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H I G H L I G H T S

• Transverse magnetization relaxation rate dependent on crosslinking.

• Direct observation of a crosslinking front upon exposure to a moisture source.

• Crosslinking front velocity directly related to moisture supply.

• Reaction-diffusion model with material parameters reproduces front diffusivity.

A R T I C L E I N F O
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A B S T R A C T

The influence of moisture supply on the crosslinking rate in room temperature vulcanizing poly(dimethyl si-
loxane) is investigated using spatially resolved 1H nuclear magnetic resonance relaxometry. Using this tech-
nique, we observe heterogeneous crosslinking manifested in a front moving into the material from the exposed
surface, which separates the crosslinked and uncrosslinked parts of the material. The presence of a sharp
boundary indicates that moisture transport towards the front is the limiting factor in the crosslinking process. As
a result, the moisture supply controls the crosslinking front velocity, which we capture in a diffusion-reaction
model. Reasonable agreement is found between the front diffusivity retrieved directly from nuclear magnetic
resonance experiments and calculated values using independently measured properties of the crosslinked sili-
cone rubber. This result demonstrates the direct relationship between exposure moisture content, moisture
diffusion, and crosslink density on the crosslinking front dynamics in room temperature vulcanizing poly(di-
methyl siloxane).

1. Introduction

Silicones or polysiloxanes possess exceptional properties and high
durability regarding heat, weather aging, and moisture and chemical
degradation. Silicones are therefore widely used in different fields, for
example in building industry as sealing agents, release liners or coatings
[1], in electronics as insulating coatings [2,3] or dielectric layers in
pressure sensors [4], in microfluidic devices [5–8], in technological
membranes [9–11], in dentistry [12], and in medical products such as
finger joints and breast implants [13–15]. To reach their final state and
shape of application, silicones are vulcanized from a viscous paste into
an elastic rubber. The responsible crosslinking mechanism can be
triggered in several ways, for example with crosslinking agents [16] or
under the influence of increased temperature [10] or gamma-radiation
[17–19]. A certain subgroup of silicones vulcanizes at room tempera-
ture under the influence of moisture. These so-called Room

Temperature Vulcanizing (RTV) silicones are often used as sealants.
Before application, the most basic uncrosslinked RTV silicones contain
chains of poly(dimethyl siloxane) (PDMS) with acetoxy end-groups. The
crosslinking reaction is a two-step process and occurs when PDMS is
brought in contact with a moisture source [20]. First, an acetoxy group
is hydrolyzed into a silanol group, which results in the release of acetic
acid:
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Condensation of the silanol group results in crosslinking and addi-
tional release of acetic acid:
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The release of acetic acid is noticeable by a vinegary smell after
application of the silicone paste.

The crosslinking of PDMS has been widely studied before using a
variety of experimental techniques, e.g. infrared spectroscopic ellipso-
metry [21], Fourier transform infrared spectroscopy [10,16,19,22], X-
ray photoelectron spectroscopy [19], scanning electron microscopy
[16], Raman spectroscopy [10,23], 13C Nuclear Magnetic Resonance
(NMR) spectroscopy [16,24], 29Si NMR spectroscopy [14,24–26], 1H
NMR spectroscopy [16,19,22–26], and 1H relaxometry [17,18,27–31].
Most often, the crosslinking of polymers in general and silicones in
particular is studied by comparing uncrosslinked and crosslinked sam-
ples, by measuring the thickness-dependence of the crosslinking rate of
a PDMS coating [21], or by measuring mechanical properties of a
sample over time [32]. Spatial information on crosslinking in PDMS has
been obtained before, but only on fully crosslinked samples [30,31].
Time-lapsed spatial information, however, can provide valuable in-
formation on the crosslinking dynamics of polymers, as demonstrated
for alkyd coatings [33,34]. To the authors’ knowledge, no similar stu-
dies on PDMS have been conducted so far.

The aim of this study is to relate the crosslinking dynamics in PDMS
to the supply of moisture. To this end, we employ spatially resolved 1H
NMR to observe the movement of a crosslinking front, which becomes
observable due to a difference in NMR transversal relaxation time be-
tween the crosslinked and uncrosslinked parts of the material. We relate
the observed front velocity to the exposure condition and properties of
the crosslinked rubber using a diffusion-reaction model. The moisture
sorption capacity and diffusion coefficient of the crosslinked material
are independently measured using Dynamic Vapor Sorption (DVS). The
crosslink density is determined using swelling measurements of cross-
linked rubber in toluene.

