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WATER VAPOR PERMEABILITY IN A 
POLYESTER BASED POLYURETHANE 

n n; e" ^ 
N.s. Schneider, L.V. Dusablon and L.A. SpanoP.,. 

Ü.S. Army Natick Laboratories aUG 9 19gQ 
Natick, Massachusetts 01760 

INTRODUCTION 

^ The sorption^ diffusion and intera :ti.ons of water 
vapor with polymers is o': widespread importance to Army 
material requirements. Environmental water can have / 
profond effect „„ the perfor,.a„ce of powers tLrough its 
nfluence on mechanical behavior alone or its contribution 

to hytlrolyticeily induced p„lymer chain scineioô? îoï“ 

â "He?! ôfCnrôïecti water tra" = »iseion is important in 
filml î f Protective applications such as packaging 
Î“reH work t.nereSÎSta“C! coatings and the like. In the ' 
Eíe í ’ l maln e,nPhasls I133 been on the study of 

îe?îe”°sSnh,raioio°J:c1:ÎTS"1S?l0n (¡:VTR'a) '>>at mîght 
ÔÕÍvlr! confortable barrier films. Such 
polyners would be useful as fabric coatings for rslnwear 

or henlcal-Mological (CB) agent protection if the 

ór.íêh8 WT rrl9tant ^ ‘■S“' ^vorsl lhe iñportsíce 
±1 W ?aa devel°PBenc hardly needs to be emphasised since 
íeJê Í °P!n ahe door to a significant new approach t” 
ing las“!. protection as part of the combat cloth- 

To date there has been little progress in the 
Írí^r^ of polyners having MVTR's which are suffiïient- 
fllln y Serve 38 Paysiol°gically acceptable barrier 
miís ôfferWMÏ?RÎ comnierclal polyurethane elasto- 

MuTRJS,"hieb are on the threshold of the range 
needed for physiological benefit. The benefits conferred 
even by the limited MVTR of these polyurethanes naví bien 
toriüs raíe? Ín climatic chamber tests at Natick Labora- 
tories. Volunteer subjects wearing air impermeable cover¬ 
alls coated with neoprene rapidly succumbed to heat 
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exhaustion whereas test subjects in polyurethane coated 
coveralls survived 2 hours at rest followed by a 50 min¬ 
ute walk under tropical conditions. The latter subjects 
were uncomfortable but remained active. 

The work presented in this paper w.as undertaktn 
to gain an improved understanding of the factors control- 
1 ng water vapor transmission in polyurethanes. Polyure¬ 
thanes were chosen as candidate materials because of 

h! Trabl? MVTt<,S\ In addition, since polyurethanes 
are block copolymers, tney offer numerous possible varia¬ 
tions in the nature, length and proportions of the alter¬ 
nat ng long flexible and short hard segments that consti¬ 
tute the polymer chain. The study was expected to pro¬ 
vide a oasis for determining whether and by what means 
polyurethanes with the required higli HVTR'¿ could be de¬ 
signed. In addition, the study was expected to shed 
light on the general mechanism of water vapor sorption 
and diffusion which is important to other polymer appli¬ 
cations . 11 

THEORY 

-r-u Consider a polymer film of uniform thickness 1 
with a difference in the concentration of penetrant irole- 
cules c “ c2 - ci across the film. According to Pick's 
first xawC 1 » 2) ttie rlux of penetrant molecules J tn grams 
or cm. per unit area ana per unit time is proportional 
to the concentration gradient dc/dl 

J - - u -di" 

The constant of proportionality D is known as the diffu¬ 
sion constant. If the film is exposed to vapor at a pres- 
sure p2 on one side and Pl ^ p2 on the other side and if 

henry°sUlaÍlty °f ^ VaP°r Ín the polymer is governed by 

c ■ kp 

then the flux can be expressed in terms of the pressure 
gradiert 

J - -Dk _d£_ 
dl 

Thus, the rate of transmission of penetrant per 
unit pressure gradient is govern d by the product of a 
thermodynamic factor and a kinetic factor. The thermody- 
namic factor is the Henry's law solubility constant k 

