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Abstract Polyurethane cationomers were synthesised in the
reaction of various diisocyanates with polyoxypropylene
glycol and two N-alkyldiethanolamines. The obtained
isocyanate prepolymers were then extended in the aqueous
medium by means of 1,6-hexamethylenediamine; stable
aqueous dispersions were thus obtained, which were
applied to and distributed over the poly(tetrafluoroethylene)
surface. After evaporation of water from those dispersions,
thin polymer coatings were produced. The analyses with
the use of '"H, carbon-13 nuclear magnetic resonance and
infrared spectroscopy methods confirmed chemical struc-
tures of synthesised cationomers. Also, attempts were made
to quantitatively characterise polarities of those structures
by means of factors that were defined especially for that
purpose. Moreover, the physical model of van Oss—Good
and wetting angles for coatings obtained from the polyure-
thane cationomers in question, measured with the use of
standard liquids with various polarity specifications, were
utilised to determine the surface free energy values for the
obtained ionomers.

Keywords Polarity of bonds - "H and C'* NMR -
IR spectroscopy - Surface free energy parameters
Introduction

Our earlier papers presented the synthesis methods,
chemical structures and some selected—important from
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the viewpoint of application(s)}—physical properties of
polyurethane anionomers [1-3]. Polyurethane cationomers
offer the properties that are not any less interesting and that
result from even wider variety of chemical structures, as
specific for linear polyurethanes. That question is worthy of
considering, the more so because the latest reports pay
much less attention to polyurethane cationomers than to
polyurethane anionomers, although the former can offer—
as we are going to present in this paper—new applicability
as the so-called intelligent materials for which far-reaching
changes in physical properties (electrical, optical and
surface properties) are possible, depending on structural
modifications. That subject was already discussed in our
earlier papers [4, 5] in which the manufacturing method,
structure and properties were presented for polyurethane
cationomers obtained from 2,4- and 2,6-tolylene diisocyanate
(2,4- and 2,6-TDI) or 4,4"-methylenebis(phenyl isocyanate)
(MDI), from selected polyether polyols or polyester polyols
and from difunctional tertiary amines, e.g. N-methyl or
N-butyldiethanoloamine, which were incorporated into
chains and reacted with formic acid to yield stable
alkylammonium cations. Thus, obtained cationomers in the
form of aqueous dispersions were employed as polyurethane
lacquer coatings. Those applications have long been men-
tioned in research reports, but in our opinion, the results
obtained so far are not so satisfactory as those for polyure-
thane anionomers [6, 7]. Aqueous polyurethane cationomers
were produced also in a multi-stage poly-addition process of
hexamethylene-1,6-diisocyanate (HDI), poly(oxypropylene)
diol (M=400 g/mol) and N-methyldiethanoloamine (N-
MDEA) as an ionogenic compound and isocyanate—urethane
prepolymer chain extender at the same time. The obtained
linear polyurethane was converted to cationomer in the
quarternisation reaction of amino groups with dimethyl
sulphate (VI), acetic acid or hydrochloric acid [8]. Some
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Schiff bases, like 2-chloromethyl-N-(2-hydroxybenzilidene)
aniline, 3-(11-bromoundecanoyloxymethyl)-N-(2-hydroxy-
benzilidene) aniline and 4-chloromethylphenyl-(carbamoy-
loxymethyl-2-hydroxy-benzilidene), especially synthesised
for that purpose, were also employed as quarternisation
reagents [9].

A strong potential can be seen here for structural
modifications of cationomers, not only by changes in types
of diisocyanates and polyols used—as is the case for
anionomers—but also by incorporating various dihydroxy-
amines in chains of tertiary urethane—isocyanate prepolymers
and—as a subsequent stage—converting them in various
methods to alkylammonium compounds. Therefore, utilisa-
tion of this way in the production of, for example, elastomer
polyurethane coatings with additionally interesting optical
performance becomes feasible. For example, a polymer
material in the form of the photosensitive poly(triazene—
urethane) cationomers was obtained in the poly-addition
reaction of 2,4-TDI and poly(tetramethylene oxide)diol
(PTMO; M=2,000), when N-MDEA and difunctional triazene
compounds were used as chain extension elements. They
additionally played the role of ultraviolet (UV) chromophores:
1-(m-hydroxymethyl)phenyl-3-(2-hydroxyethyl)-3-methyltriaz
(1)ene and l-p-nitrophenyl-3,3-di(2-hydroxyethyl) triaz(1),
and the quaternisation reaction of those phenyltriazenes
involved the use of benzyl chloride. It was found under UV
exposure conditions that the photolysis rate constant for so
produced ionomer film was lower than that for a non-ionic
polymer with the similar structure of urethane segments [10].
An original group of poly(urethaneimide) cationomers was
obtained in the reaction of MDI, PTMO, N-MDEA and 4,
4’-hexafluoroisopropylidene-bis-phthalic anhydride, when the
counter-ions X employed were methyl sulphate, tosylate,
triflate, chloride, bromide and iodide, with their alkyl groups
(C—=Co) [11].

Not any less important are the possibilities of modifying
surface properties in polyurethane cationomers and adjust-
ing—by incorporation of cationic rigid segments—the
values of surface free energy (SFE) of these materials.
Those issues make the subject of the present paper.

Lower SFE values, which contribute to improved
hydrophobic performance of the polyurethane surface,
make a strong controlling factor for chemical affinity of
that polymer for other material(s). And that, in turn, affects
chemical and biological stability of that polymer in its
contacts, for example, with tissues of living organisms.
That issue becomes important for the use of polyurethane
elastomers as biomedical materials: implants of blood
vessels and temporary membranes that restore functions of
internal organs that have been damaged in accidents [12,
13]. And on the contrary, by increasing the SFE value, one
can improve the biodegradability of that material, which is
important, for example, for safe utilisation of products after
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their service life [14]. It was moreover found that SFE—
affecting thermodynamics of the homogenisation process—
plays the essential role in the production of polymer blends
with the use of polyolefines and polyurethanes [15].

