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A b s t r a c t  

In matrices of moderately hydrophilic polymers (MHP) the balance of dispersive and polar interactions 
determines the structure-morphological peculiarities and the mechanism of diffusion and sorption. Segmented 
polyetherurethanes (SPEU) were prepared from polytetramethylene oxide or copolymers of ethylene and propylene 
oxides with 4,4'-diphenylmethane diisocyanate with tetramethylendiol as chain extender. High-molecular weight 
poly-3-hydroxybutyrate (PHB) was produced by two-stage biotechnological synthesis. Isotopic accessibility and 
sorption-diffusion experiments were carried out using a suitable designed permeability cell for H-D exchange and 
vacuum balance techniques, respectively. VFIR/ATR spectroscopy and mechanical thermal analysis were used for 
MHP structure investigations. The main goal of the paper is to investigate the interrelation between chemical 
and supermolecular structure and transport processes in SPEU and PHB membranes. SPEU is characterized by a 
decrease of water diffusion coefficients, Dw, with increasing relative humidity and in a rise of accessibility of 
urethane groups in accordance with partial immobilization model of water diffusion. In the presence of water (1- 
2 wt.%) m-relaxation maximum is not shifted (plastification is not observed) but water molecules are 
immobilized in an intermediate layer between soft region and hard domain in SPELl. The latter are not penetrated 
by water. For PHB free and tightly immobilized forms of water were discovered by FFIR and sorption-diffusion 
methods. The results of this study give the basis for revealing structure-transport relationship in novel 
perspective polymers with a moderate hydrophilicity. 
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1. Int roduct ion phenomena because these phenomena control 
mainly an efficiency of membrane separation 

Theory  and prac t ice  o f  membrane  [1, 2]. The intensity of interaction of  a 
technologies are based on studies of diffusion polymer matrix with water or solute molecules 

depends on the polarity of macromolecule 
Presented at the 7th International Symposium on fragments and determines considerably the 
Synthetic Membranes in Science and Industry, 
Ttibingen, Germany, August 29 - September 1, 1994 .  mechanism of sorption and diffusion [3, 4]. 

Therefore, it would be relevant to classify all 
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polymers into hydrophobic ones relative to media, as well as transport mobilities of water 
water interactions, and electrolytes. 

The analysis of  solubilities in accessible The objectives of  the present study are 
noncrystalline regions for 70 polymers of c o n c e r n e d  with the t ranspor t - s t ruc tu re  
different hydrophilicity shows that the plot of  relationship for typical representatives of 
the Flory-Huggins equation (In q~w + ~Pp) MHB - s egmen ted  po l ye t he ru r e t hanes  
against the product (~w - ~p)2 (pp2 is nonlinear (SPEU) and poly-3-hydroxybutyrates (PHB). 
(Fig. 1) and may be approximated by two 
branches in accordance with the inequalities 
(~w -- ~p)2 q)p2 < 600  J/cm 3 for the hydrophilic 2. Exper imental  
polymers (PAAm, PAA, PVA, cellulose) and > 

700 J/cm 3 for the hydrophobic ones (PELD, The SPEU used in this s tudy were 
PEHD, PP, PS). The points situated in the 
vicini ty  of  the in te rsec t ion  belong to synthesized on the base of  different polyether 
moderate ly  hydrophil ic  polymers  (MHB), with h y d r o x y l - t e r m i n a t e d  groups,  4,4'- 
intermediate type, where solubilities of  H20 d iphenyl  m e t hane  d i i socyana t e  (MDI) 
spread from 0.064 g/g (polyetherurethane) to supplied by Bayer Co., and 1,4-butandiol 
0.0125 g/g (poly-3-hydroxybutyrate).  (BD) as extended with a water content not 

more than 0.03 w.%. In the text, the SPEU 
For polymers of the intermediate type, the 

are denoted as "Hemotan-T" and "Vitur-RM" 
compensat ion of  dispersion, nonpolar and according to the manufacturer ' s  nomen- 
polar, electrostatic interactions is character- clature. For Hemotan-T synthesis copolymers 
istic, which makes this type of polymers 
d i f f e r en t  f rom both  h y d r o p h i l i c  and of  propylene and ethylene oxides have been 
hydrophobic ones. The balance of  hydro- used unl ike  f rom Vi tur -RM specimens  
philicity to be partly or completely fulfilled is including polytetramethylene oxide. Details 

regard ing  their  two-s tage  process  and 
responsible for a variety of structural elements charac ter iza t ion  are repor ted  in earl ier  
of matrices, their stability against corrosive publications [6, 7]. 

