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Abstract:

Water sorption has been studied gravimetrically for polychloroprene rubber samples, first at a fixed
hygrometric ratio (98% HR) and several temperatures (25, 40, 60 and 80°C) for samples of 1.9 and 3.8 mm
thickness (Constant Temperature and Hygrometry, CTH experiments), then at fixed temperature (40°C) and
several hygrometric ratios ranging from 0 to 95% HR on samples of 0.1 mm thickness (DVS experiments).
CTH experiments reveal an abnormal sorption behavior: after an apparently fickian transient period, the
water absorption continues at almost constant rate, no equilibrium is observed after more than 2500 hours,
whatever the temperature. DVS experiments reveal a very low Henry’s solubility but the formation of
clusters at water activities higher than 40%. The water diffusivity is almost independent of activity below
50% HR and decreases rapidly when activity increases above 50%. Contrary to CTH experiments,
equilibrium is reached in DVS and the difference is not simply linked to the well-known effect of sample
thickness on diffusion rate. The results allows hypotheses such as hydrolysis or osmotic cracking to explain
the abnormal sorption phenomenon to be rejected. It is suggested that clusters could be polymer-water
complexes having a linear / branched structure able to grow without phase separation that could explain the
reversibility of sorption-desorption cycles. The difference of behavior between thin 0.1 mm and thicker 1.9 or
3.8mm samples could be due to an effect of swelling stresses.
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Introduction

Elastomers are generally polymers of low polarity, a condition to have a low cohesive energy density
and thus a low glass transition temperature. Since water interacts with polymers through hydrogen
bonds with polar groups it is expected to have a relatively low solubility in elastomers as is generally
observed. But low solubility is not necessarily synonym of a simple dissolution mechanism. It was
observed 50 years ago that in many elastomers, the equilibrium water volume fraction v varies non-
linearly with water activity a while the water diffusivity appears as a decreasing function of a [1].
Both characteristics are generally attributed to clustering [2 - 5]. As will be shown, this term covers a
variety of processes having in common the fact that a part of the water molecules establishes
preferentially bonds with previously solvated water molecules rather than with polar sites of the
polymer. The most trivial cause of clustering is the presence of pores in the elastomer matrix. When
these pores are small enough, water condenses in the pores at water activities lower than unity
owing to confinement effects and the sorption isotherm displays a positive curvature in the domain
of high activities. Adsorption at the pore surface can have the same consequences as condensation.
In the case under study, porosity can be considered negligible; water is first dissolved into the
superficial layer of the elastomer but tends to adopt an inhomogeneous spatial distribution
characterized by the existence of water-water bonds when, at the concentrations under
consideration, each water molecule would be isolated from all the others in the case of an
homogeneous distribution. One can envisage at least two mechanisms of clustering in non-porous
polymers. The first one involves the presence of an extrinsic driving force, for instance a thermal
shock inducing a sudden decrease of the water solubility in the polymer or the release of small
hydrophilic organic molecules resulting for instance from matrix degradation. In such cases, a de-
mixing process occurs; liquid micro-pockets are formed, creating a situation favorable for the
propagation of an osmotic cracking process. Blistering of composite boat hulls, for instance, results

from polyester hydrolysis [6, 7].

The second mechanism does not need the existence of a driving force, clustering can be
schematically explained by the fact that water molecules have more affinity for themselves than for
polymer sites. Here, clusters can be chains or networks [8, 9] of hydrogen bonded water molecules
rather than quasi-spherical aggregates and it is not unreasonable to imagine relatively large clusters

not phase separated from the polymer matrix contrary to quasi-spherical clusters.

The present article deals with water absorption mechanisms of vulcanized chloroprene in the 25°C-

80°C temperature range. Long term aging experiments at constant temperature and hygrometric



ratio will be combined with short term measurements in order to record sorption isotherms. A

peculiar attention will be paid to clustering processes.