ThíCL\aeí?ndr Solely on the Polymer-penetrant interactions 
The kinetic factor is the diffusion constant D which is 
governed by the rate of the polymer segmental motion and 
the size of the penetrant molecules. The product Dk is 
termed the permeability coefficient ? and in an ideal 
system would be indepenaent of the experimental conditions 
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In attesting to understand the relation between the poly 

eïrUCtUre and raoisture vapor transmission rates it 
will be necessary to resolve P into its component factor 
...d relate these teparatelj to the p„ly„er atrÕcture? 

EXPERIMENTAL methods 

usine cun 8t!t? tran8B,Í88Íon -ates were determined 
meí film rit containing «ater and sealed with the poly¬ 
mer film. The cells were placed in an air stream main- 
taineu at 70*F and 50^ R H and the loss in weight due 

Îïmerïntati°î 0f ïuter aCrOS8 the flAm Was measured at 
of l8\ The results were converted into values 
of the flux or the permeability coefficient as required 
ílír.-? knowledge of the film area, film thickness^nu 
relative humiaity difference. The water solubility was 

in wateí "k? Weight 8ain °f the 8araPle Seised in water. In combination with P this permits a calcula¬ 
tion of the effective D as the ratio P/k. 

WhÍle n£‘e Para®^ters obtained from these mea- 
USeful in comparing diff. ent polymers, 

this met.iod does not provide data which are needed to 

Üñ nlüí? ithe ^°mPlex behavior exhibited by water vapor, 
tîoï of1w!Íar,/t n0t P°S8lble to vary the concentra- 
¡oîntïfn î M Polymer as required to determine the 
confín? Isotherm cr the dependence of the diffusion 
constant on concentration. For this purpose a vacuum- 
sorption system was used in which the sample could be 

t0i a Selected vaP°r Pressure of water and tha 
allîtl J3 Î "eaS““a With a Cahn electro-balance or 
ïtînî !prln®*J ?íf^u5}on constants were calculated by 
ÎÎÎ K??;*'008 frora the rate of wabar uptaktyand 

Ííty waslobtained from the final constant 
weight of the sample at the particular vapor pressure. 

SAMPLES 

mercial 
spécifié 
concerna 
thanes . 
(molecul 
mole rat 
the flex 
and thre 
of ether 
PTMO, po 

An initial survey was conducted on several com¬ 
er exploratory polyurethanes of incompletely 

composition but the main body of the work was 
d with a series of structurally varied polyure- 
All were composed of a polyester or polyether 

ar weight 2,000), (1,4)-butaneaiol and MDI in the 

Îüilî3*2î2* ïhey differed only in the nature of 
ible segment which included polybutylene adipate 
a polyethers representing an increasing frequency 
linkages in the order polytetramethylene oxide 
ypropylene oxide PPO, and polyethylene oxide PEO. 
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nuihlUKi: VAPOR TRANSHISSIüa KATKS 
of_iíypi(;al polyurltha^kk " 

4 The moisture vapor transmission rates of three 

in Tabled 006 ®xPloiatory polymer (LU - 550) appear 
in fable I expressed as the flux for a one mil th'ck 

about 2“' thetheSei 6aiUf ' e" haVe 3 water solubility of about 2/., the nearly eight-fold variation in permeability 

Ín ^ÍS 8rOUp °f Powers -ust aíise soíeí^ 
C<!S n the ‘"’P3“« diffusion constant f‘r 

i The dlffuslon of penetrant molecules in a rub- 
y po ymer matrix can be represented as occurring by 

a process of jumping into holes createe by tnë coop^rL 

êíêLrdírf °í the polymer segments. In effect, the pen¬ 
etrant diffusion constant is determined by the rate of 

heym:tVTental m0tÍ0n* It 18 wel1 estLlishëë ëhët 
the .ate of segmental motion for all polv^rs is describ 