The polymer films were casted from DMSO 
0.o t , ,  Hydroph~r~c solution. The casting was performed at room 

" :~ ,% temperature for 6-8 days. The films were 
• ," -,,,,.,sPEu then dried at 60°C in vacua until constant 

• • ' ,  , ,  weight was obtained. The films were used for 
"- PHs, dynam i c  mechan ica l  the rmal  analysis ,  
• : ATR/FTIR and H-D methods, as well as the 

>~ moderate vacuum quartz mic roba lance  technique.  
+ -5.0 Sorption/diffusion measurements were carried 
," out using a McBain by interval method. The 
-= sensitivity of  the quartz spiral was 0.778 

mg/mm. IR spectra were recorded on spectro- 
hydrophoblc meter Brucker FTIR FS40. Details of  the 

methods are described elsewhere [7-10]. 
PHB films were produced by two-stage 

• microbial  synthesis  by the Biochemical  
- - 1 0 . 0  , l ~ l l  r l l ~ l ,  , ,  t t l , , , t  t , l , t t ,  , l i b [ i l l  J l , , l l ~  , ~ l l  , ~ ,  I 

2 4 e 8 l o  Society of  Russia for drug release matrices 
(d,-d,)%'10' J/era 2 and medical fibers. Additional information 

Fig. 1. Classification of polymer hydrophilicity, concerning these materials is listed in Table 1. 
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Table 1 Ether fragments forming SPEU chains are 
Characteristics of PHB films incapable for isotopic H-D reaction as they 

have no mobile H atoms. 
Film M~10 -3 o(MPa) e(%) Cluster Solvent Limiting ratio for the number of reacted 

number groups to the total functional group number 
of given kind in polymer determines a value 

1 1,679 33.2 45.2 2.0 Acetone of  an accessibility (F). In common cases, the 
2 1,609 31.1 34.2 1.5 Dioxan accessibility of urethanic groups depends on  

the nature, molecular weight, and activity of 
the deuteric agent (D20), as well as on the 
temperature of the exchange process A. As 

3. Results and discussion distinct from the polymer crystallinity, the 
accessibility determines the mutual behavior 

3.1. Segmented polyetherurethanes of the system "SPEU-water" but not the 
individual crystalline lattice of the polymer 

In recent time attention has been directed and gives an additional information on 
toward the development of novel materials in structural organization of the SPEU matrix. 
order to satisfy simultaneously the varied The experimental  increase of F with 
constructional  and biomedical  demands,  temperature is nonlinear, as it is shown in Fig. 

2. In the region of room temperature, a Among the polymers belonging to this area, 
the segmented copolymers of urethanes with majority of urethanic groups for SPEU are 
oligoethers (or oligoesters) have been widely nonaccessible to heavy water, since these 
used due to their useful physico-chemical and groups are included in compact domains. 
transport properties as well as the acceptable Only about a third of the total urethanic 
biocompatibility [11, 12]. groups are affected by isotopic reaction, 

The degree of microphase separation of  forming an interracial layer of domain, where 
hard (MDI) and soft (oligoether) segments is soft and hard segments are mixed. 
responsible for the perfection of domain 
structure as well as for quite acceptable 
mechanical and thrombresistance properties ~.oo ~ f /  ..~ 

2.5 mol/d 4.5 mol/d o 

[13[. The factors governing perfect phase soft =,gm,,t=: ~ / / / / /  
separation of hard and soft segments are ~ • -  (cH,),o- / / g/0 

O - ¢opoh ethylGne ark~ / ~ V  * related to the synthetic pathway, chemical =~,~ p~opy,.., o~,.. .A / - /  P4. composition and the thermal history of SPEU o 
specimens. ~,o.75 * • ° / . /"  / 