Experimental

Material

The sample considered here is a vulcanized polychloroprene based on raw material with a
weight average molar mass, assessed by GPC, close to 140 kg/mol. Vulcanization was
performed by an industrial partner with both ZnO (5.7phr) and Sulphur (1.2phr) with no
reinforcing fillers. Polychloroprene rubber, with a crosslink density of 0.18 mol/kg, was
prepared in 1.8 and 3.8mm thick sheets. A Leica microtome was used to cut 100 microns
thick films from the 3.9 thick sheets after cooling in liquid nitrogen. After cutting, film quality

has been checked in order to be sure that the material was not damaged before testing.

Water Absorption

Dynamic vapor sorption (DVS)

Dynamic Vapor Sorption measurements were performed with TA Instruments (Q50005A) equipment
to characterize water absorption in 0.1 mm thick films. This allows water uptake to be monitored
using a microbalance with a 0.1 pg resolution placed in a humidity chamber that can be controlled in

both temperature (from 5 to 80°C) and humidity (from 0 to 95%).

The DVS measurements were made at 40°C. After a drying period until the sample reaches
equilibrium, water activity in the chamber is increased step by step using a flow of nitrogen—dry
water vapor mixture at 200 mL/min. Mass evolution m(t) is recorded with a frequency of about 0.1

Hz and translated into mass percent of absorbed water mass M(t) :

m(t) =" =0 4100 (1)
my

Where m(t) is sample mass at time t and my is the mass of the dry polymer sample. The drying

process was performed in situ by setting humidity level to 0.
Constant Temperature and Hygrometry Experiment (CTH)

Samples were immersed in natural renewed sea water at different temperatures from 25 °C to 80°C.
Sea water can be considered, here, as pure water with an activity of 0.98 according to Robinson [10].

The water absorption was determined from the weight evolution of square samples
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(50 mm * 50 mm) with two different thicknesses (1.8 and 3.9 mm). Mass gain was followed by
periodic weighing on a Sartorius LA 310 S balance (precision 0.1 mg). Samples were removed from
the ageing containers and wiped with paper towels to dry the surfaces before weighing. The mass
percent of absorbed water M(t) of each sample at time t is expressed using equation 1. For each

condition 3 samples were tested and results averaged.
HCl measurement

In order to investigate the possible release of HCl due to hydolysis of C-Cl bonds, 1.8mm thick
samples of CR (cut in small squares) were aged in a small bottle (100mL) of pure water at 95°C for
more than 200 hours. After ageing, silver nitrate was used to reveal the presence of HCl in the water
bath. For these experimental conditions, the measurement sensitivity was lower than 10* mol.L™

meaning that the lowest rate of HCl formation that could be detected was 1.2 10”.



Results

The curves of mass gain against exposure time at constant temperature and
hygrometry (CTH) are presented in Fig.1l for samples of 1.9mm thickness and in
Fig.2 for samples of 3.8mm thickness. These curves display a negative curvature in
their initial part and a quasi-linear asymptote of which the slope is an
increasing function of temperature and seems almost independent of sample

thickness. The asymptotic rate values n;=:;}(%§) are listed in Table 1. An
0 oo

Arrhenius plot of ry; values for both sample thicknesses is given in Figure 3. At
first sight, these plots appear non-linear, that would indicate the coexistence of
at least two mechanisms. Indeed, the number of points is very small but the close
similarity of both curves does not result from a coincidence and suggests that
effectively, Arrhenius law is not obeyed here.
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Figure 1 : Water absorption in 1.9 mm thick sample of CR at different temperatures.
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Figure 2 : Water absorption in 3.8mm thick sample of CR at different temperatures.
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Figure 3 : Temperature dependence of r, (values given in Table 1).