The surface free energy is a physical quantity that can
fairly precisely define the chemical nature of a material
surface [16]. It is equal in respect of numbers to the work
required to create a new unit surface when separating two
phases that stay in phase equilibrium in a reversible
isothermal process. The general relation between the
surface free energy () and the surface tension (o) is
provided by the following equation:

o =y +Sdy/dS (1)

where S is the surface unit for a given body.

The notion of free surface free energy can be referred
both to liquids and to solids, with the following relation
applicable to liquids:

dy/dS=0= 0=y, forS#0

According to the Gibbs theory, the surface tension for a
solid is equal to the surface free energy only when
adsorption of a liquid on a solid surface is zero.

The basis for the methods of calculating the surface free
energy from the wetting angle measurement, which were
used in the present work, is formulated in 1805 Young’s
equation:

Osy = 05, + 0Ly - cos© (2)
where

os  surface tension of the solid state (polyurethane
coating) in equilibrium with saturated vapor of the
liquid

ogy. interphase surface tension of the solid state and
liquid

oLy surface tension of the liquid in equilibrium with its
saturated vapor

Having the above issues in mind, we attempted in the
present study to find the correlations for structural
parameters of polyurethane cationomers, which result from
the employed types of raw materials and the method
adopted for the synthesis process. Those parameters were
the factors x and «, which reflected polarity of cationomer
structures. They were especially defined for that purpose
and were found on the basis of nuclear magnetic resonance
(NMR) and infrared (IR) spectra. Then, the observed trends
in changes of their values were compared to the values of
the surface free energy ~s and its components: polar
component ys"V and acid-base component ys*® in
polyurethane films obtained after application of aqueous
dispersions of synthesised cationomers on a non-polar
surface: poly(tetrafluoroethylene).
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Experimental
Raw materials and reagents

4,4'-Methylenebis(phenyl isocyanate) (MDI) from Aldrich.
The reagent was used as purchased.

0=C=N @—CHZ—Q*NZC:O

3)

Hexamethylene-1,6-diisocyanate (HDI) from Aldrich.
The reagent was used as purchased.

O=C=N(CH,)JN=C=0 (4)

4,4'-Methylenebis(cyclohexyl isocyanate) (HMDI) from
Aldrich. The reagent was used as purchased.

o:c:w{>7r:H24<:>7N:c:o

(5)

Isophorone diisocyanate [5-isocyanato-1-(isocyanato-
methyl)-1,3,3-trimethylcyclo-hexane] (IPDI) from Aldrich.
The reagent was used as purchased.

H;C N=C=0
H3C (6)
H,C CH,N=C=0

2,4-Tolylene diisocyanate (TDI) and 2,6-TDI

A technical product from Aldrich was used in the study.
It was a mixture of 2,4-TDI and 2,6-TDI isomers at the
ratio of 80% and 20%, respectively. The reagent was used
as purchased.

N=C=0 N=C=0
7N
0=C=N— CH, * { H—cH,
N=C=0
80% 20%
™)

Polyoxypropylene glycol (M,=450 g/mol), Rokopol 7P
from Chemical Factory “Rokita SA” in Brzeg Dolny

(Poland; this product was dried under vacuum at 80 °C
during 2 h).

HO—[CH—CH,—OJn—H

| ®)
CH,
N-Methyldiethanolamine (N-MDA; Aldrich)
(HO — CH,—CH,),>N — CH3 9)
N-Phenyldiethanoloamine (N-PhDA; Aldrich)
(HO — CH; — CH,),> N — C¢Hs (10)

1,6-Hexamethylenediamine (HMDA) from Aldrich. The
reagent was used as purchased.

H,N(CH,) NH, (11)

Dibutyl tin dilaurate (DBTL; from Huntsman Perfor-
mance Chemicals)

Tetrahydrofurane (THF; from POCh SA Gliwice)

Formic acid (HCOOH), 99%, analytically pure (from
POCh SA Gliwice).

Method for the synthesis of urethane cationomers

Cationomers were synthesised in the glass stand composed
of a three-necked flask, heating bowl, mechanical agitator,
dropping funnel, thermometer, reflux condenser and nitro-
gen supply nozzle. Following reactions 12—15 are the
process of the obtained cationomers basic scheme. As stage
1, urethane—isocyanate prepolymer was synthesised in the
reaction of selected diisocyanate (B) and Rokopol 7P (4):

A+2B — 4B, (12)

About 10 g of diisocyanate were dissolved in 30 cm® of
THF heated up to 50 °C. Then, Rokopol 7P was added to
that solution over about 10 min. The amount of Rokopol
was selected each time to maintain the relation of groups —
NCO/-OH of 2:1. Also, the DBTL catalyst was added at
the level of 0.1 wt%, and the reaction mixture was
maintained at 50 °C over 30 min. The content of -NCO
groups in the mixture was analysed after that time, and it was
compared to the value calculated from the stoichiometry
adopted for the process (Table 1). The findings were usually
lower than expected, which makes the evidence not only for
the presence of THF in the prepolymer material but
predominantly for too high conversion of small amounts
of initially formed trimers 4B, with for example temporary
tetramers A,B, to prepolymers A3B4 or generally to 4,,,+1
with higher molecular weights, which was demonstrated in
[17, 18].
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Table 1 Chemical compositions of synthesised cationomers

Sample Isocyanate prepolymer (theoretical 4B,) Type of Extension  Calculated K, % «
no. ionogenic agent concentration

