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SYNOPSIS

Segmented polyurethane-ureas were prepared from low-molecular weight homopolymers
or triblock (PEP) copolymers of ethylene and propylene oxides and 4,4'-diphenylmethane
diisocyanate with hydrazine as chain extender. Equilibrium sorption of water vapor at 23°C
was measured at eight to nine values of relative vapor pressure, 0.08 < p/p, < 0.97. The
effect of the structure (composition and length) of soft segments was studied. Sorption
capacities were found to be lower than the reference values computed under the assumption
that the contributions to sorption by the chain constituents are additive. This finding was
assigned to the shielding effect of hard segment domains on the interaction of water mol-
ecules with hydrophilic (ethoxamer) groups of soft segments. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

If oligomers of ethylene oxide or oligomeric block
copolymers of ethylene and propylene oxides are in-
corporated as “soft” segments into the chain of seg-
mented polyurethanes or polyurethane-ureas, ma-
terials with increased sorptive capacity for water
vapor (hydrophilicity) are obtained.!”® The hydro-
philicity depends, among other factors, on the ar-
rangement of ethoxamer and propoxamer groups in
the block copolymer. It is particularly high with the
PEP copolymers, where the central block consists
of a sequence of ethoxamer units and the end blocks
are sequences of propoxamer groups.’

In previous papers dealing with the properties of
hydrophilic segmented polyurethanes and their
constituents, the sorption of water vapor by ethylene
and propylene oxide oligomers (PEO, PPO, respec-
tively) differing in molecular weights, by PEP block
copolymers differing in composition,® and by the
corresponding polyurethanes (PUR) was investi-
gated.® Here, data on the sorption of water vapor by
segmented polyurethane-ureas (PURU) built up
from PEO, PPO, or PEP units (soft segments), 4,4'-
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diphenylmethane diisocyanate (MDI) and hydra-
zine (H) as chain extender, are presented and the
impact of the chemical structure on the hydrophil-
icity is analyzed. The interaction with water of these
polyethers, polyurethanes, and polyurethane-ureas
has been discussed elsewhere.’

EXPERIMENTAL

Hydroxyl-terminated oligomers of ethylene and
propylene oxides and their oligomeric triblock co-
polymers have been specified.® 4,4 Diphenylmethane
diisocyanate (MDI) is a product of Bayer A.G.,
Leverkusen (Desmodur 44M). N,N-Dimethylform-
amide (DMF), product of Leuna Werke, was dis-
tilled before use. It contained less than 0.01 wt %
water, 0.001% methanol, and 0.003% formaldehyde.
Hydrazine hydrate (HH) was product of Bayer A.G.,
Leverkusen. It contained 64% wt hydrazine (H) and
less than 0.1% wt ammonia.

Polymers

Polyurethane-ureas denoted as PURU (Table I)
were prepared in DMF solutions by a two-step pro-
cess from a diol (PEQ, PPO, PEP), MDI, and hy-
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Table I Composition of Polyurethane-Ureas

of

Sample® Mp Wro* ngo’ npo’ Wgo® (g/cm?®)
PURU-PPO 1040 0 0 179 0 1.13
PURU-PEO

3 290 1 6.6 — 0.353 1.20
4 400 1 9.1 — 0.43 1.19
6 600 1 13.6 — 0.53 1.19

10 1040 1 23.6 — 0.65 1.03

16 1590 1 36.1 — 0.75 0.98
PURP-PEP

1 990 0.14 3.2 14.0 0.093 1.12
2 860 0.21 4.1 11.0 0.13 1.11
3 1090 0.34 8.5 11.0 0.23 1.10
5 1040 0.50 11.8 7.7 0.33 1.03
7 1280 0.69 2.0 5.6 0.49 1.04

# Abbreviations: PPO poly(propylene oxide), PEO poly(ethylene oxide), PEP triblock copolymers of ethylene

and propylene oxides.

b Number-average molecular weight of polyether diols (PEO, PEP, PPO).
© Weight fraction of ethoxamer units in the soft segment.
4 Number of ethoxamer (ng) or propoxamer (npo) units in the soft segment.