The initial parts of the curves call for the following comments: At the lowest temperatures, 25°C and
40°C, mass gain increases proportionally to the square root of time in the first days of exposure. At
the highest temperatures 60°C and 80°C, mass gain is proportional to a power of time ranging
between 0.5 and 1.0. It can be reasonably supposed that here also, there is an initial period where
mass gain is proportional to the square root of time but this period is shorter than 24 hours. What is
observed here is essentially the transition between the regime characterized by an exponent value of

0.5 and the “steady state “ regime characterized by an exponent of unity. We have determined a

1 Am(24h)

seudo-initial slope v =
P PE€ Vaan = I T (2ax3600)1/2

where h is sample thickness. In the case of the lowest

temperatures (25°C and 40°C), v, is effectively the initial slope v,. In the case of the highest
temperatures (60°C and 80°C), it can be supposed that v, > v,4, but the difference is presumably
small and one can consider, in a first approach, that v, is effectively the initial slope. Contrary to r,,
vy varies significantly with the sample thickness (Table 1), but the product V, = L.v, is almost
independent of the thickness L. It can be recalled that, in the context of a fickian diffusion process, V,
is an important component of the expression of the diffusion coefficient:

v
16 (Amoo/Mo)?

(2)

The kinetic curves of mass gain can thus be considered as resulting from two processes: a (relatively
fast) pseudo-fickian sorption process characterized by a virtual equilibrium mass gain Am,, (see
below) and a (relatively slow) unknown process of apparent zero order, occurring at the same rate in

all the sample layers.

Let us first consider the equation of the linear asymptote:



A
“=rt+b (3)

0

The values of b are listed in Table 1. This intercept value can be interpreted, at least in a first

approach, as the (virtual) equilibrium value for the initial fickian process:

p= Ame, (4)

mo

From the values of V, and b, it is possible to determine the value of the coefficient of diffusion D
using Equ.4 (Table 1). D appears to be about three times higher for the sample of 3.8 mm thickness
than for the sample of 1.9 mm. This is exclusively due to the difference in b values, which increase

almost linearly with temperature:

b =Am°o

~ A(T — 13) (5)

mo

Where A - 2.0.10° K for samples of 1.9mm and 1.1.10° K for samples of 3.8mm. As will be seen

below, the physical meaning of this dependence is not obvious. What is sure is that the values of

A::; do not correspond to the true water solubility in polychloroprene, this latter being considerably
lower.

Sample thickness | Temperature r5x109 bx10 bxL v(,xlo8 Dx10"
(mm) (°C) (s7) (mm) (m.s™) (m”s™)
1.9 25 2.26+/-0.04 | 2.67+/-0.17 | 5.07+/-0.32 | 3.23+/-0.17 | 2.9+/-0.7
1.9 40 3.56+/-0.33 | 5.23+/-0.44 | 9.94+/-0.83 | 6.77+/-0.44 | 3.3+/-0.1
1.9 60 3.70+/-0.35 | 8.13+/-0.47 | 15.45+/-0.89 | 13.00+/-0.19 | 5.0+/-0.1
1.9 80 8.80+/-0.08 | 12.07+/-0.53 | 22.93+/-1.01 | 23.83+/-0.50 | 7.7+/-0.1
3.8 25 1.46+/-0.31 | 1.47+/-0.05 | 5.58+/-0.19 | 3.48+/-0.09 | 11.0+/-1.3
3.8 40 2.97+/-0.16 | 2.74+/-0.15 | 10.41+/-0.57 | 7.41+/-0.08 | 14.4+/-1.8
3.8 60 3.79+/-0.21 | 5.46+/-0.08 20.75+/-0.30 | 15.20+/-0.07 | 15.2+/-0.6
3.8 80 8.37+/-0.05 | 7.95+/-0.11 30.21+/-0.41 | 26.70+/-0.54 | 22.1+/-1.5