Substrates n Content of -NCO reactant (Y) of NH" ions

groups (Wt%) [for ~(YBAB),~

Type of Polyol (A) Catalyst Theoretical ~ Exp. structure; wi%]

diisocyanate (for 4B,

(B) structure)
1 MDI Rokopol 7P DBTL 2.00 8.84 8.95 N-MDA - 1.40 50.17 28.03
2 HDI 2.97 17.42 9.42 - 1.66 47.07 14.18
3 HMDI 1.91 16.87 5.42 - 1.37 41.05 13.75
4 IPDI 2.25 11.05 6.58 - 1.48 39.03 17.19
5 TDI 2.87 16.54 8.87 HMDA 1.63 50.28  26.60
6 MDI 2.00 8.84 7.44  N-PhDA HMDA 1.33 5423 40.75
7 HDI 2.97 17.42 9.43 - 1.55 5434 1597
8 HMDI 1.91 16.87 4.66 - 1.30 4280  9.11
9 IPDI 225 11.05 5.43 HMDA 1.39 4498 10.83
10 TDI 2.87 16.54 5.70 HMDA 1.53 56.97 26.83

At stage 2, the prepolymer from stage 1 was reacted with
N-methyl or N-phenyl diethanolamine

nABy +nY — —(YBAB) — n (13)

where Y=N-MDA or N-PhDA.

Tertiary amino groups were incorporated into the chains in
that way. To do that, the selected amine was added to the flask
with the prepolymer 4B, in it at 50 °C, and the flask was
maintained at that temperature over 30 min. After that time,
the analysed content of -NCO groups was close to 0%.

Alkylammonium cations were produced at stage 3 by
protonation of tertiary amino groups with HCOOH:

AB-O-CH,-CH2-N-CH,-CH2-O-BA + HCOOH —

R

— AB-O-CH,-CH; -NH+CH,-CH»-O-BA
COO-
R

(14)

The number of moles of HCOOH to be added to the
mixture was adjusted to correspond to the number of moles
of built-in tertiary amine contained in the known amount of
polymer. The mass fraction of NH" groups in so synthes-
ised cationomers resulted from the stoichiometry assumed
for the chain of reactions, and it was about 1.3-1.6 wt%
(Table 1). The reaction with HCOOH was conducted at 50 °
C during 2 h and then it was allowed to continue at ambient
temperature during 24 h. Redistilled water was added
afterwards with a small amount of HMDA dissolved in it,
under intensive agitation conditions. Water with HMDA
was added during intensive prepolymers steering at 25 °C
for approximately 60 min. The residual -NCO groups of
the MDI and 2,4- and 2,6-TDI aromatic diisocyanates, as
well as the much less reactive HDI, HMDI and IPDI
diisocyanates were reacted in these conditions. The
obtained homogeneous dispersion was acidic within
pH=2-3, and its polymer content was about 30%. That
stage was intended not only to produce the dispersion but
also to extense the cationomer chains with the residual —
NCO groups at the same time:

-AB-O-CH,-CH,-NH+*-CH,-CH,-O-B-NCO + n H,N-(CH;,)s-NH, —

| coo-
R

-AB-O-CH,-CH,;-NH+CH,-CH,-O-B-NH-CO-NH-(CH1)s-NH-CO-NH-B-O-CH,-NH +-CH,-CH,-O-BA-

COO-
R
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| coo-
R (15)

where R=—CHj; or —C¢Hs.
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Directly after obtaining the dispersions, they were used
to make polymer coatings. Continued observation showed
that the water dispersions of the cationomers based on N—
MDA are sedimentation-resistant and stabile during the
storage time at least 1 month, whereas the dispersions of the
cationomers based on N-PhDA were ply-separated during
24 h. The polymer coatings for further tests were formed by
applying the above-mentioned dispersions to a non-polar
surface of poly(tetrafluoroethylene) (PTFE, type Tarflen)
and evaporation of water by air-drying at 20 °C. The
coatings were then subjected to seasoning under such
conditions over 10 days.

Determination of -NCO group content

That determination involved a well-known method, and
dibutylamine was used in the tests. Excess of unreacted
amine was titrated with the HCI solution, and bromophenol
blue was used as an indicator [19].

NMR spectroscopy

"H and carbon-13 NMR (**C NMR) spectra of the obtained
polymers were taken with the use of the spectrometer FT NMR
Bruker Avance 500", The samples of coatings (i.e. produced
cationomers) were dissolved in DMSO—-ds/h—-DMSO, and the
solutions with the concentration of about 0.2 g/dm® were
prepared. Tetramethylsilane was used as a standard.

IR spectroscopy

IR spectra were taken with the spectrophotometer Paragon
1000 FT-IR, within 4,000-6,500 cm ', with the use of
attenuated total reflectance technique (the polymer film was
placed between the prism walls. The obtained spectra were
presented as the relation of transmittance (%) versus wave
number v (cm ™).

Method for determination of components of surface free
energy for solids

Physical parameters of surface energy of a solid ys were
found in the present study on the basis of the van-Oss—
Good model derived from the Owens—Wendt theory. The
model assumes that the surface free energy y may be
presented as a sum of two components [16, 20]:

=7+ (16)
where
"V surface energy connected with long-range interactions

(dispersion, polar and induction interactions)

y*B  surface energy connected with acid—base

interactions, as results from the Lewis theory

Equation 15 is generally applicable both to a solid,
marked with the subscript S, and to a wetting liquid (standard
liquid or tested liquid), marked with the subscript L.