¢ Weight fraction of ethoxamer units in PURU.
f Density of dry PURU polymers.

drazine in molar proportion 1:2:1. Their hard seg-
ment consisted, on the average, of two MDI units
connected by a hydrazine unit.

1. Molten MDI was added to a preheated so-
lution of polyetherdiol at 50-60°C under vig-
orous stirring. The mixture was heated to
90°C and maintained at this temperature for
4 h under dry nitrogen. After cooling, the
content of NCO groups was estimated by a
standard procedure.

2. The solution of the prepolymer in DMF (26
wt % ) was added to a DMF solution of hy-
drazine hydrate at normal temperature un-
der vigorous stirring. The concentration of
hydrazine hydrate was adjusted so that, at
the end of reaction, the concentration of the
product was about 20 wt % (at molar ratio
NCO : H=0.5). The reaction was stopped
when the viscosity was 1.5-4 Pa.s at 30°C.
At the end of reaction, the temperature of
the reaction mixture increased to about
50°C. After cooling, the polymer solution
was degassed at 0.5 kPa, poured on glass
plates to form a layer of ca. 1 mm thickness
and dried at 110°C and reduced pressure to
constant weight. The thickness of films was
ca. 0.15 mm.

Before sorption measurement, the foils were ex-
tracted with distilled water maintained at room
temperature for 48 h, and conditioned at 23-25°C
and relative vapor pressure p/p, 0.5 for about 7 days.

Sample M-PURU, comprising no soft segments,
was prepared by mixing DMF solutions of MDI and
hydrazine in molar proportion 1 : 1. The final con-
centration was about 10 wt %. The product precip-
itated as a powder. It was isolated by filtration,
washed with distilled water (14 h), and dried at
110°C to constant weight. In sorption measurements
it was used in the powdery form or as a film (0.15
mm thick ) which was prepared by molding the pow-
der at 164°C between two aluminum foils.

Sorption Measurements

Sorption was measured at 23°C at eight to nine val-
ues of the relative pressure (0.08 < p/p, < 0.97) in
an apparatus ! the principle of which has been ad-
vanced by Nemitz.'? It consisted of two parts (Fig.
1): An apparatus for conditioning and weighing of
samples (part a) and an apparatus for drying them
(part b).

A PURU film (weight ca. 0.2 g, thickness ca. 0.15
mm) was suspended on a polyester fiber, the length
of which was adjusted so that the sample was 20 to
30 mm above the bottom of the flask. The flask was
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Figure 1(a) Sorption apparatus (for conditioning and
weighing of samples): (1) Ehrlenmeyer flask; (2) inlet
tube with stopcock; (3) polymer sample; (4) suspending
polyester fiber (diameter ca. 4 X 107 mm, length ca. 150
mm, weight ca. 5 X 107 g); (5) suspending Teflon loop;
(6) ground glass stopper (lubricated with silicon vaseline);
(7) electrolyte solution; (8) arm of balance; (9) pan with
weights; (10) thermostat.

connected to an oil pump and heated for 15 min in
the drying oven at 95°C. Then the pressure was de-
creased below 50 Pa and drying was continued at
least for 2 h. Then dry air was introduced and the
flask, cooled to room temperature (ca. 30 min), was
replaced by another with a layer of PyOj; at the bot-
tom, and the sample was allowed to dry for at least
3 days. Thereafter, the flask was suspended on the
arm of a balance and the weight of dry sample was
determined.

The flask with P,O; was replaced by a flask con-
taining an electrolyte solution of known water ac-
tivity (Table II) and put into a water thermostat
where the temperature (23°C) was maintained at a
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constant + 0.1°C. The increase in weight was de-
termined at intervals of 4, 8, 24, 48, and 72 h until
the difference of two subsequent weights was less
than 5 X 1072 mg. This weight was taken as the
equilibrium one. The time necessary to reach equi-
librium was longer the higher the content of ethox-
amer units in the polymer.