Table 1. Kinetic parameters of water absorption (see text) in CTH experiments

In order to provide more information on this abnormal sorption process, we have first performed
cyclic tests in which the samples are maintained at constant temperature and periodically dried after
exposure in humid atmosphere. The results (Fig.4) can be summarized as follows: water absorption is
fully reversible and there is no significant change of the diffusion coefficient from one cycle to the
next. The fact that D remains constant indicates the absence of irreversible damage resulting for

instance from osmotic cracking. If there is a polymer-water phase separation, we are forced to
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imagine that the water pockets become voids upon drying, these latter would then collapse and heal
in such a way that the polymer homogeneity was restored at the end of the drying period. But what
could be the driving force of phase separation? Osmotic cracking would need the presence of small
polar molecules soluble in water but having diffusivity values significantly lower than that of the
water in the polymer. We have imagined that hydrolysable C-Cl bonds could be present in irregular
structures and that the released HCl would induce osmotic cracking. An experiment of sample
immersion in a bath of pure boiling water was therefore performed, but no HCl was found in the

bath after an exposure time of 200 hours, which eliminates the hypothesis of hydrolysis of labile C-Cl

bonds.
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Figure 4 : Cyclic tests of water absorption in CR

Polymer hydrolysis could explain the observed behavior, provided that water molecules are
incorporated in the polymer structure without mass loss. It can be noted that mass gain reaches
values higher than 20% in 1.9 mm samples and that corresponds to one mole of water per mole of
monomer unit. The only possible hydrolysis event would be thus the addition of the water molecule
to the double bond but that is unlikely, at least in the temperature range under consideration. The

hypothesis of hydrolysis to explain the abnormal mass gain must thus also be rejected.

At the end of this set of investigations, it has been shown that the mechanism of water absorption
responsible for the continuous mass increase at long term is neither hydrolysis nor osmotic cracking,
it is fully reversible and able to incorporate in polychloroprene more than one water molecule per

monomer unit. The questions which remain unanswered lead us to investigate sorption mechanisms
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at the molecular level. The analysis of sorption isotherms could bring interesting information on this

aspect; for this reason Dynamic Vapor Sorption (DVS) experiments were performed.
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Figure 5 : Water absorption in 100 um thick film for several water activities at 40°C.
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Figure 6 : Volume fraction of water in 100 um CR film at 40°C for different water activities.

A typical sorption curve is shown in Fig.5 and the sorption isotherm obtained at 40°C on a sample of
100 micrometers thickness, is shown in Fig.6. The most striking difference between this curve and
those of Figs 1 and 2 is that equilibrium is reached in less than 10 hours while it is not reached after

more than 2500 hours during the experiment at constant temperature and hygrometry (CTH). Within
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a fickian diffusion mechanism, the time to reach equilibrium would be proportional to the square of
thickness so that equilibrium would be reached in less than 197 = 361 hours for the sample of 1.9 mm
and 38% = 1444 hours for the sample of 3.8 mm thickness. It is clear that the effect of sample

thickness on the sorption behavior cannot be simply derived from Fick’s law.

The sorption isotherm displays a strong positive curvature in the domain of high activities. There are
to our knowledge, two main ways to interpret this behavior. In the first, the relationship between the
water volume fraction u and water activity a would obey the well-known Flory-Huggins equation; in
the second one, water dissolution would obey Henry’s law and the isotherm curvature would be

explained by clustering.

Let us consider the first hypothesis. By linear regression on the earlier points of the isotherm, one

can determine the initial slope H:

_ (u — -3 2_
H= ( da)a=0 = 461073 (R?=0.956) (6)

According to the Flory-Huggins equation:
H=exp—(1+y) (7)

Where ¥ is the polymer-water interaction coefficient. Application of this equation would give x=4.38.
For such a value, the Flory-Huggins isotherm would be almost linear over the whole activity scale and
the water volume fraction at saturation would be close to 4.6.10° compared to the experimental
value of 71.10°. It is thus clear that the isotherm curvature does not correspond to the Flory-Huggins

equilibrium.