Despite a large number of reports on SPEU o~ j ~ / ~ ' *  ~ ' < ~  ° , / ~ o  
structure, studies on the relationship between -= 
morphology and transport phenomena in the ~ ./~,fi/. 
copolymer matrix are scarce [14-16]. ~ ~/ 

 o.50 , The study of domain structures for SPEU -___ 
by the isotopic method of H-D exchange is ~- ,/, 

tO 

founded on heavy water transport into water- 
O 

accessible and noncrystal l ine regions of ~ ° 
polymers and on its reaction only with mobile 
H atom in urethanic or uric groups of hard o.2s . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . . . . . .  , 0 50 1 O0 150 200 
segments. Temperoture, C*. 

Fig. 2. Dependence of SPEU accessibility on tem- 
- - R 1 H - ~  + R2D = - - R I D - -  + R2H perature of H-D exchange reaction. 
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In general, accessibility-temperature curves The shift  o f  the m i n i m um  point  is 
(Fig. 2) are characterized by the three regions, determined by nature of  soft segment. For 
which they are respectively responsible for: 1) example, after inserting isopropyleneoxide 
involving of  new urethane groups in reaction fragments instead of  tetramethylene oxide in 
of H-D exchange owing to a rupture of  macromolecule of SPEU, the experimental 
relatively weak H-bonds between ether and minimal accessibility is increased in a series 
urethane groups; 2) a gradual increase of  the tetramethylene oxide < copolymer ethylene- 
accessibility due to an increase of  segmental oxide  + p r o p y l e n e o x i d e  < c o p o l y m e r  
motion and consequently an expanding of the ethylene oxide + iso-propylenenoxide. The 
inter-facial layer thickness; and 3) cooperative rising branches after min imum points are 
disruption of  domains, when, practically, all likely determined by phase inversion of SPEU 
urethra groups become accessible for an matr ices  at co r respond ing  col lapse  of  
attack of heavy water, structure perfection. 

Under isothermal conditions, the access- Addi t iona l  i n f o r m a t i o n  about  water  
ibility depends on the thickness of the interf- behavior in moderately hydrophilic polymers 
acial layer and/or domain concentration in the can be found from experiments in mechanical 
SPEU matrix; in other words, on the con- relaxation spectroscopy. It is a common 
centration of  urethane groups in the oligo- observation that water is a good plastisizer for 
ether matrix, hydrophilic polymers, decreasing Tg and the 

The dependence of the accessibility on the modulus of elasticity as compared with the 
total urethane group concentrations is shown glassy state. For some low-polar polymers, 
in Fig. 3. It is to be noted that the existence antiplastification is observed which means that 
of  the minimum for all types of  SPEU is the temperature of a - r e l axa t ion  max imum 
under investigation. Probably at this structural and modulus of elasticity increase. 
point the balance of  dispersion and polar Due to 2.5 wt.% water sorption by SPEU 
interactions is realized. At weight fraction of specimens at temperatures below Tg, dynamic 
hard segments about 0.7 the most perfect  shear modulus is increased and two-fold 
structure is formed, where the accessibility is growth in m-relaxation peak amplitude is 
minimal, observed, as it follows from Fig. 4 [17]. It 

should be emphasized that in contrast to 
1.oo phenomena plastification or anti-plastification 

the temperature of  t~-transition for SPEU do 
,," not change in the presence of water. The 
e n  

increase in loss factor is likely determined by 
~0.7~ hydrogen bonds' redistribution among ether 

~ and urethane groups as well as water in the 
interracial layer which leads to the gain of 

c kinetic e lements  number  taking part in 
"~ ° , o Brownian mot ion under tx-relaxat ion in 
~o.~0 absence of visible plastification effect. 