Let us use the symbol y& for the component of y§®,
which is responsible for the surface free energy of the
Lewis acid, and the symbol yg for the component
representing the Lewis base. On the basis of the Berthelot
theory, which assumes that interactions between molecules
of different bodies located on a surface are equal to the
geometric mean of interactions between molecules within
each of those bodies, one can now formulate the following
relations [16, 217]:

— For bipolar substances (liquids and surfaces of solids),
which can be equivalent to synthesised PU ionomers,
present in the form of aqueous dispersions or coatings:

Y =2y )" (17)

— For non-polar liquids and surfaces of solids (diiodo-
methane and PTFE):

r? =0 (18)
(where i=S—solid, L—Iliquid).

The surface free energy parameters for solids (S) and for
liquids (L) interacting with those solids should satisfy the
equation of van-Oss—Good:

VY + i) + (s D)™ =1+ c0s©) /2 (19)

where O is the experimentally found wetting angle between
a liquid drop and a solid surface under investigation.
Therefore, wetting angles © were first measured for the
surfaces of cationomer coatings with the use of three model
liquids (water, diiodomethane and formamide) with known
parameters yr, iV, y; and y; (Table 5), and then the
Eq. 18 was used to calculate the values 7I§W, y4 and yg for
the studied cationomers. The values y§? were calculated from
Eq. 17, while the values ys were calculated from Eq. 16.
The angles © were measured with the use of the method
suggested by Zisman [22], i.e. by means of optical
goniometer (Cobrabid Optica—Warsaw) with a digital
camera installed instead in axial extension of its lens. The
liquid drops with the constant volume (about 3—5 pdm?)
were applied to the surfaces of studied samples with the use
of a special micropipette. The samples were fixed on the
stage of the goniometer. The measurements were taken in a
room at 21+1 °C. The values of wetting angles were found
from the geometric analysis of pictures taken for liquid
drops, which involved the use of the original software
developed by Kontrast (Pasiek, Poland) for interpretation of
the Young’s equation. The measuring errors for angles ©
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come from two sources. The first of them results from
different shapes of liquid drops placed on the investigated
coatings and from possible interactions between the
standard liquid and that subgrade, as well as from different
liquid vaporisation rates observed when the pictures were
taken. Nine drops were analysed each time, which were
placed on the surface simultaneously. Another source of
potential errors is inaccuracy in graphical interpretation of
the pictures with the use of the computer software. For each
picture recorded (i.e. for each liquid drop), the geometrical
shape analysis was repeated ten times: The extreme values
were rejected, and the arithmetic mean value was calculated
for the accepted findings. All of the accepted angle ©;
values for each of the synthesised sample (1-10), referring
to the determined model measuring fluid, were used to the
wetting angle average value and standard deviation calcu-
lation. The measured values of wetting angles, standard
deviations and the components of the surface free energy
for the cationomer coatings as derived from those measure-
ments were presented in Table 6. Analysing the obtained
results, it is essential to remember that the method of
determining wetting angles that was used here, despite of
all the carefulness during measurements, is characterised by
not too high reproducibility, what proves, for example,
quite high values of the wetting angle standard deviations
as it is for sample 10 (Table 6), what influences in
consequence on the accuracy of the obtained surface free
energy component values.

Results and discussion
Chemical structures and polarity nature of cationomers

The chemical structures of the synthesised cationomers
were precisely established on the basis of H' and C'* NMR
spectra. Figure 1 shows the formulas for structural frag-
ments that make up the polymer chains of those cationo-
mers. The exemplary H' and C'> NMR spectra for
cationomer 1 synthesised from the aromatic diisocyanate
MDI and N-MDA are presented in our earlier article [23].
Figures 2 and 3 make illustrations of spectra for cationomer
3 synthesised from the cycloaliphatic diisocyanate HMDI.
The detailed interpretations for those spectra can be found
in Table 2.

The presented spectra explicitly confirm the structures of
synthesised cationomers. Single signals representing aromatic
protons (k) and (/) observed for cationomers 3 and 4, which
have been produced from cycloaliphatic diisocyanates
HMDI or IPDI, respectively, and from N-MDA, result from
the small amounts of aromatic impurities present in the
purchased reagents. The signals recorded in C'> NMR
spectra of those polymers in the locations typical for
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aromatic ring carbon atoms 0=115-140 ppm do not stand
out in practice from the recorded noise. The most important
signals, which confirm the structures of the obtained
polyurethanes, represent urethane protons (x) and urea
protons (g), which are not present in the substrates, as well
as from —CH,— groups (e) bounded directly to urethane
groups or urea groups. These are C atoms in C'°> NMR
spectra that have been designated 5 and 8 in Fig. 1. On the
other hand, the signals for protons (b) and (z), and for carbon
atoms (7) and (14) make the evidence for the presence of
ionic structures in the studied cationomers.

Based on integrated signals of H' NMR spectra, polarity
of chemical structures of synthesised cationomers was
evaluated. The factor as follows was defined for that

purpose:
I

=—2 . 100%
K ]p—|—[N 0

(20)

where

L= "+l +L+L+ 1+ 1+ 1, + L+ L +1,)

(1)
is the sum of integrated signals recorded over a wide span
of §=3.0-5.0 ppm (designated as b, f, ¢, u, e, and m) and
representing the protons in groups CH, and CH bonded to
polar ether groups, to nitrogen atoms, to groups —OH, to
urethane groups or urea groups, (sum of) signals for protons
of free —OH groups (v) and polar groups NH in urethanes,
urea compounds and allophanates (x, ¢), as well as protons
(z) in NH" group, which has been neutralised with the
formate anion COO ", while

=Y (Lt b+ L+ 1L+ 1+ Ly + L+ la+ Lo+ I+ Lorom)
(22)

is the sum of integrated signals for protons of non-polar
groups —CH3—CH, and —CH-, which are present in
structural units derived from Rokopol 7p (a), from the
employed diisocyanate and HMDA amine chain extender
HMDA (7, s, m, p, w, d, g, and h), from dihydroxyethanolo-
amine (c¢) and signals for protons of aromatic structures
derived from PhDEA (cationomers 6-10) and urethane
derivatives of MDI and TDI. The signals of potential
aromatic impurities present in cycloaliphatic diisocyanates
HMDI and IPDI have also been considered.