Let us now examine the second hypothesis. The isotherm shape can be then analyzed with the Zimm-

Lundberg theory [11]. These authors define a clustering function f; defined by:
—_a-w (%) 4 8
fzL ( u) %a (8)

Clusters are present when f; > -1. The average cluster size | is given by:
l = u,fZL + 1 (9)

The isotherms can be fitted by the sum of a Henry’s term and a power term representing the cluster

contribution, in order to have an analytical representation of isotherms facilitating calculations [12]:

u=Ha+ Ba™ (10)
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B and n were determined from experimental results. The regression analysis leads to B=67.10"> and n
= 9.1 (R?=0.999). This relationship leads to particularly simple expressions of Zimm-Lundberg
quantities at saturation (v = u;= H+B at a=1):

B(m-1)

Us

fus =Bm—-1DEF2 -1 and I, =1 -uy)|

S

+ 1] (11)

The numerical application lead to /; = 7.1.

The coefficient of diffusion D has been determined and plotted against hygrometric ratio HR at 40°C
in Fig.7. D is almost independent of HR between about 10 and 50% HR and decreases rapidly with HR
above 50%HR. The D value at 100% HR (about 3.10"* m”s™) is not very different from the one

obtained in CTH experiment for the sample of 1.9 mm thickness.
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Figure 7 :Water diffusion coefficient measured at 40°C on 100 micron film for different water
activities

To conclude on DVS results: polychloroprene is characterized by a very low water solubility (obeying
Henry’s law with a dimensionless solubility coefficient H = 4.6.10°). But it is also characterized by the
formation of clusters at moderate-high activities, to which the Zimm-Lundberg theory applies. Since
the hypothesis of osmosis has been rejected, we have to find a proposal for another clustering
mechanism. At high water activity values, the clusters slow down the diffusion rate as previously

observed [2-4], the diffusion coefficient being about 30 times lower at 100% HR than at 10-20% HR.

It is possible to envisage clustering from the (purely physical) formation of polymer-water complexes

involving several water molecules. Water clustering occurs frequently in polymers of low polarity
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because water molecules bound to the polymer compete efficiently with polymer polar sites to
“capture” new water molecules. An interesting theory of clustering was developed at the beginning
of the 1960’s [13, 14], it considers that a water molecule is able to establish 4 hydrogen bonds and
then behaves as a tetrafunctional monomer of type A, forming a network. Gelation would then
correspond to saturation and the Flory’s theory for network formation would be applicable. An
important parameter in this theory is the equilibrium constant for the formation-dissociation of
hydrogen bonds. Clustering conditions can be illustrated by a simpler model in which cluster growth

is limited to two water molecules:

P+W > PW (k1)
VY p— > P+W (kaa)
PW + W -—-> PW2 (ke2)
PW2 - > PW+W (kq2)

Where P is a polymer polar site, W is the water molecule, [W] is the concentration of non-bonded
water in the polymer, presumably proportional to water activity. PW and PW2 are polymer-water
complexes with respectively one and two water molecules; k., and k., are (second order) rate
constants for complex formation; ky; and kg are (first order) rate constants for complex

decomposition. The number N of bound water molecules is given by:

N = [PW] + 2[PW2] (12)

The complex concentration varies according to the following kinetic equations:

d[pw] _

) = ket [PIW] = kqa [PW] = koo [PW][W] (13)
L2 = kea[PW]IW] = gy [PW2] (14)

In the stationary state N is constant so that:

d[pw] dlpwz2] _
dt +2 at

0 (15)

The equilibrium cluster (PW2) concentration is then:

Keakez [WI[P]
3kczkaz[Wl-kaikaz

[PW2],, = (16)

Clustering exists only if [PW2] >0 i.e. if:
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Bk [W] > kgq (17)

Two conditions appear, the first one on rate constants, [W]; being the water concentration at

saturation:
R, = Heells 5 4 (18)
ka1

If this condition was not obeyed, no clustering would occur whatever the water activity.