The problem to consider next is directly 
concerned  with some sorp t ion-di f fus ion  

,~ ~ - o~l~,t°tr~m,thy~,,~, ox~d° ° properties of  SPEU. In Fig. 5, isotherms of copolyrner ethylene and pn=p~ene oxide, 
C copolymer ethylene and ioo--propylene oxide, water sorption in films of  Vitur-RM are 

0 .25  . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  , 

0 ~ 2 3 4 s 6 7 presented for specimens containing from 1.0 
Concentration of urethone 9roups, tool/din ~ to 6.5 mol/dm 3 urethane groups. In order to 

Fig. 3. Dependence of  accessibility on concentration of compare solubili t ies o f  water in various 
urethanic groups at different  composi t ions  of  soft specimens experimental results were corrected 
segments .  
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forward earlier for hydrophobic matrices with 
~0o 2~o 300 imbedded groups, particularly for copolymer 

,g~ 0.75 ethylene with vinylacetate [7]. In accordance 
"~ with the model accessible urethanic groups 

"̀ '̀ situated in interface layer are the sites of water , 2  

~ ~ '  05o immobi l iza t ion ,  what  is con f i rmed  by 
" ' - ,  ~ correlation between the water sorption and the 

a 

0.6 ," \ 
``, , ,  , values of  accessibility (given in brackets on 

curves of Fig. 5). ,~ 0.25 
o.3 / ~ It is to be noted that for Hemotan-W 

specimens, sorption of water occurs not only 
in in terface  layer,  but in sof t -segment  

100 200 300 r, K oligoether phase, preferentially on ethylene- 
oxide  f ragments  (about  10% of  total 

Fig. 4. Temperature dependence of G' (a) and tan 8 (b) of sorption), as it was shown in [16]. 
segmented polyetherurethane (Vitur-T) dried in vacuo (1) An analysis of  the concentration depen- 
or saturatedwithwater(2), dence for water diffusion coefficients in 

SPEU films Dw(Cw) gives a valuable in- 
fo rma t ion  about  t r anspor t  m e c h a n i s m  

4.00 peculiarities for MHP. From results of SPEU- 
water systems (Fig. 6), it is found that 
coef f ic ien ts  ex t rapola ted  to zero con- 

3.0o • centration of water (Dw °) tend to decrease just 
~ 100 fold with a rise in a portion of hard 

segments. Moreover, a negative exponent / .  
, , 4  describing Dw(Cw) appears the sharper, than 

2.00 , , .,,4", / the higher a portion of  urethane groups in 
! ~ . g y ,  / accessible ranges of  SPEU. 

-7.00, ~ 2 
,~,,,, ~ ,z(r=o.32) 
U ' U U  0 . 0 0  ' I ' l l  I l l | I l l  I I  u l l l  u U l t l  I I I I l u  I l l  I I  I I I I  I t  I ~  I I  I I I I  I I  t I 0 . 2 0  0 , ~ , 0  0 . ~ 0  0 0 ' ~ , 0 0  

Water activity, p/p, -7.50. ~ ~ . . . ~ _  ~ 
"G" 

waterFig' 5.at 25°c.S°rpti°n isotherms in system Vitur-RM 2000, ~'~-8.00 . ~  3 

_~-8.50 ! ° ~  4 

for their accessibili ty,  that is, the water -9.oo- 
concentration was calculated in reference to 

5 the accessible volume (v~ = F ° v), but not to -9.5o ............................................................ 
the total volume (v). o.oo ~.oo zoo 3.oo ,.oo 5.oo e.oo 

The quant i ta t ive  analysis  of  sorpt ion woter concentrotion g/lOOg SPEU 

isotherms was made in frames of incomplete Fig. 6. Concentration dependence of Dw in SPEU. Cw: 
immobi l iza t ion  model  having been put 1 (1), 2.4 (2), 2.7 (3), 4.5 (4), 6.5 (5) mo]/dm3. 
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On the basis of these data, it can be 
CI3 concluded that NHCOO groups are z 

responsible for an immobil izat ion of ~-~.2o iZ- 8 J ~  / A 
diffusing H20. As supported with H-D 
exchange and sorption methods, water o . . /  -~ e-J. 
molecules do not penetrate into domains, c, ~ / ~ ~ /  
Thus, it should be suggested that the water ~ o . 8 o  a 

transport occurs not only in the soft-segment 
phase but also in the interphase layers, where ~ 
the urethane groups are the traps for the ~ o . 4 o  ~ c~- ~ / /  

diffusant. 
The effect of impenetrable domains may be ~: 

evaluated, in the first approximation, by the 
introduction of a tortuousity factor F", where o.oo ., . . . . . . .  , 

o,oo o.2o 0.40 o.~o o.~o ~.oo 
n is an empirical constant (= 2). In general, a water activity, p/p. 
decline of water diffusion coefficients (Dw) 
depending both on the urethane group Fig. 7. Sorption isotherms of water (A) and acetone (B) 
concen t r a t ion  (Cu) and on the water by PHBfilms. 