2. Materials and methods

2.1. NMR

The experimental setup to assess the crosslinking of a silicone
rubber cylinder is shown in Fig. 1. A hollow cylindrical Teflon sample
holder is used, the bottom half of which can be detached from the top.
This allows us to cast silicone cylinders inside the sample holder, with a
diameter of 20mm and a height of 10mm. Bison© mastic silicone
sealant from a local do-it-yourself store is used in the experiments. The
top surface of the sample is smoothened by scraping off surplus mate-
rial. The experimental setup is designed such that air can be blown over

the top surface using a humidifier, which intermixes a dry and a wet air
stream; their mixing proportions determine the relative humidity (RH)
of the resulting exposure air flow, which is verified by a Sensirion© RH
sensor. Since the sides and bottom of the cast silicone cylinders are
sealed off by the vapor-tight Teflon sample holder, we have created a
one-dimensional experiment. Meanwhile, the signal distribution along
the height of the sample is measured using NMR.

The key concept of NMR is that nuclei (e.g. 1H, 13C) possess spin,
and consequently have a magnetic dipole moment. In an externally
applied magnetic field, these nuclei precess at a resonance frequency
dependent on the measured nucleus (1H in our case) and the applied
static magnetic field. This resonance condition allows the selective
measurement of nuclei by applying suitably chosen radiofrequency (RF)
pulses. Moreover, when a gradient in the static field is applied, the
resonance condition is spatially dependent in the direction of the gra-
dient. Accordingly the signal emitted by thin slices of approximately
1mm can be determined separately by changing the resonance fre-
quency of the RF pulses in steps.

The experiments described in this study are performed on a custom-
built NMR system, specifically designed for the quantitative measure-
ment of moisture in porous materials. The system operates with an
electromagnet producing a static magnetic field of 0.78 T. To measure
the spatially dependent signal, Anderson coils generate a magnetic field
gradient of approximately 0.4 T/m [35]. The complete setup is shown
schematically in Fig. 1. The Teflon sample holder containing the sample
of interest is placed inside a solenoid coil to transmit and receive RF
fields during the NMR experiments. A Faraday shield is placed between
the coil and the sample to suppress the effects of a varying dielectric
permittivity, thereby enabling quantitative measurements [36].

During an experiment, we perform a CPMG pulse sequence [37,38],
which consists of a train of 180° RF pulses equally spaced in time after
an initial 90° excitation RF pulse at different frequencies under a con-
stant vertical gradient in the magnetic field. Accordingly we measure
the magnetization decay of thin slices along the height without moving
the sample. To account for the decreasing sensitivity of the coil away
from its center, the acquired signal distribution is divided by a reference
profile obtained with a solution containing 0.1M CuSO4 [39]. To en-
hance the signal-to-noise ratio, the signal of each slice is an average
over 16 measurements. Furthermore, we use a repetition time of 2 s,
which is at least four times larger than the longitudinal relaxation time
T1 to ensure full recovery of the magnetization.

During the CPMG measurement, the decay of transversal magneti-
zation M (which is directly proportional to the received signal) can be
represented by a sum of several modes:

∑=
−M τ M e( ) ,

i
i

τ
T i2,

(3)

where τ is the time after the initial manipulation of the magnetization
by a 90° RF pulse (τ= ntE, with n the echo number and tE the echo time,
which is 200 μs in all experiments as to minimize the effects of diffusion
on the magnetization decay), and Mi and T2,i the magnetization and
transversal relaxation time respectively corresponding to the i-th mode.
The environment of the proton, e.g. the segmental mobility [40], in-
fluences its T2 value. It has been demonstrated that network formation
in the form of crosslinking affects the T2 relaxation time, while the
longitudinal relaxation time T1 is invariant [27]. We can therefore ex-
pect to be able to image the spatial movement of the crosslinking re-
action based on the T2 relaxation time value.