The data were reproducible to ca. 1%. The quality
of data obtained with this apparatus was checked
against those obtained with the Cahn electrobal-
ance.’® The correspondence of results was very good
in the whole range of vapor pressure (Fig. 2). As
expected, the desiccator method, which was used in
previous studies with strongly sorbing substances,®
yielded good results at p/p, = 0.5 only.

The sorption was expressed as the weight W
(gram) of water (1), sorbed by 1 g of dry polymer
(2) or (as the volume fraction of water in the system,
¢:. The former was converted into the latter by
means of the equation

o1 = W/ (W+vy/vy) (1)

where the ratio of partial specific volumes, v,/7,,
was replaced by the ratio of specific volumes vy /1,
of pure components.

The maximum sorptive capacity ¢; , correspond-
ing to a; = p/po — 1 was estimated as

mn=(A—B)™"! (2)
where A and B are the parameters of the equation

01/<P1,=A—Bal (3)

9 1M 1210

Figure 1(b) Apparatus for drying polymer samples: (1) to (6) as in Figure 1(a); (7)
rubber stopper; (8) drying oven with forced air circulation; (9) drying tower; (10) oil pump;
(11) P,Os; (12) fritted glass; (13) extension tube of the ground glass stopper.
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Table II Saturated Aqueous Solutions (ISO 483)

Dp/po (at 23°C) Saturated Solution

0.12 LiCl

0.22 Potassium acetate
0.33 MgCl, -6 H,O
0.434 K,CO;-2 H,O
0.545 Na,Cr,0,-2 H,0
0.755 NaCl

0.855 KCl

0.97 K,S0,

1.00 Water

which fits the sorption isotherms quite well (cf.
refs. 8-10).

RESULTS AND DISCUSSION

Sorption Hysteresis

Polyurethane-ureas display sorption hysteresis. It
was investigated in some detail with the samples
PURU-PPO, PURU-PEP/5, PURU-PEQ/10, and
M-PURU. It was particularly distinct with the latter
polymer (Fig. 3). With the other polymer samples
the difference between sorption and desorption ex-
periments was less than 2%.

07 ] 1 4 T ]
S04 8
o
202 & |

°

01l .

007 .
004} o® —
(8 )
002} o 4
8
(o]
001 -1
0007} .
[ ]
0004 O | ) 1 i

02 04 06 08 1
ay
Figure 2 Comparison of sorption isotherms obtained
by different methods. Sample PURU-PEO /10 at 23°C.
Data points: O hydrostatic apparatus; @ Cahn RG
apparatus’®; @ desiccator method.
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Figure 3 Hysteresis of sorption by M-PURU: (a) Pow-
dery sample; (b) film. Data points: @ desorption, O sorp-
tion.

This finding can be explained in terms of the dual
model of sorption by glassy polymers.'* In a previous
paper,'® the sorption isotherms of polyurethane-
ureas have been shown to be a combination of a
localized (Langmuir) and solution sorption. The
former contribution was the strongest with the
sample M-PURU (which has no soft segment and
is at 23°C in glassy state ) and became less significant
or even negligible if soft blocks (which are above T,
at 23°C) were incorporated into the chain. It appears
that the strong hysteresis observed with M-PURU
is due to the glassy state of the polymer. With the
PEP samples the rubbery state and hydrophilicity
of soft blocks account for an increased “solution”
contribution to sorption; however, the “Langmuir”
component to sorption, which is due to the hard
segment microdomains, though it cannot be de-
tected, may still exist.

The Effect of Polymer Structure on Sorption

Sorption centers in polyurethane-ureas are the
groups —CO— and —NH— in hard segments
and ether oxygen atoms in soft ones. The structur-
ally simplest sample, M-PURU, binds at p/p, = 1
approximately one water molecule per repeating unit
or, in other words, per two carbonyl groups. In this
respect it is similar to more hydrophobic nylons.'®
The NH groups do not participate in the sorption.