concentration (Cw) is described by equation 

0 D w = D w (F n) exp (-aFC w) exp (-bC u) (1) 
dicates that water-water interactions (cluster 
formation) are strongly preferred than water- 

where a and b are empirical constants, and polymer ones. The size of the water clusters 
Dw ° is a constant limiting value for Dw(Cw) 
function, is judged from the Zimm-Lundberg's model 

[22], which enables to estimate the excess of 
The exponential decrease of Dw with a rise mean number of sorbate molecules around a 

in a portion of accessible hydrophilic groups given molecule. The start of cluster forma- 
(F) was observed not only for SPEU series, tion of water lies in the range of P/P0 = 0.3- 
but for other classes of MHP, such as aliphatic 0.35. The cluster numbers (q~wGww/Vw) are 
polyamides [18] and graft copolymers 2.0 and 1.5 molecules for specimens #1 and 
Nylon-6 with poly-N,N-dimethyl aminoethyl- #2, respectively (see Table 1). 
methacrylates (PDMAM) [19]. It is worth- In contrast to water sorption experiments, 
while to note that Dw ° for polyamides, isotherms of acetone resembled each other for 
copolymers Nylon-6 + PDMAM and SPEU N1 and N2 specimens. Probably, the small 
correspond to Dw in PELD, in PDMAM, and molecule of water acts as structure probe, 
in PTMO, respectively, which is sensitive to morphology of PHB. 

The molecules of acetone having greater size 
3.2. Poly-3-hydroxybutyrate do not "feel" the difference of structures for 

NI and N2 specimens. It is confirmed by 
Poly(13-hydroxyalkonoate)s have found a concentration dependence of diffusion co- 

wide range of biomedical and ecological efficients in PHB 
applications because of the combination of 
physico-chemical and membrane transport - lgD = 9.97 C -0.0975 (2) 
properties coupled with their biodegradation 
[20, 211. 

Fig. 7 shows the water sorption isotherms There is no difference between diffusion 
for PHB. An upward curvature which became coefficients (D) of acetone for N 1 and N2 
more pronounced at higher humidity in- specimens. 
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In PHB membranes differential diffusion of H-bond network will enable more perfect 
coefficients (Dw) of water are presented in orientation in the matrix. The closer packing 
Fig. 8. The dependence of Dw's on water of crystallites and the formation of interchain 
sorption has linear character. The weak H-bonds lead to an increase of thermostability 
concentration dependence of Dw agrees with of films [24]. 
our representation of mechanism of water Besides, the perfect packing of crystallites 
transport in moderately hydrophobic type of due to formation and saturation of interchain 
polymers, where both cluster formation and H-bonds leads to a decrease of inhomogenity 
plastification of PHB matrix occur under for electron density of the polymer and hence 
action of solvent. The predominance of the to the decline of an intensity of SAXS. 
plastification effect leads to linear dependence Therefore, the higher the concentration of 
of Dw's on concentration of water, cyclic structures, the lower the relative 

intensity of small angle X-ray pattern for PHB 
membranes (Table 2). 

2.5 
,1 

/ 

.,~ / / o Table 2 
= /  Comparison of  relat ive concentra t ion  for cyclic ester 

°E = / structure and intensity of SAXS / 

"o2.0  / 

/t~ Sample N 1 a N lb N2 a N2 b 

"5 / /  D1690/D2934 0 .25  0 .23  0 .19  0 .15 
~ UI 0 0 .33  0 .37  0 .77  0.81 "E 

,= 1.5 ~cY'o 
"6 

~o ~r a = chloroform, b = dioxan-cast films, I0 = SAXS phone 
.~ in tens i ty .  