2.2. DVS

The relationship between the ambient RH and the equilibrium
moisture content (kg moisture/kg dry material) of the vulcanized sili-
cone rubber is determined using Dynamic Vapor Sorption (DVS). DVS
relies on the accurate measurement of the mass of a sample placed in a

Fig. 1. Cross-section of the experimental NMR set-up used to measure one-di-
mensional hydrogen profiles of curing silicone cylinders.
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humidity-controlled chamber upon step changes in the RH.
Accordingly, the mass fraction of moisture in the sample can be de-
termined for different equilibrium RH. To this end, silicone samples are
casted in a small cylindrical aluminum sample container with an inner
diameter of 5.5 mm and a height of 1.4mm, and crosslinked at different
exposure conditions (crosslinking relative humidity RHCL=12%,
RHCL=85%, and submersed in water). The completely crosslinked si-
licone rubber samples are dried in the oven at 50 °C for one day before
an actual experiment. Subsequently, the sample is placed on the bal-
ance of a DVS apparatus (TA Instruments Q5000 SA). The RH is varied
in steps of 10%, every 3 h, except for the step from 90 to 98%, where a
waiting time of 5 h is used. Subsequently, the silicone sample is im-
mersed in water to determine its liquid water-saturated moisture con-
tent. The moisture content time-evolution is fitted with a sum of three
exponentials to retrieve the equilibrium moisture content for each step.

To determine the moisture diffusion coefficient from the silicone
rubber moisture content increase over time, we first assume that we
have one-dimensional Fickian diffusion with a constant diffusion coef-
ficient. This is ensured by exposing the sample to small increments in
RH. Furthermore, we presume low concentrations such that the system
can be approached as ideal with negligible intermolecular interactions.
Accordingly we can express the initial increase in fractional moisture
content as:

−

−
≅

c t c
c c

Dt
πd

( ) 2 ,
e

0

0
2 (4)

where c is the moisture content at time t, c0 and ce the initial and final
moisture content respectively, D the moisture diffusion coefficient, and
d the sample thickness. With all variables but the diffusion coefficient
known, we can retrieve the diffusion coefficient from the initial slope of
the normalized mass-evolution on the t -scale by data fitting.

2.3. Swelling measurement

To determine the average crosslink density of vulcanized silicone
rubber, a silicone sample is immersed in a toluene solution [41]. Unlike
water, toluene is absorbed in large quantities by vulcanized silicone
[42,43], which results in substantial swelling of the silicone sample. At
swelling equilibrium, the crosslink density γ can be calculated as fol-
lows:

= = −
− + +

γ
ρ

M
φ φ χφ
V φ

ln(1 )
,

CL T

2

1/3 (5)

where ρ is the density of the unswollen crosslinked sample, MCL the
average molecular weight between crosslinking sites, χ the interaction
parameter of the polymer and the solvent (0.465) [16], and VT the
molar volume of toluene (106.54 cm3/mol). The reciprocal of the vo-
lume increase φ can be determined using the swollen and unswollen
mass of the sample:

=
+

−φ 1
1

,ρ
ρ

w w
wT

s 0
0 (6)

where ρT is the density of toluene (870 kg/m3), and ws and w0 the
weight of the swollen and unswollen sample respectively.

3. Results and discussion

3.1. DVS

The mass percentage of water over time during step changes in the
ambient RH is demonstrated in Fig. 2a. As can be seen, in most cases the
silicone sample quickly attains a constant value following a step change
in the RH. Nevertheless, the time-evolution of the mass fraction after
each step is fitted with a sum of three exponentials to retrieve the
eventual equilibrium value. This equilibrium moisture content ce (kg

moisture/kg dry material) is shown in the sorption curve in Fig. 2b as a
function of RH. The curve is approximately linear between an RH of
10% and 80%, with a steep increase for higher RH. This is consistent
with sorption isotherms of water in PDMS reported in the literature
[9,44–47] and corresponds to systems in which sorbate-sorbent inter-
actions are relatively weak compared to sorbate-sorbate interactions.
Furthermore, the liquid water-saturated moisture content is approxi-
mately the value corresponding to an extrapolation to RH=100%. Up
to an RH of 80%, only minor differences in equilibrium moisture con-
tent are observed between the different samples. At high RH a larger
sorption capacity of the sample which was vulcanized while submersed
in water is observed; a possible explanation is presented in section 3.6.