* riVerSal functi°n whicPn -epends o^y ën 
e difference between the experimental temperature^ud 

the gxass transition temperature A T ■ T-Te(5) nhe 

thrsSa"ríÍaÍñsnfte”PeíatU‘'e iS the P°int at ^ cne sample transforms from a rubbery to a elassv soHH 
due to tne freezing out of segmentai motion.) In ^ 

t» implies tiiat in comparing polymers at a fixed * 
temperature, the diffusion coLtan li^ the““e of 
segmental motion, will be larger tne rate of 
temperature i« n! larger if tne glass transition 
ull tf Tallo 1 , r* ,ïhe C0^Pa^sion in the last col- 
ïëë ëLï f ? 3 t,at thiS Pred¿ction is true, suggest- 
ÎëL 4°l P°lymers wlth equal water solubilities the 
polymer with the lower T* will hav* tu* tne itv U, , 1 ® wi-tx nave the higher permeabil- 
Hl: Weyer useful such a rule proves to be on a ouali- 
diîtë6 bae,i8’ lc fails quantitatively since theory pre¬ 
dicts a one-hundred fold rather than ar eichr P 
in MVÏtl for the differenr..« tn t eignt-fold range 
polymers. diferences in ig corresponding to these 

RESULTS üfr STRUCTURAL^ VARIED POLYURKTH ^k 

steady fifahlle^releVfnt Parameters characterizing the 
steady state transmission of water vapor in tne series 
of structurally varied polyuretnanes Le L L iL'P le 

first ÏLëLL S?1UÜÍ1Íty cha^- very little L th “ 

PTM0Ssani îr"!6“" crÎ^/^carfh^^^c^f'ÏL 

would have beeS êxp^ecîed'tharthe3 pürmea'ouhj'^oííd be 

ITS 
H H ipi mi i mi i- 



Ill" Mi 1' Hl» kl NW II tu 11 II WH .1II UM « Il II l» Htm I -I It..1HM ... mumi Hu 

SCHNEIDER, DUSABLON and STANO 

much higher than for the PBA sample, in keeping with the 
comparative behavior of the commercial polyurethanes. 
In fact, the permeability of the PBA and PTMO samples are 
nearly the same, whereas theory predicts a 35 tines higher 
value for the latter sample. There is another inconsis¬ 
tency in this set of results. In the PBO sample the water 
concentration xs 80 times higher than in the PBA sample 
and yet the permeability has increasec only 7 tines. 
Since Ig is the same for these two polymers, it would 
have been expected that the increase in permeability 
would equal the 80 times increase in water concentration. 
These two comparisons indicate that the water permeabi¬ 
lity cannot be predicted simply from a knowledge of the 
concentration of water or the glass transition tempera¬ 
ture. The behavior is complicated by additional consid¬ 
erations which can be understood only by examining tne 
component factors of the permeability coefficient in more 
detail. 

Before proceeding further it would be useful 
to compare the MVTR of these films with values of prac¬ 
tical interest. An MVTR of about 40g./lU0 in.2/24 uours 
is required for perceptible heat relief while the MVTR 
for standard cotton poplin (5.3oz./yd.2) is about 650g./ 
10U in, /24 hours. For all the polymers the values of 
Jl, which represent the MVTR f<-r a one mil film, exceed 
the minimum required value. The value < f the unnormal- 
ized flux J for the PEO sample exceeds even that for 
cotton poplin. The usual normalization to one mil thick¬ 
ness does not hold for this sample and is omitted from 
the Table 11. 

-POLY(BUTYLKME ADIPATE) PCLYUREThAME 

The sorption isotherm obtained by the vacuum 
sorption method is shown in Figure !, The water concen¬ 
tration (g. water/cm.3 polymer) agaiost the partial 
pressure or activity of water (p/po) is initially linear, 
approximating Henry's law behavior. However, above an 
activity of 0.6 the isotherm turns concave upward in a 
manner typical of polar sorbents in polar substrates. Un¬ 
expectedly it was found that the isotherms deter¬ 
mined at different temperatures were superimposable. 
Th.'a signifies that the heat of mixing for water with the 
polyurethane Is zero' . Accordingly, it appears that 
th® environment of water molecules dissolved in the poly¬ 
mer is energetically equivalent to that of liquid water. 
The dependence of the diffusion constant on the water 
concentration in the polymer is shown in Figure :. The 
diffusion constant decreases with increasing water con¬ 
centration in marked contrast to the usual strong increase 