With that assumption, Eq. 20 gives the shares of
chemical structures that have the dominant effects on polar
interactions, while Eq. 20 is specific for non-polar
interactions that take place in the structures of synthesised
cationomers (Fig. 1; Table 3). One can assume than that the
value for the factor , as calculated from Eq. 19, provides
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_R1-5 _A_RI—S_YI—Z_RI—S —Z—R; _A_R1.5_Y1-2_R1-5_A_

where:
A =
—ClO{-0—C*H,* —CH' —(0—C*Hy? —(|35Hb)n— 0 —c|5Hb —C*H —0 —C*H,> — C|2Hb—0-)—HV
C1H3a ClH}a C1H3a C1H3z\
—0 — CSH>— C*H,>— OY-HY
SH oy
C'Hy

10,1 11,k 11,k 10,
o] 12 12
10,1 11,k 11k 10,!

B, = NHX—C5H,m—C16H,"— C17Hh— C17H,h— C16H,»— C15H,m"—NH*— C130— O0—

18,n 18,n 18,n 18,n
20,f 19,p 19,p, 20,f
B; = —NHI—Q Cz7H2nON H—C130—
18,n 18,n 18,n 18,n

B, = H,C? 28 51 NH*—C130—
HyC2!

24,s 24;s

H,C?" C25H t—NHx—C130—
85 = C26H3g C26H39
" NH*—C130 — — HxN NH*—C130—
10,k 9
11,1 11,1 10,k 10,k
12 11,1
NHx—
?GHsc
Y, = —C1%0-{-0— C8H,>— C7H,>—NH+=*—C7H,>— CoH,p—OYH
C1400-
C4, p-
C3, m-
C2, o-

—C 130 4-0 —CPH, —C7H,>—NH *2—C7H,b—C3H,>—0}~H

Y,=
C1*00-

Z= —NH4—C5H," — C7H,%—C7H,"—C7H w—C 17H,%— C 15H 4 —NH 49— C 30 — NH*—

Fig. 1 Chemical structures of polyurethane cationomers
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Fig. 2 H' NMR spectrum of
cationomer 3 synthesised with
cycloaliphatic diisocyanate
HMDI and N-MDA

]

|

physical characterisation of the polarity degree for a given
cationomer. The obtained data show that the values
calculated for the factor x vary within 39-50% for the
group of cationomers synthesised with the use of N-MDEA
and within 43-57% for the group of cationomers synthes-
ised with the use of N~PhDA. The highest values of « in
both those groups was observed for cationomers 5 and 1,
and 10 and 6, synthesised from TDI and MDI diisocya-
nates, as well as for cationomer 7, synthesised from HDI

Fig. 3 C'> NMR spectrum of
cationomer 3 synthesised with
cycloaliphatic diisocyanate
HMDI and N-MDA

14

reeees ey

160 150 140 130
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120

110

10 05 ppm

and aromatic amine N-PhDA. The ratio « calculated on the
basis of IR spectra:

A
o — P

=P 23
Ar870-2931 23)

was adopted as the additional criterion for evaluation of polarity
of chemical structures of synthesised cationomers.In Eq. 23,

A, = Asz100-3400 + A1700-1730 + A1520-1540 + A1180-1280  (24)
1
5,8
19
10 9% 8 70 60 4 30 20 10 ppm
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Table 2 Interpretation of polyurethane cationomer NMR spectra
Type of nucleus Sample no.
(Fig. 1)
1 2 3 4 5 6 7 8 9 10
Chemical shift §, ppm
H' NMR spectra
a 1.00-1.33 1.04-1.36  0.80-1.39 0.80-1.13 1.03-1.19 1.02-1.19 1.10-1.22 0.86-1.12 0.80-1.12 1.03-1.19
r _ _ _ _ _ _ _
n - - 1.44-1.51 — - - - 1.28-1.51 — -
s - - - 1.24 - - - 1.44 -
h - 1.36 - - - - 1.36 - - -
w - - - - 1.75-1.77 1.75-1.77 - - 1.74-1.77 1.75-1.77
)4 - - 1.64-1.75 - - - - 1.66-1.77 -
g - - - - 2.12-2.18 - - - - 2.13-2.18
c 2.29 2.23 2.24 225 2.30 - - - - -
DMSO 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50 2.50
H,0 in DMSO 2.67 2.72 2.62 2.72 2.70 - - - 2.73 -
m - 2.94 - - - - 2.95 - -
b 3.22-3.77 3.32-3.55 bandf b and t bandu bandu bandu bandf bandt b and u
and u
f - - 3.16-3.54 - - - - 3.17-3.62 — -
t - - - 3.38-3.66 — - - - -
u - - - - 3.32-3.62 3.32-3.77 3.32-3.64 - 3.32-3.62 3.32-3.64
d 3.80 - - - - 3.80 - - - -
e 4.14 3.99 4.00 4.00 4.13 4.20 4.05 4.05 4.06 4.20
y 4.86 4.72 4.72 4.72 4.85 4.86 4.72 4.72 4.72 4.85
k 7.06 7.04r0m. 6.930m.  7-Oarom. 7.06 7.1 - - - 7.07-7.17
impurity impurity impurity
! 7.35 - - - 7.35 7.34-7.35 - - - 7.50
o— - - - - - 6.6 6.6 6.6 6.6 6.6
m— - - - - - 6.8 6.8-7.2 6.8 6.7-7.1 6.8-7.1
- - - - - - 7.1 7.1
z 8.15 7.98 8.17 8.15 8.15 8.50 - - 7.92
q - - - - 8.77 q and x 8.82
X 9.51 8.40 - - 9.50 9.49-9.54 9.52
C'3 NMR spectra
26 - - - - 12.92 - 12.0
1 16.8-17.1 17.0-17.2  17.0-17.2 17.0-17.2 16.8-17.2 16.8-17.2 17.0-17.2 17.0-17.2 17.0-17.2 16.8-17.3
2leq - - - 23.07 - - - - 23.07 -
22 - - - 2741 - - - - 27.39 -
16 - 28.8-299 - - - - 29.28 - - -
17 - 255260 - - 25.03 25.03 25.86 - - 25.03
18, 19 - - 31.45, - - - - 31.49, - -
31.77 31.78
2lax - - - 31.20 - - - - 31.20 -
15 ~40 - - - - ~40 - - - -
23 - - - 349 - -
DMSO 40.5 40.5 40.5 40.5 40.5 40.5 40.5 40.5 40.5
6 42.19 42.32 42.30 41.29 422 - - - - -
24 - - - 43.69 - 43.70
25 - - - 46.53 - - - - 46.54
27 - - 58.53 - - - - 58.0 - -
7 55.68 55.86 55.83, 54.21 55.75 49.26 49.39 53.15 53.14 49.24
56.95
20 - - 47.73 - - - - 47.73 -
3 61.73 61.37 61.02 61.46 61.95 60.99 60.47 60.36 60.61 -
65.24 - - - 66.93 66.92 - 66.93 66.93 66.93
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Table 2 (continued)