3.2. Magnetization decay

After being cast into the Teflon sample holder, the silicone cylinder
is exposed to a moisture source in the form of air with a certain RH or a
water layer. Meanwhile, the local magnetization decay is measured at
different positions along the axis of the cylinder. An example of the
magnetization decay at a distance of 5mm from the exposed surface at
different exposure times is shown in Fig. 3a for a sample exposed to an
RH of 85%. As can be seen, the initial slope of the decay becomes
steeper at longer exposure times, which can be attributed to the con-
tribution of protons with a lower T2 relaxation time. Laplace inversion
of the decay provides the proton density distribution, as demonstrated
in Fig. 3b. As can be seen, the initial T2-distribution consists of a single
peak around 100ms. A second peak around 2ms emerges over time,
clearly visible in the final T2-distribution. This second peak arises as a
result of the crosslinking reaction; protons neighboring the crosslinking
site become more restrained in their movement, which results in a
lower T2 relaxation time. A similar bimodal decay of the magnetization
in crosslinked PDMS has been observed before [30,31].

The decrease in area under the initial peak in the T2-distribution
over time is observable in Fig. 3b. Simultaneously, the second peak at a
lower T2 value emerges, the area of which increases over time. The area
under the peak corresponding to a high T2 relative to the initial area is
shown in Fig. 4 as a function of the relative area under the peak cor-
responding to a low T2. As can be seen, the decrease in signal of high T2
is directly related to the increase in signal of low T2. This is a clear
indication that crosslinking occurs, since the total amount of signal
remains equal, and only the T2 relaxation time of a certain amount of
protons changes.

3.3. Crosslinking front movement

In the previous subsection we demonstrated that the magnetization
decay is affected by the occurring crosslinking reaction. Since we
measure the local magnetization decay at different positions along the
height of the cylinder, we are able to distinguish between crosslinked
and uncrosslinked parts of the material. In this subsection we present
two different approaches to characterize the spatial distribution of
crosslinked material over time.

The most straightforward approach comprises the presentation of
the signal distribution corresponding to different τ. This should be in-
terpreted as follows: for τ smaller than the shortest T2-component, i.e.
shortly after initial excitation of the protons, T2-relaxation is negligible.
Hence all protons participate in the received signal and the distribution
includes all protons present in the sample. By increasing τ, we arrive at
a point where we have lost the contribution of the short T2-components,
whereas long T2-components still contribute to the signal. For τ much
larger than the largest T2-component, we lose all signal. The above is
illustrated in Fig. 5a as spatial signal distributions corresponding to
different τ, at different measurement times, during a typical experiment
(exposure RH=85%). The signal distributions corresponding to
τ=200 μs (i.e. the first acquired echo of the CPMG pule sequence)
present the spatial arrangements of the total number of protons over
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time. The total signal displays no significant changes over time; the
conservation of the protons during the experiment was already con-
cluded from Fig. 4a. A slight compaction of the sample, however, is
observed, which is illustrated by the inward movement of the left
boundary. This feature was independently assessed by measuring the
thickness of a silicone film over time using the probe of a Mettler To-
ledo TMA/SDTA 841e system. The film with a thickness of approxi-
mately 1mm was placed between two cylindrical silica plates and ex-
posed to an air flow with an RH of 30%. During vulcanization, the
sample compacted 30 μm, which, for a sample thickness of 10mm,
extrapolates to a compaction of ∼300 μm. This is roughly in agreement
with the observed compaction in Fig. 5a.

To demonstrate the spatial arrangement of crosslinked and un-
crosslinked material over time, we also present signal distributions
corresponding to τ=40ms, 100ms, and 200ms (the 200th, the 500th,
and the 1000th echo respectively) in Fig. 5a. These values for τ are much
larger than the short T2-components in Fig. 3b with a peak around 2ms.
By choosing sufficiently large values for τ, we eliminate the

Fig. 2. (a) The moisture content c of a silicone cy-
linder, which was vulcanized while submersed in
water, during step changes in the ambient RH. (b)
The equilibrium moisture content ce as a function of
the RH, for samples vulcanized at different exposure
conditions (RHCL=12%, RHCL=85%, and sub-
mersed in water). The liquid water-saturated
moisture content is shown for the different samples
as horizontal dashed lines.

Fig. 3. (a) The signal decay and (b) the corresponding T2-distributions of the sample, obtained by Laplace inversion of the signal decays, at a distance of 5mm from
the exposed surface at different exposure times.

