equation was established:

Number of CH, protons _3X _11.23
Number of NH, protons 4 0.99

From this equation, X=15 was obtained. This indicates that
this PPU material was in fact consisting of short polymer chains
with degree of polymerization of about 15.

20 Crystallization characteristics

250,

200

Intensity
i
=

[
=4
=

=

1 1
10 20 30 40 50 60
20 /degree

Fig. 7 XRD diffractogram of PPU

The presence of ordered structure and crystallinity in polyureas
has been often suggested.'*!®!®647! FTIR analysis seems also
25 supportive to this point. To have a further confirmation to the
presence of crystallinity in PPU, it was subjected to XRD test.
The diffractogram is given in Fig. 7, from which one can see
clearly three diffraction peaks with 26 at 16.11°, 20.92° and
25.11°. Through Bragg equation, one can easily figure out that
50 these 20 values correspond to interplanar spaces of 5.497 A,
4.243 A and 3.544 A, respectively. It has been recognized that,
the presence of hydrogen-bonding due to the polar carbonyl and
amide group in urea units, combined with the rigidity of the
backbone with abundant benzene rings, leads often to ordered
35 structure, even crystallinity between two neighboring polymer
chains. There were also studies,'®'® which concluded that one
carbonyl in a polyurea chain could associate with two -NH- in the
neighboring polymer chain, leading to the hydrogen-bonding with
a interplanar space of 4.243 A, between two phenylene rings in
40 two different polyurea chains, as depicted in Fig. 8A.”" As to the
diffraction peak at 16.11° it was believed to be due to the

formation of the hydrogen-bonding between a carbonyl in a
polyurea chain and a phenmethyl unit in the neighboring polymer
chain, leading to the interplanar space of 5.497 A between two

ss phynelene rings as shown in Fig. 8B."*'%!®7! These XRD data
provide therefore a reliable confirmation that there was indeed
presence of crystallinity in this PPU material

w Hydrogen bond

Fig. 8 Possible chain conformations owing to urea-urea (A) and urea-
so  methyl interaction (B) in polyurea (gray, white, red and blue spheres
stand for C, H, O and N atoms respectively)

Thermal properties of PPU

By XRD analysis, it seems that there may exist highly ordered
structure or crystallinity in PPU owing to the abundant presence
ss of hydrogen-bonding in similar polyurea and polyurethane
materials.'®** To have a better understanding, DSC test on PPU
was carried out along with TGA and DTA (Fig. 9). On the DSC
curve, it seems that a likely fusion peak related to crystal melting
appears at 332 °C, DTA test indicated also a crystal fusion at
60 333°C (not show here), practically at the same temperature. In
fact, this high melting points have been also reported, for a
polyurea at 370 °C,'® and for another polyurea based on 4,4'-
diphenylmethane diisocyanate at 346 °C." However, when
conducting TGA test, it was seen that PPU started to have an
¢s appreciable weight loss (5%) at about 275 °C, it lost 50% of its
initial mass at 322 °C. And at 336 °C, 90% of the sample was
degraded. This indicates that the fusion temperature at 332°C
detected by DSC completely superposed with the decomposition
of PPU. A full examination of the fusion process was impossible.

100 | {10
1s2
80 | 8 =
\O iy
< z
2 16 &

260 |
g 1,5
= 42
=40 -
=2 {12 €
D Tt
m W
20 - =
40 ©
]
=

ol T =332.2°C 12
! | 1 1
0 100 200 300 400 500
" T/C
Fig. 9 DSC and TGA curves of the PPU
Conclusions

Porous polyurea (PPU) is prepared through a simple protocol of
precipitation polymerization of TDI at 30 °C. The polymerization
75 starts with TDI reaction with water to yield diamine in a binary
solvent of water-acetone at mass ratio of 3/7 (H,O/acetone),
followed by step polymerization of the in-situ produced diamine

This journal is © The Royal Society of Chemistry [year]

RSC Advances, [2014], [vol], 00-00 | 7



w

S

@

2

S

25

30

35

40

45

60

RSC Advances

with TDI. PPU as-prepared has a specific surface area of 161.68
m?® g™, a porosity of 71.77% and a pore volume of 2.20 cm*-g™.
Pores with size varying from 2 nm to 130 um are present, with
the pore size mainly presented between 10 pm and 40 um. PPU is
analyzed by FTIR and NMR ('H & "C), the presence of
characteristic groups in the PPU is all confirmed. These analyses
show that TDI is full reacted and polyurea was effectively
obtained. NMR tests confirm also that PPU is consisting of short
polyurea chains with degree of polymerization of about 15. The
presence of crystallinity in PPU is further confirmed by X-ray
diffraction, which shows three diffraction peaks. Through Bragg
equation, corresponding interplanar spaces owing to different
hydrogen-bonding and associated polymer chain conformation
are depicted. TGA analysis demonstrates that PPU is of high
thermal stability, and no degradation is seen before 270 °C. DSC
test reveals that no obvious glass transition is observed owing to
intensive hydrogen-bonding. The fusion temperature of the
crystal structures fully coincides with PPU decomposition, which
makes the observation of the fusion process difficult by DSC.
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Graphic Abstract

One step preparation of porous polyurea by reaction of
toluene diisocyanate with water and its haracterization

Hui Han", Shusheng Li*’, Xiaoli Zhu®, Xubao Jiang® and Xiang Zheng Kong**
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Porous polyurea is synthesized by reacting toluene diisocyanate with water in water-acetone
binary solvent. Material characterizations lead to likely conformations of the polymer chains

owing to presence of intensive H-bonding.
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