II HlliMWiMWlWMf I. «WtW.—I—M Ki!##« |ffW«.«lMMM«l»Mii MMIHI if IMH ti»   mm »ifmi ►« ■ 
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in the diffusion constant that occurs with the swelling 
of polymers by organic vapors1 , “ 

a -n concave upward behavior of the sorption 
íhe dif^st Zer° Heat °f p‘ixin81 and the decrease in 
to tie self°\COTT °f Wilter Can 311 be attributed 
in th ] association of the water molecules dissolved 
ular hvdr ymer The reconstitution of intermolec- 
u ar hydrogen bonding among water molecules in clusters 

a^tivX0" hVr the rri heat °f miXin^ the dinlLhed activity of the increasingly clustered water, as compared 
to randomiy distributed water molecules, increases the 

upward isííhn °(5) Í680*Vet* Water aiui Produces the concave upward isotherm(5); and the immobilization of water in 
Thü* ? redoes the efrective diffusion constant^. 
íaterWv cluSterinS dominates the overall process of 
water vapor transmission in this polymer. 

POLY (TETRAMEXhYLENE OXIDE) POLYURETHAWK 

in« «i The <luetition to be answered is whether cluster- 
g also occurs in this polyurethane and, if so, whether 

t accounts for the much lower than expected MVTR. Both 
the sorption isotherm and the curves representing the 
concentration dependence of the diffusion constant for 
Ihtl f°lymer 80 closely resemble those for the PBA-PU 

^ ! unnece8s'‘ry to reproduce them. This not only 
s that water clustering dominates the MVTR of this 7 

polymer but also indicates that the extent of clustering 

îîired8tnaeeV?an J" PiiA“PU* Another mechanism is re- 
coístant! Plain the abnormally low apparent diffusion 

stant ari«ïîefe ÍS evidence that the 1°« diffusion con- 
1 T £l°m tne Presence of organized amorphous 

ructuie in the PTMO-PU which results from association 
of the urethane regions of the polymer chainsCM'. Low 
thítesírí¡aÍ 8cattering patterns provide direct evidence 
that such domain structure is present in the PTMO-PU but 
not in the PBA-Pu(9) and thia conclusion is suppor^d 
by several lines of more indirect evidenced). PIf these 

wouldnh/re i?Perineable water. the diffusing molecule 
lenííhí 'reqUíreti t0 travel abound the impediment, thus 

POLY (ETHYLENE OXIDE) POLYURETHAN^. 

nr* M Jhe 8orPtion isotherm for this polvnier (Fig- 
ffeíS si3nificantly from the behavior of tne 

îHcreasTirer^V”?/8 Ciarked by 30 a1ir‘0st ^ponential increase in concentration above an activity of 0.5. This 
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strong concave upward curvature indicates that a larger 
fraction of the water exists in the form of clusters 
than occurs in the other two polymers. The radical in¬ 
crease in the extent of clustering is also reflected in 
the precipitous drop in the diffusion constant with in¬ 
creasing water concentration (Figure 4). Thus, it can 
be concluded that the relatively limited increase in HVTR 
accompanying the large difference in water concentration, 
as compared to PBA-PU, is due to the immobilization of 
a much larger fraction of the water in clusters. However, 
it should be pointed out that in this instance the values 
of the diffusion constants obtained from the time depen¬ 
dence of the sorption are influenced by other effectst11.12) 
which tend to overemphasize the decrease in D with in¬ 
creasing concentration. 