The second one illustrates the existence of a critical water concentration [W],, therefore a critical

water activity a. below which no cluster is formed:

W1> W] = ;2 (19)

With our analytical model of sorption isotherms, it is effectively possible to define arbitrarily a critical
water activity a. such that the ratio power term/Henry’s term is equal to the relative uncertainty on

water volume fraction (or mass uptake):

Bac fu (20)

Ha;, u

Taking arbitrarily a relative uncertainty of 1% one obtains a.~ 0.41.

Indeed the above model is an oversimplification. However it is difficult for us to
imagine another configuration than the one consisting of the presence of clusters
with a certain size distribution determined by their stability i.e; their ability
to decompose by releasing successively water molecules or by splitting into
smaller units. Among the infinite diversity of possible configurations, the above
model describes the simplest one but it differs only qualitatively from a more
complex model of the same type. It is not proposed here as the definitive solution
of the problem but rather as an interesting point of departure towards more
realistic models. The most difficult problem here will not be to find a good
solution; it is rather to demonstrate that it is that there is no other solution.
Two important points should be considered here:

First about the existence or not of a phase separation: if the clusters were almost spherical, centered
on a polar site of the polymer, it would be difficult to imagine the formation of large clusters without
phase separation, and the existence of this latter without irreversible damage. But in fact, PWn
clusters can be linear, eventually branched, as found by molecular dynamics simulation [9] but also
by dielectric or NMR measurements [15, 16], and can reach relatively large sizes without phase

separation, which could solve the problem of full reversibility.

Second concerning equilibrium, DVS results show that an apparent equilibrium is established rapidly

i.e. that the rate constants k;; and kg have relatively high values. In this case, the explanation could be
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linked to the high water concentration reached in samples at high activities: more than 15%,
predominantly in clusters. A rubber sample swelled by a large quantity of clustered water is no doubt
a fragile object in De Genne’s sense [17], i.e. it is expected to undergo significant changes under small
stimuli, for instance linked to swelling stresses. This stress-water absorption coupling could explain
the observed effect of sample thickness, for instance the slow increase of water concentration at
almost constant rate could be linked to polymer creep under swelling stresses. This aspect has been
investigated many years ago, for instance Crank [18] found that swelling stresses could explain an
increase of water diffusivity with the sample thickness, as observed here (Table 1). However some
aspects observed here, for instance the continuous mass increase at constant rate do not appear in

Crank’s work and will need further study.

Conclusion
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The water absorption by polychloroprene has been studied at various temperatures and constant
hygrometric ratios (CTH experiments) for long times (up to 2500 hours) on thick samples (1.9 and 3.8
mm). It has also been examined at fixed temperature (40°C) and various water activities (DVS
experiments) for short times (a few hours) on thin samples (100 um). In CTH experiments, water
absorption begins as a fickian process but does not display equilibrium, the water concentration
continues increasing linearly with time when the diffusion process has apparently reached its
equilibrium. It was demonstrated that this abnormal process is neither due to hydrolysis nor osmotic
cracking. In DVS experiments, in contrast, equilibrium is apparently reached. The shape of the
sorption isotherm plotted as the variation of water diffusivity with its activity clearly indicates the
existence of a water clustering process, responsible for the major part of the absorbed water at high
activities. For instance, at saturation, water mass uptake can reach values of the order of 15-20% by
weight whereas water dissolution in the polymer contributes only for 0.46%. Cyclic experiments have
shown that mass changes are fully reversible, i.e. that the abnormal sorption process does not induce
damage. There is no other clustering mechanism to explain the observed behavior than the
formation of polymer-water complexes carrying several (seven on average) water molecules per
polar site of the polymer. These complexes remain miscible to the polymer which explains the full
reversibility of absorption curves in cyclic experiments. A possible way to explain the differences of
behavior between thin and thick samples could be the existence of a relatively strong coupling

between swelling stresses and water absorption.
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