Fig. 4. The fraction of the total signal attributed to spins with high T2 as a
function of the fraction attributed to spins with low T2.

Fig. 5. (a) The spatial distribution of the signal at
different measurement times during exposure to air
with an RH of 85% (on the left side of the figure), for
different echo times (τ=0.2ms, 40ms, 100ms, and
200ms). Time between subsequent distributions is
2 h. The front position is shown with square markers
in the signal distribution corresponding to τ=40ms.
(b) The spatial distribution of the arithmetic mean of
the T2 relaxation time at different measurement
times.
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contribution of the short T2-components from the signal. The profiles
corresponding to large τ in Fig. 5a therefore present the distribution of
uncrosslinked material. Here, we observe a clear boundary between a
lower and a higher concentration of high T2-components, which in-
directly also represents a boundary between crosslinked silicone rubber
located to the left and uncrosslinked silicone to the right. The boundary
thus marks the spatial location of the crosslinking reaction, which we
denote as the crosslinking front. This front displaces over time from left
to right in all three distributions until it reaches the back of the sample.
In the end, the sample is crosslinked homogeneously, with a nearly
constant final signal distribution.

Alternatively, we can characterize the local magnetization decay by
calculating an arithmetic mean T2 relaxation time as [48]:

∫〈 〉 =

∞

T M τ
M

dτ( ) ,2
0 0 (7)

where M0 is the magnetization at τ=0. As already observed in Fig. 3a,
crosslinked material exhibits a faster magnetization decay compared to
uncrosslinked material. This results in a shorter arithmetic mean T2,
which allows us to distinguish between the crosslinked and un-
crosslinked parts of the material. Accordingly we can present dis-
tributions of ‹T2› at different exposure times, as illustrated in Fig. 5b.
Similar to the signal distributions corresponding to different high τ, we
observe a sharp boundary between a lower ‹T2› on the left and a higher
‹T2› on the right. This boundary, again, indirectly marks the crosslinking
front location which separates the crosslinked and uncrosslinked ma-
terial.

The presence of a sharp front suggests that moisture diffusion to-
wards the front is the limiting factor in the crosslinking process,
meaning that the crosslinking reaction occurs quasi-instantaneously.
We will use this observation in the next subsection to formulate a dif-
fusion-reaction model for the analysis of the front displacement over
time. As a first step, we can define the front position as the location
where the signal is an average of the values to the left and the right of
the front. For illustrative purposes, the front position is added to the
signal distributions corresponding to τ=40ms and in the ‹T2›-dis-
tributions in Fig. 5a and b respectively. The definition of the front po-
sition appears arbitrary; alternatively, one could choose a fixed value to
determine the front position. This, however, has no significant influ-
ence on the front position over time. The front position as a function of
time for the experiment displayed in Fig. 5 is shown in Fig. 6. Different
distributions have been used to determine the front position, which all
produce the same time-evolution. In all cases the front displacement is
proportional to the square root of time, which is elucidated by the inset
illustrating the linearity on a square-root-of-time scale.

As mentioned before, the crosslinking reaction relies on the pre-
sence of moisture. Hence it can be expected that, if the crosslinking
reaction occurs quasi-instantaneously, the crosslinking front movement
will depend on the moisture supply. This is illustrated in Fig. 7a, where
the front position is shown during exposure to air with a changing RH.
When dry air is blown over the sample, the signal distribution remains
unchanged and no front is formed. Elevating the RH to 85% results in
the emergence of a crosslinking front, which rapidly displaces towards
the unexposed surface. Subsequently lowering the RH to a value of 45%
decelerates the front again. For illustrative purposes, we additionally
present the crosslinking front position in a sample exposed to a cyclic
fluctuation in RH in Fig. 7b. The sample is first exposed to a constant
RH of 10% for 4 h, after which the RH is varied in a cosine manner with
a period of 8 h between 10% and 90%. As can be seen, the front
movement alternately accelerates and decelerates, depending on the
exposure RH, with a high velocity during high RH and vice versa.

Fig. 7 demonstrates the dependence of the crosslinking front velo-
city on the exposure RH in a single sample. Similarly, the front position
as a function of the square root of time for samples exposed to different
exposure conditions (constant RH and submersed in water) is demon-
strated in Fig. 8a. As can be seen, the front displacement enhances with
exposure RH, and has the highest value when submersed in water. The
square-root-of-time dependence is illustrated for all cases by linear fits
to the front position. To explain this t -dependence, a diffusion-reac-
tion model similar to the one by Erich et al. [33] is introduced.