Type of nucleus Sample no.
(Fig. 1)
1 2 3 4 5 6 7 8 9 10
Chemical shift 6, ppm
4 72.26, 72.33.72.10 72.34, 72.32, 72.27, 72.25, 72.31, 72.32, 72.33, 72.27,
72.06 72.12 72.10 72.06 72.07 72.10 72.13 72.09 72.09

5,8 742-74.6 742-74.6  742-74.6 74.1-74.5 74.1-74.6 745 74.2-747 742-74.6 74.1-745 74.4-74.6
10 118.20 - - - 115.00 118.21 - - - 115.87
11 128.70 - - - 130.02 128.71, 129.15 — - - 130.04
Cl - - - - - 129.06 129.00, 129.00,

128.91 128.91
9 136.97 - - - 137.0— 135.49, - - - 136.15,
12 137.07 - - - 138.0 137.09 - - - 137.20
2 - - - - - 115.72 115.26, 115.28,

114.88 114.88
C4 - - - - - 147.09 147.24 147.57, 147.56

147.81
13 153.03, 155.74, 155.42, 156.70, 154.17, 153.42, 156.05, 155.43, 157.76, 154.18,

253.40 156.07 154.92 154.94 153.02 154.92 155.73 154.92 154.94 153.00

14 163.06 165.33 163.28 163.06 163.09

is the sum of absorbance values measured for maxima of polar
group bands recorded within the following ranges: 3,100—
3,400 cm™' representing valence vibrations of N-H in ure-
thanes and urea compounds (A43100_3400), 1,160—1,730 cm !
representing valence vibrations of C=0 in urethanes and urea

compounds (4;¢30-1730), 1,520—1,540 cm ! representing de-
formation vibrations of N-H in urethane group (4sz0-1540)
and 1,180-1,280 cm ' representing valence vibrations of
C-O0 in ethers and alcohols (41150_1280), While A(2570 2931) 18
the absorbance of a single band within 2,870-2,931 cm !

>

Table 3 Analysis of signal integration in NMR spectra of synthesised cationomers

Sample no. 1 2 3 4 6 7 8 9 10
Integration (conventional unit)

1, 4.84 27.18 - - - - - - -
I+ - - 32.87 - - 12.85 - -
I+ 1, - - - 22.32 - - 10.44 -
I+ 1, - - - - 14.02 13.62 7.24 - - 20.60
1, 0.50 7.47 5.13 4.42 2.13 1.12 1.04 0.77 0.87 1.73
I, 0.18 3.34 1.98 1.91 0.93 0.48 0.29 1.13 0.73 1.00
I, - 10.85 - - - 1.64 - - -

L 0.11 1.46 0.93 1.06 0.88 0.10 0 0 0 0.73
L+1, 0.49 1.00 0 0.62 2.46 1.03 0 0 0 2.60
Iy 6.12 51.30 4091 30.33 20.42 16.35 10.21 14.75 12.04 26.66
1, 3.00 40.66 30.50 - 9.79 6.12 4.70 6.05 - 9.55
I+1. - - - 37.61 - - - 8.99 -