The sorption data for PURU samples (Table I1T)
show that the sorptive capacity increases with an
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Table III Sorption of Water Vapor by Polyurethane-Ureas (PURU) at 23°C
0.08 0.12 0.22 0.33 0.43 0.54 0.75 0.85 0.97
p/Po W X 107% (g/g)
PURU-PEO
3 —_ 0.07 0.15 0.40 0.75 1.00 1.85 2.95 5.15
4 — 0.40 0.64 1.10 1.75 2.40 4.15 5.75 6.55
6 — 0.40 0.80 1.35 2.25 2.90 5.65 8.60 10.3
10 0.65 0.75 1.25 1.70 2.60 3.60 7.25 12.8 36.0
16 0.65 0.80 1.40 1.95 2.95 3.85 12.2 22.2 33.9
PURU-PEP
1 — 0.15 0.45 0.85 1.25 1.80 2.50 3.05 3.35
2 — 0.35 0.60 1.00 1.20 1.60 2.55 3.00 9.45
3 — 0.30 0.75 1.30 1.70 2.15 3.70 5.00 10.7
5 0.39 0.45 0.75 1.10 1.90 2.60 4.65 6.55 20.7
7 — — 1.45 2.10 3.10 3.95 5.15 9.55 34.2
PURU-PPO — 0.30 0.40 0.50 0.90 1.05 1.65 2.00 2.85
M-PURU? 1.45 —_ — 2.40 2.65 3.35 4.40 5.15 5.95

® Sorption experiments with film.

increase in the content of ethoxamer groups. That
can be expected because water is a better solvent
for PEO than for PPO. However, by analyzing the
values of W at fixed values of water activity in de-

1
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Figure4 Dependence of the maximum sorptive capacity
¢1.m on the weight fraction of ethoxamer units wgo in
polymers. Data points: PURU-PEO @ and PURU-PEP
O (this paper); PUR-PEP © and PUR-PEO © (from ref.
9); PEP O (from ref. 8).

pendence on the polymer composition, we find that
the content of hydrophilic groups is not the only
factor governing the sorptive capacity. That is il-
lustrated by Figure 4 where the maximum sorption
¢1.m calculated with eq. (2) for PURU samples has
been plotted against the weight fraction of ethox-
amer units wgo.

Figure 4 is completed by data points for oligomeric
PEP copolymers and for polyurethane samples
(PUR) similar to PURU but containing no hydra-
zine units.?? It is seen that data for the PUR samples
are located at the same curve as those for corre-
sponding PURU samples and that, at a chosen value
of wgo, the sorption decreases in the sequence

ether oligomers (PEP, PEO) > PEP-based polyurethanes
and polyurethane-ureas > PEO-based polymers of both
types.

The latter finding is particularly important and
its explanation is based on a comparison of exper-
imental data, W, with the reference values, W,,
computed under the assumption that contributions
to sorption by different chain constituents are mu-
tually independent and, consequently, additive. The
W. values have been calculated from sorption data
for pure ether oligomers reported previously® and
for the M-PURU sample (Table III).

In Figure 5 the W values at several activities have
been plotted against the weight fraction w%xo of
ethoxamer units in the soft segments in PEP-based
polyurethane-ureas (PURU-PEP) where the sum
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wx107 (g/g)

Figure 5 Dependence of sorption W at a fixed water
activity on the weight fraction of ethoxamer units wgo in
the soft segment of PURU samples. Data points for a;:
0.54 O; 0.75 @; 0.85 @; 0.97 ©. Dashed straight lines 1 to
3 correspond to W/W, = 0.30.

of weight fractions of ethoxamer and propoxamer
units is nearly constant, s = wgo + wpg = 0.66
+ (.04, but the individual values of wxzo and wpg are
different. Dashed lines correspond to W = 0.30W,.
They indicate that the ratio W/W, is independent
of the vapour pressure and the polyether composi-
tion. With the PURU-PEO samples the ratio W/

WIW,

02

Figure 6 Dependence of the ratio W/ W, on the number
ngo of ethoxamer units in the soft segment. Data points
for PURU-PPO O, PURU-PEO O, PURU-PEP @. Ver-
tical bars associated with the data points indicate the range
of variation of W with a,.