3.4. Diffusion-reaction model

For the description of the crosslinking front movement, we assume a
semi-infinite one-dimensional geometry. Accordingly, the description is
valid as long as the crosslinking front does not reach the back of the
sample. First, the moisture mass flux J through the crosslinked silicone
is described by the diffusion equation:

= −
∂

∂
J D c

x
, (8)

where D is the diffusion coefficient of moisture in silicone [2], c the
mass-based moisture content, and x the position along the height of the
cylinder. We assume here that the moisture is consumed immediately in
the crosslinking reaction. The front velocity is therefore limited by the
supply of moisture, i.e. the moisture flux towards the front, and the
amount of water consumed in the formation of a crosslink site. Hence,
the front velocity can be expressed as

=
df
dt

vJ ,
(9)

where f is the front position and t is time. The mass of crosslinked si-
licone per mass of water consumed in the reaction is denoted as ν and
can be expressed as

=ν
ρ

M nγ
,

W (10)

where ρ is the vulcanized silicone rubber density, MW the molar mass of
water, n the moles of water consumed per mole of crosslinks created
(which equals unity if Eqs. (1) and (2) are followed exactly), and γ the
crosslink density. At the exposed surface, the moisture concentration is
fixed at a value c0, which is the equilibrium value corresponding to the
exposure condition. At the front position, all water is consumed in-
stantaneously, resulting in a zero concentration at the front. The con-
centration difference thus has a constant value of c0, the length over
which this difference acts, i.e. the front position f, changes over time.
Eq. (8) can thus be rewritten as:

=
−

J D c
f t f( )

,0

0 (11)

where f0 is the initial front position. Substitution of Eq. (11) into Eq. (9)

Fig. 6. The front position f as a function of time for a sample exposed to air with
an RH of 85%. Different distributions have been used to determine f: the signal
distributions corresponding to τ=40ms, 100ms, and 200ms, and the ‹T2›-
distributions. The figure inset shows the front position as a function of t de-
termined from the signal distributions corresponding to τ=40ms.
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and subsequent integration yields

− = −f t f vDc t t( ) 2 ( ) ,0 0 0 (12)

where t0 is the time corresponding to the front position f0.
The diffusion-reaction model predicts the front to displace with the

square root of time, which is in agreement with our experimental re-
sults. We can thus fit the front position over time with f-f0= α t , as
demonstrated in Fig. 8a. According to Eq. (12), the slope of the fit on
the t -scale is proportional to the square root of the exposure equili-
brium moisture content, i.e. α= νDc2 0 . The latter is verified in
Fig. 8b, where we present the coefficient α as a function of c0 . Use has
been made of the moisture sorption curve in Fig. 2b to relate exposure
condition to c0. Linear proportionality exists between α and c0 , which
demonstrates the validity of the diffusion-reaction model. Alternatively
we can scale the front dynamics of our experiments in two ways, both
involving c0 and based on Eq. (12). Time can be scaled to arrive at a
scaled time c t0 . Similarly, the front position can be rescaled to arrive
at f/ c0 . Both scaling procedures result in one single master curve for
all experiments, as demonstrated in Fig. 9. The slope of the linear fit is
then proportional to the square root of the diffusion coefficient D and ν,
i.e. β= νD2 . This parameter νD2 can be seen as a front diffusivity,
with derived values of 0.52, 0.54, and 0.56 mm/ s from the fits to the
data in Figs. 8b, 9a and 9b respectively. The constant values for β de-
rived from the fits to the front position illustrate that the product νD is
independent of c0, which will be more elaborately studied in the next
subsection.

3.5. Crosslinking front diffusivity and crosslink density

The direct observation of the crosslinking front displacement re-
vealed that the product νD is approximately constant. To determine

whether the two independent coefficients ν and D are constant values,
first the crosslink density γ of silicone samples which were vulcanized
at different exposure conditions is shown in Fig. 10. The crosslink
density decreases slightly with an increase in the exposure moisture
content c0. Nevertheless, the decrease in crosslink density is relatively
minor over the range considered here.