I - - — 4.36 - - - 2.40 -
L+1, - - 22.60 - - - 10.05 - -

I, - - - - 0.46 0.64 - - 0.58 1.51
1. 0.30 3.21 2.94 2.49 1.79 - - - - -

I 0.60 - - - 1.12 - - - -

I, - - - - 5.01 - - - - 3.58
I, - 13.82 - - - 1.68 - - -
Lurom 2.08 - 2.72 2.92 3.14 5.92 2.20 3.61 2.76 5.50
Iy 5.98 57.69 58.76 47.38 20.19 13.80 8.58 19.71 14.73 20.14
K 50.58 47.07 41.05 39.03 50.28 54.23 54.34 42.80 44.98 56.97
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— o~ n a o
< —¥EIBao with the highest intensity, representing valency vibrations of
ST 8eE C-H in alkyl groups. The results of calculations were
g presented in Table 4.
~ Essentially, all the considered analytical bands in the
g 3 g § g 5 . analysed IR spectra gffer general.ly hlgh 1nten51.tles; i.e. one
N X F R R can assume that their molar extinction coefficients € have
(o)} S OO —n O O
[ nearly the same values; hence, they can be neglected when
§ building up Eq. 20, which characterises only the relative
v oo — shares of functional groups. For example, Fig. 4 shows IR
§ g g 3 § gr - spectra of cationomer 1 synthesised from the aromatic
o | SSSdY S diisocyanate MDI, with the use of N-MDA.
g Unlike parameter «, the higher the value of parameter «
~ is, the higher role can be attributed to polar interactions in
SESehEgod macromolecules of investigated cationomers.
S N — O v T >
L A A )
o~ S AN O AN N O Wnm
U Surface free energy parameters
8
~
o < < o — % Table 6 provides the values of wetting angles © as found,
Sa8ES 8w as well as components of surface free energy calculated on
vle-d-wog the basis of those angles in accordance with the procedure
§ as mentioned above for coatings obtained from the studied
= polyurethane cationomers. The wetting angle between each
S = = 28 _ coating and the measuring liquid was found after applica-
nl22E0 28 tion of nine drops of the liquid on the surface of that
' coating. The wetting angle value for each drop is the
é? average of ten calculations from the computer interpretation
R of the Young’s equation. Hence, the findings presented in
" 2283882 Table 6 make formally the average of 90 values of ©;
fg N B obtained for each coating wetted with the given standard
= . . . .
g 8 liquid. All the obtained results were then considered when
k5 = the specified values of standard deviation were calculated.
3 § E g § g § - The highest errors are noticeable for the values of ©;
E wlazlg % ; obtained for cationomer 10, which affects the errors of the
E 3 calculated values of surface free energy components.
g < The obtained polyurethane coatings are characterised by
o ToSsToe the surface free energy ~s>32 mJ/m?, which justifies their
3 a=888%Xx classification as medium polar materials. For comparison,
o —_—
o “1e e ﬁ: = the values of ~g for apolar polymers are much lower; e.g.
= ‘;ﬁ Tarflen used in this study as a subgrade for coatings has the
‘% energy vs=21.8 mJ/m? [24]. The highest values of s were
E § § = % § o found for polyurethane cationomers obtained from aromatic
°l m| s —=cds ? % diisocyanates MDI and TDI (samples 1, 5, 6 and 10), i.e.
% 8 4s~40 mJ/m? in both series of cationomers synthesised
- ) with the use of N-MDA and N-PhDA. The lowest value of
g R yiV = 33 mJ /m?* was noted for the cationomer coating 8—
‘é 85888 3 that was synthesised from HMDI and N~PhDA. Hence, it is
C EEEE E the diisocyanate-derived structure of the urethane segment to
e o © O =] ..
° € EE é b= be decisive for the surface free energy.
2 E 2 E E E Figure 5 illustrates the effects of chemical structures
:% S 88838 & present in cationomers synthesised from various diisocya-
«| 5 § g % 2 é nates on polarity of those cationomers, as described with
2|8l sgssz ¢ the use of factors x and «, and on the values of surface free
EldlS<s<ss<<¢ energy s of polyurethane coatings obtained from those
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Fig. 4 IR spectrum of cationo- 100. 00
mer 1 synthesised with aromatic T
diisocyanate MDI and N-MDA
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cationomers. Those effects have been presented separately
for the series of cationomers synthesised with the use
aliphatic amine (N-MDA) and aromatic amine (N-PhDA)
as a compound responsible for ionic interactions. The
presented diagrams suggest that the correlation between the
parameters x and «, and the values of ~g yields first of all
from the fact that—in case of all analysed cationomers—the
basic contribution to yg comes from the component
connected with the dispersion interactions y5". And these
result predominantly from the presence of polar structural
fragments of cationomers. The quantitative shares of those
fragments were established with the use of NMR and IR
methods.

It should be emphasised that, when the correlation
between the values of parameters x and « and the values
of yg is mentioned above, one should have in mind only the
fact that the increase in structural factors x and «
corresponds to the observable increase in parameters yg
and y5V. That is well illustrated by diagrams shown in
Fig. 5. There is no justification, however, for comparing the
numerical values of those quantities because these have
been expressed in units that do not correspond to each

Table 5 Surface properties of the model measuring fluids [20]

Model measuring fluids ~ Surface free energy parameters (mJ/m?)

" nt ot o "
Water 72.8 21.8 51 25.5 1.6
Formamide 58.0 39.0 19.0 39.6 0.9
Diiodomethane 50.8 50.8 0 0 0

@ Springer

other. As results from Eq. 20, parameter « is given in
percent, parameter a—as defined by Eq. 23—is a dimen-
sionless quantity, while yg and its components are specified
in millijoules per square meter.

After analysing the obtained data, one can arrive at the
conclusion that the extent of dispersion interactions (most
essential in cationomers) is decided principally by the
structure of PU macromolecules, i.e. by the chains
composed of flexible polyol segments, derived from
Rokopol 7P, and of rigid—i.e. more polar—urethane
segments that involve, for example, diisocyanates and
tertiary amines, and possibly urea-derived segments formed
in the reaction of diisocyanates with the amine chain
extended (HMDA). On the other hand, no clear contribu-
tion was observed from the component y4® to the total
surface free energy ys. That probably results from low and
nearly the same amounts (i.e. within 1.3-1.5%) of NH"
cations (Table 1) incorporated to cationomer chains.
Although cationic groups have been neutralised with
COO  counter-ions at the stage of synthesis, this should
not lower the value of y4P for ionomers capable of
dissociating in water. Definitely higher parameters are
characteristic for the Lewis base component yg, which
results from the counter-ion COO ; the presence of that
counter-ion has been observed in C'> NMR spectra (signal
14). However, the adopted calculation procedure, which is
based on the van Oss—Good method, does not make it
possible to compare directly the components of surface free
energy that result from acid- and base-type interactions in
the same polymer because those values come from the
arbitrary ratio of y§ / s » which has been assumed for water
(as a measuring liquid) to be equal to 1 (Table 5) [19].
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Table 6 Comparison of the results for contact angles determinations and calculated values of surface free energy components of synthesised

polymer cationomers

Sample no. Average contact angle © (°; standard deviation)

Surface free energy components (mJ/m?)