W. is invariant with respect to @; but not to the
composition.

The invariancy with respect to the vapour pres-
sure facilitates the analysis of data. Figure 6 presents
the dependence of W/W, on the number of ethox-
amer units, ngp, in the soft segment. Two depen-
dences can be seen: A monotonically increasing one
for PEO-based polyurethane-ureas (PURU-PEOQO)
and an approximately constant value for samples
based on the PPO and PEP oligomers. At ngo < 20,
the ratio is higher with the latter group although
the lengths of the ethoxamer sequences are the same.

It is seen that a part of ethoxamer groups in
PURU-PEO samples does not participate on sorp-
tion. The PEO-based polyurethane-ureas differ from
those based on PEP in that the ethoxamer groups
in the former are bound directly to the hard seg-
ments whereas, in the latter, they are separated from
the hard segments by a propoxamer sequence. The
position of ethoxamer units with respect to hard
segments seems to play a significant role.

The difference observed in Figure 6 disappears if
the data are plotted against the length of the soft
segment, s (Figure 7). The plot leads us to the con-
clusion that the ratio W /W, primarily depends on
the length of the soft segment. It is relatively larger
the longer the soft segment, irrespective of its
chemical structure.

Interpretation of the Effect of Structure

It is well established that the incompatibility of hard
and soft segments in polyurethanes leads to micro-
phase separation.’®'” Hard segments form domains
stabilized by hydrogen bonding between CO and NH
groups. However, the segregation is not perfect,
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Figure 7 Dependence of the ratio W/W, on the sum s
of numbers of ethoxamer and propoxamer units in the
soft segment. Notation of data points as in Figure 6.



particularly with short segments.'®?° Infrared (IR)
spectra indicate!®?® that hydrogen bonding also
forms between the NH groups of hard segments and
the oxygen atoms of ether or ester groups of soft
segments in the interface between segregated do-
mains or in the region where segregation is not com-
plete. This interaction is stronger with ester car-
bonyl groups than with ether units.!%21-2%

Hard domains act as crosslinks and the soft seg-
ments represent the deformable part of the physical
network. As the polyether sequences in soft seg-
ments are rather short, their deformability may de-
pend on their length and distance from the hard
segment domain to which they are bound.

The sorption of water molecules depends on the
formation of vacancy which, in its turn, is associated
with a conformational change of soft segment units.
Those which are in the proximity of hard domains
are less mobile and less deformable. Hence, their
participation on the interaction with water is re-
stricted. The same holds for ether units which are
hydrogen bonded to the hard segment in the inter-
face or in the regions where hard and soft segments
are mixed. In this case, hydrogen bond formation
between water and soft or hard segment units com-
petes with the existing hydrogen bonds between hard
and soft segments.

The shorter the soft segment, the less likely are
the conditions for a conformational change of ether
units and for sorption of water. This hypothesis may
explain the dependence of W/W, on the sum s of
the numbers of ethoxamer and propoxamer units in
Figure 6 and the increasing trend of curve 1 in Figure
5 (for PEO-based PURU samples).

The contribution to sorption by propoxamer units
is substantially weaker than by ethoxamer ones. If
the former are prevented from interaction with water
by the proximity of hard segment domains or by
their hydrogen bonding with NH groups of hard
segments, the impact on the sorption is less pro-
nounced than it is if ethoxamer groups are shielded.

The finding (Fig. 4) that the sorption is higher
with PURU-PEP than with PURU-PEO at the
same weight fraction of ethoxamer units can be un-
derstood if we realize the difference in the position
of ethoxamer units with respect to the hard segment.
In PURU-PEO samples at low s values, the ethox-
amer sequences are short and, therefore, more
tightly bound to the hard segment domains. Hence,
the amount of loci where interaction with water can
take place is reduced. The values of W/W, are low
(0.1-0.2) and so is the overall sorption. In PURU-
PEP, it is the propoxamer sequence at both ends of

VAPOR SORPTION BY HYDROPHILIC PU UREAS 683

the soft segment which is shielded by the hard seg-
ment from the interaction with water whereas the
ethoxamer sequences in the middle of the soft seg-
ment are accessible to water molecules. Because the
latter groups are more hydrophilic, the sorption of
water is higher than in the previous case.