3 
_= 

1.0 
o.oo . . . . . .  " '  . . . .  o.~o' . . . . . . . . . . . . . . . . .  ~.oo ~'~. o 

Concentration of water in PHB, 9/1009 
4. Conclusions 

Fig. 8. Concent ra t ion  dependence  of  water  diffusion 
coefficients in PHB, 25°C. Quartz spring microbalance Summing up the results of the paper, the 
method, fol lowing main features  should be 

emphasized for moderately hydrophobic 
polymer-water diffusion systems: 

A previous analysis of FTIR spectra for Solubilities of water in MHP do not exceed 
PHB membranes [23] has shown the 8-10 wt.%, in contrast, solubilities of 
participation of C=O groups in forming of hydrophilic gels (PVA, PHEMA, PAAAm, 
the immobilized water structures, where water etc) approach tens or even hundreds wt.% 
molecules were included in cyclic structures. [25]. 
The fragment O...Ho-.O exists in the cyclic Most polymers (PVAc, Nylon-6, Nylon-66, 
structures, where vibration band of the proton epoxy resins, PHB, etc.) are characterized by 
is near by 1,690 cm -1 on condition that the the compensative effect, when immobilization 
distance between two oxygen atoms is less of a diffusant by functional groups and 
than 2.6,~. The availability of bonded water plastification compete and affect water 
allows to produce interchain network of H- mobil i ty in opposi te  ways, due to 
bonds which is probably formed at the compensative effect the functions Dw(Cw) 
boundary of PHB crystallites. The formation either vanish or slowly change in contrast to 
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hydrophilic polymers characterized positive [6] A.V. Tresvova ,  E.V. Zo lo tova ,  A.A.  
exponent function [25]. Vere tenn ikova ,  and L.P. Razumovsk i i ,  

When exposed to water (electrolyte media), Hemocompatible polyetherurethanes, In: Proc. 
8th All-Union Sci. Symp. on Synthetic Polymers 

structural  t r ans fo rmat ion  can occur  at for Medicine, IPCH, Kiev, 1989. 
different structural levels: 1) at primary [7] A.L. Iordanskii, Diffusion of Electrolytes and 
chemical level: H-D-isotope reaction, r e -  Bioactive Components in Polymer Systems, DSc 
distribution of H-bonds in noncrystalline area Thesis, ICP RAN, Moscow, 1992. 
of matrix, formation of  cyclic structure in [8] G.E. Zaikov, A.L. Iordanskii, and V.S. Markin, 

Diffusion of Electrolytes in Polymers, VSP, 
PHB; 2) at crystal level: lattice transformation Utrecht-Tokyo, 1988. 
from non-perfect to more perfect modifica- 191 L.P. Razumovski i ,  L.L. Razumova, A.A. 
tion (y-o~ crystal transition in polyamides);  Veretennikova,  M.B. Pestova,  and A.L. 
and 3) at supermolecular level: collapse of Iordanskii, Domain structure of segmented 

polyetherurethanes (in Russian), J. Macromol. 
domains, change of  porosity, transformation Comp. A33 (1991) 632. 
in interface layer of SPEU. [101 L.P. Razumovski i ,  A.L. Iordanski i ,  E.V. 

The results of  this study give the basis for Zolotova, A.V. Trezvova, O.G. Fortunatov, and 
understanding structure-transport  relation- G.E. Zaikov, Peculiarities of sorption-diffusion 
ships in novel perspective polymers with processes in segmented polyetherurethanes (in 

Russian), J. Macromol. Comp. A33 (1991) 989. 
moderate hydrophilicity, where the balance of [11] A.Z. Okkema, T.G. Grasel, R.J. Zdrahala, D.D. 
the dispersion and polar interactions controls Solomon, and S.L. Cooper, Surface and blood- 
the structure and the morphology of polymer contacting properties of poly-etherurethanes 
matrix as well as sorption capacity and modified with p o l y e t h y l e n e  oxide,  J. 
diffusivity of  water and electrolytes. Biomaterials., Sci. Polym. Ed. 1/1 (1989) 43. 

[12] Y. Ito, M. Sisido, and Y. Imanishi, Adsorption of 
plasma proteins and adhesion of platelets onto 
novel polyetherurethaneureas - Relationship 

Acknowledgments  between protein denaturation and platelet  
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