j CONCLUSIONS 

These studies provide considerable insight on 
the mechanism of water vapor transport in polyurethanes 
and open the way to the rational design of polymers with 
high moisture vapor transmission rates (MVTR's). Cer¬ 
tainly the major conclusion revealed by this work is that 
the clustering of water dominates all aspects of the 
water transport process. In particular, clustering is 
responsible for the decrease in the effective diffusion 
constant which tends to offset the gain in permeability 
due to the increased water uptake. Behavior of this 
sort is undoubtedly not peculiar to the polyurethanes 
but probably occurs to a significant degree in other poly¬ 
mers as well. The previously unsuspected presence of 
domain structure, which occurs to varying degrees depend¬ 
ing on the composition of the particular polyurethane, 
also acts to reduce the diffusion constant and the MVTR. 
These two factors, clustering and structure, complicate 
any simple correlation between MVTR's and such cnaracter- 
istic polymer parameters as the water solubility and 
the glass transition temperature. 

Despite these effects it is evident that major 
changes in the MVTR can be achieved by suitable altera¬ 
tion of the polyurethane structure, even within the 
narrowly prescribed limits of the present study. For 
the most hydrophilic polymer, poly (ethylene oxide) 
polyurethane, the MVTR is competitive with the values for 
textile fabrics. However, in any practical application 
it would be necessary to limit the extent of swelling of 
the polymer by water. Fortunately, due to the counter¬ 
balancing effects of clustering on the diffusion constant 
and water uptake, it should be possible to design poly¬ 
mers with lower degrees of swelling at still acceptable 

3¿! 
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!í>Í!tUr^Vap0r transraission rates. There are several 
alternative ways of modifying PEO-PU. Films of suitabli. 
composition could be made from physical mixtures of the 
PEG- and PTHU- polyurethanes or mixing cour be accom¬ 
plished on a molecular basis using block or ranuom 

in addeirtiinC°>r!>0}ratin8 the ethyle"e oxide repeating unit. 
polymers^of ' - nn.f might be achieved „Ith poxymers of another structure. in particular 

theUl«rialo"°öf cl d°S“UCt“re “ater »»h <=»uL aialmlae cne intrusion of clustering. Although not included In 
this presentation, results have been obtained on polyion 
graft copolymers that do, in fact, show higher waier 

ra£ios?er Í1ÍtÍeS at substantially lower swelling 

'bù ^ 



SCHNEIDER, DUSADLON and SPANO 

TABLE I 

MOISTURE VAPOR TRANSMISSION RATES FOR SEVERAL 
COMMERCIAL POLYURETHANES 

Polyethers J1 -1- * Tk“c 
lOOin -24hrs. 

Du Pont LD-550 190 -60 
Estañe 574-140 64 -51 

Polyesters 

Mobay PBA 68 -45 
Estañe 574-100 26 -18 

Conditions for steady state transmission measurements: 
cup ceils; inside, water in contact; outside, 40% RH, 
T- 9Q*F. 

*The saturation water concentration was about 2% for 
all samples. 

Sample 

PBA 
PTMO 
PPO 
PEO 

TABLE II 

WATER SORPTION AND PERMEABILITY IN 
STRUCTURALLY VARIED POLYURETHANES 

Thickness 
(mil) 

Water Cone. 
g/100g (a) J1 (b) 

Tg 

11.2 
12.5 
13.0 
14.0 

1.6 
1.8 
2.8 

126.0 

6.9 78 -45 
4.3 64 -85 
6.0 78 -50 

730.0 — -49 

Conditions for steady state transmission measurements: 
cup cells; inside, water in contact; outside, 507. RH; 
T-70BF. 

(a) g./100 in,^/24hrs. 

(b) g.-mil/10Uin.2/24hrs. 

mmm ihiiunhwiwi 
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FIGURE 1 Sorption isotherm for 
poly(butylene adipate) at 4U°C; unfilled 

points sorption, filled points desorption. 
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FIGURE 3 
poly(ethylene 

points sorption 

Sorption isotherm for 
oxide) at 35°C; unfilled 
filled points desorption. 
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FICURt 4 Dependence of the diffusion 
constant tor poly(ethylene oxide) on 
water concentration at 35^} unfilled 

points sorption, filled points desorption 