CONCLUSIONS

The sorption of water by polyurethane-ureas based
on triblock copolymers of ethylene and propylene
oxides depends not only on the content of ethoxamer
units but also on the overall length of the soft blocks
and on the position of ethoxamer units with respect
to the hard segments. The latter appear to “shield”
the neighboring soft segment units from the inter-
action with water.

REFERENCES

1. W. Vieth, A. S. Douglas, and B. Bloch, J. Macromol.
Sci.-Phys., B3, 737 (1960).

2. N. S. Schneider, 1. V. Dusablon, E. W. Snell, and
R. A. Prosser, J. Macromol. Sci.-Phys., B3, 623
(1969).

3. J. L. Illinger, N. S. Schneider, and F. E. Karasz, in
Permeability of Plastic Films to Gases, Vapors and
Liquids, H. B. Hopfenberg, ed. Plenum Press, New
York, 1975, p. 183.

4. V. A. Yanchevskii, Plast. Massy, 10, 23 (1980).

5. V. M. Nepyshevskii, F. K. Samigulin, A. P. Kafen-
gauns, M. A. Galdkova, G. A. Gladkovskii, G. H. Pa-
liyumkin, and V. S. Lebedev, Vysokomol. Soed., 23,
23 (1981).

6. Y. Gnanou, G. Hild, and P. Rempp, Macromolecules,
17, 945 (1980).

7. S. Petfik, Sorption of Water by Hydrophilic Polyure-
thanes, Thesis, Technical University, Zlin, 1987.

8. S. Petiik, F. Hadobas, L. Simek, and M. Bohdaneck$,
J. Appl. Polym. Sci., 42, 1759 (1991).

9. S. Petiik, F. Hadobas, L. Simek, and M. Bohdanecky,
Eur. Polym. J., 28, 15 (1992).

10. M. Bohdanecky, S. Petiik, F. Hadobas, and L. Simek,
Makromolekulare Chemie, Makromol. Symp. 58, 1
(1992).

11. S. Petiik, M. Bohdanecky, F. Hadobas, and L. Simek,
Plasty Kauc, 26, 72 (1989) (in Czech).

12. G. Nemitz, Uber die Wasserbindung durch Eiweisstoffe
und deren Verhalten wdahrend der Trocknung, Thesis,
Technische Hochschule, Karlsruhe, 1961.

13. Sorption determination by the Cahn RG vacuum
electrobalance with measurement of water pressure



684

14.
15,

16.

17.

18.

PETRIK ET AL.

were kindly carried out by Dr. R. Puffr, Institute of
Macromolecular Chemistry, Czechoslovak Academy
of Sciences, Prague.

dJ. H. Petropoulos, Adv. Polym. Sci., 64, 95 (1985).
R. Puffr and J. Sebenda, J. Polym. Sci, C16, 79
(1967).

C. Hepburn, Polyurethane Elastomers, Applied Science
Publishers, London, 1982.

Encyclopedia of Polymer Science and Engineering, Vol.
13, J. Wiley, New York, 1987, p. 243.

J. A. Miller, S. A. Liy, K. K. S. Hwang, K. S. Wu, Pe.
Gibson, and S. L. Cooper, Macromolecules, 18, 32
(1985).

19.

20.

21.

22.

23.

S. Abouzahr and G. L. Wilkes, J. Appl. Polym. Sct.,
29, 2695 (1984).

C. B. Wang and S. L. Cooper, Macromolecules, 16,
775 (1983).

R. W, Seymour, A. E. Allegrezza, and S. L. Cooper,
Macromolecules, 6, 896 (1973).

N. S. Schneider and C. S. Paik Sung, Polym. Eng.
Sei., 17, 73 (1977).

W. J. Mac Knight and M. Yang, J. Polym. Sci., Part
C, 2,871 (1973).

Received December 10, 1991
Accepted March 24, 1992