Model measuring fluids

Water Formamide Diiodo-methane s n" ne " 7L
1 64.2 (1.2) 489 (1.3) 31.2 (1.5) 42.62 38.21 441 0.32 441
2 52.1 (1.6) 49.3 (1.4) 40.1 (1.2) 39.43 34.59 4.84 0.19 31.50
2 78.4 (1.4) 58.7 (1.3) 38.5 (1.1) 37.81 35.26 6.10 0.27 6.10
4 78.8 (1.4) 54.6 (1.3) 47.2 (1.1) 36.20 31.30 4.90 1.59 3.78
5 67.0 (0.8) 44.4 (0.9) 37.2 (1.0) 43.49 35.83 7.66 1.46 9.87
6 68.7 (1.6) 52.5(1.4) 31.5 (1.7) 41.22 38.10 3.22 0.20 12.33
7 80.1 (1.1) 65.10 (1.1) 42.2 (1.0) 39.28 33.53 5.74 0.01 8.23
8 82.6 (1.2) 62.0 (1.3) 52.9 (0.9) 32.76 28.52 425 1.07 4.23
9 72.9 (1.0) 60.9 (1.1) 50.8 (1.1) 33.85 29.58 427 0.36 12.67
10 70.9 (2.9) 51.6 (6.2) 36.1 (4.3) 40.95 36.31 4.64 0.55 9.77

Comparison is possible, on the other hand, within the
values of y¢ or yg if they refer to different cationomers.
Within the cationomers studied, the highest value of the
acid-type component y¢ = 1.5m]J / m? is specific for catio-

Fig. 5 Graphical illustration of 60 -
effects from chemical structures
of cationomers synthesised from

various diisocyanates on polar 50 4
specifications of those cationo-
mers expressed by coefficients x 40 |

and «, and on surface free
energy values g of polyure-
thane coatings obtained from
those cationomers

304

204

10 1

hD1 TDI

G0 -

A0 4
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20 4
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hD1 TOI

nomers 4 and 5 obtained with the use of the aliphatic amine
N-MDA, while much lower value of y{ = 0.01mJ / m? is
specific for cationomer 7 obtained from the aromatic amine
N-PhDA. The values of y¢ for other cationomers are

MN-WND A B o«
7, [ mi/m2]
B o
HDI IPDI HhADI
%[ mi/m2]
| o
HDI IFDI HDI
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similar, and they fall within the range of 0.2-0.6 mJ/m?.
Much higher and much more diversified values were noted
for the component y¢ . The highest values of yg = 31.5 and
12.5 mJ/m> were observed for cationomers 2 and 6,
respectively, and the lowest values of yg =4.2 for
cationomers 1 and 8. No clear explanation can be provided
for those differences at the present stage of this study. They
most probably result from different locations of ionic
structures in the chains of synthesised cationomers. That
problem is planned to make the subject of our further
research stage, wherein the effects of amount(s), structure
(s) and location(s) of the cation segment within the chain of
linear polyurethane will be analysed.

‘What should be noted is that, as we have found out in
our earlier studies on polyurethane anionomers, the value of
surface free energy ys and its components can be decided
not only by the polarity and ionic nature of the polymer
(these result from the chemical structures of macro-
molecules, and their effects can be evaluated on the basis
of factors o and k) but probably also as observed for
anionomers by the sizes of created macro-molecules, by
distribution of their molecular weights and even by the type
of organisation of supermolecular structures [1, 2].

Conclusions

Our investigations have shown that the use at respective
stages of the poly-addition process of various diisocyanates
and tertiary amines that can be incorporated to urethane
prepolymer chains and that (amines) would react with
carboxylic acids to yield stable cationic sites makes it
possible to produce water-soluble polyurethane cationo-
mers. These, after application to a PTFE subgrade and
evaporation of solvents, give coatings with diversified
values of surface free energy. The NMR and IR spectral
methods confirm the expected structures of those cationo-
mers. Based on the analysis of integrated signals in H'
NMR spectra, one can calculate the parameter x, which
represents the degree of polarity of synthesised cationo-
mers. The analogical parameter o can be found from the
analysis of absorbance values of selected bands in the IR
spectrum.

The obtained findings subjected to analysis justify the
statement that it is possible to establish the correlation—
qualitative only at the present stage of our research—
between the structural parameters x and « of polyurethane
cationomers, which define the polar nature of cationomers,
and the values of their surface free energy ys and its
dispersion component ¥V, as found from the measured
values of wetting angles on the basis of the van-Oss—Good
model.

@ Springer

It is advisable to expand the research to establish a more
precise correlation between the structure of the cationomer
chain and the Lewis-type component y42 of surface free
energy ys and its acid—base components y¢ and yg, as
found from the adopted van-Oss—Good model. The acid—
base interactions in cationomers should bring the essential
contribution to the formation of stable aqueous dispersions
of polyurethane cationomers, which—as can be found in
references—are applicable inter alia as environmentally
friendly lacquers and binders. The issues discussed in the
present study are essential also because the surface free
energy of the polymer is decisive for its chemical and
biological stability and for its susceptibility to surface
modifications, e.g. during colouration and surface over-
prints, and it affects adhesion of lacquer coatings to metal
surfaces to be protected. Those properties are important, e.g.
for applications of polyurethane cationomers, as selective
polymeric membranes, anticorrosion finishes obtained from
aqueous dispersions, binders and adhesives, and for appli-
cations of polyurethane items as modern medical implants.
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