With the directly measured crosslink densities and the derived front
diffusivity ( νD2 =0.54 mm/ s ), we can derive the moisture diffu-
sion coefficient as a function of c0 using Eq. (10) and values for ρ, n, and
Mw of 1020 kg/m3, 1, and 0.018 kg/mol respectively. The resulting
dependence of D on c0 is demonstrated in Fig. 11. The diffusion coef-
ficient decreases slightly from 1.7∙10−9 to 1.5∙10−9 m2/s, which is in
good agreement with the constant values (i.e. not dependent on the
moisture content) between 1.6∙10−9 and 2.2∙10−9 m2/s found by
Watson and Baron [49] for different PDMS films. The diffusion coeffi-
cient of moisture in crosslinked silicone as derived from DVS experi-
ments with small cylindrical samples is displayed in Fig. 11 too. As can
be seen, these values are lower than derived from the crosslinking front
dynamics, although of the same order of magnitude. No significant
differences between the various samples are observed. However, a
moisture content-dependence in the diffusion coefficient is observed,
with lower values at both low and high moisture content. This is qua-
litatively similar to the inverse of the sorption curve slope in Fig. 2b.
Falling diffusion coefficients at high moisture content have been mea-
sured before [45,50], as well as constant diffusion coefficients [49].
Here we are satisfied with the order of magnitude of the diffusion
coefficient around 1∙10−9 m2/s. Despite several simplifying assump-
tions made in the derivation of the moisture diffusion coefficient from
the front dynamics in our NMR experiments, retrieved values are in
reasonable agreement with the DVS values. The latter confirms the
validity of our diffusion-reaction model to describe crosslinking in

Fig. 7. The front position f as a function of the square root of time during different exposure RH conditions: (a) constant RH (0%, 85%, and 45%, straight lines are
linear fits to the front position), (b) initially constant (10%), then varied in a cosine manner (50 ± 40%).

Fig. 8. (a) The front position f as a function of the square root of time for various exposure conditions, fitted with a straight line. (b) The coefficient α, i.e. the slope of
the linear fits in (a) as a function of the square root of the exposure moisture content c0.
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PDMS.
With the crosslink density and the diffusion coefficient in Figs. 10

and 11, we can calculate a value for the front diffusivity νD2 from
directly measured values. Assuming parameter values of 1025 kg/m3,
600mol/m3 and 1∙10−9 m2/s for the density ρ, the crosslink density γ,
and diffusion coefficient D, we arrive at νD2 =0.43 mm/ s . The
reasonable agreement with the fits to the data in Figs. 8b, 9a and 9b
( νD2 =0.52–0.56 mm/ s ) confirms the validity of the simple dif-
fusion-reaction model to describe crosslinking dynamics in PDMS.

3.6. Crosslink effectiveness

In the derivation of the diffusion coefficient from the measured front
dynamics, we assumed the moles of water consumed per formed
crosslink n to be independent of exposure moisture content and equal to
unity. In conjunction with the slight decrease in γ with exposure
moisture content, this accordingly resulted in a slight decrease in dif-
fusion coefficient with c0. Judging from the two-step crosslinking re-
actions displayed in (1) and (2) it is reasonable to assume that n=1,
provided that half of the acetoxy groups hydrolyze into silanols in step
(1), where they react with the remaining half of the acetoxy groups to
form crosslinks. It is, however, possible that with a higher c0 during
crosslinking, an abundance of acetoxy groups is hydrolyzed into sila-
nols, deploying the acetoxy source for further condensation. As a result,
less crosslinks are formed due to a surplus of silanols. This is in ac-
cordance with previous findings of an increase in the amount of hy-
droxyl groups with vulcanization RH [51], which could potentially
explain the higher sorption capacity at high RH of the sample vulca-
nized while submersed in water (see Fig. 2b). The amount of water
consumed in the reactions is therefore presumably independent of the
exposure condition. The effectiveness of the reaction, however, de-
creases with an increase in c0. Hence we can express the moles of water
consumed per mole of created crosslinks n=m/ϕ, with m the moles of
water consumed in the two-step reaction (m=1) and ϕ the effective-
ness of the reaction (ϕ≤ 1). The minor change in crosslink density with
c0, however, results in an only slightly decreasing effectiveness.

4. Conclusions

Exploiting the difference in transversal relaxation time between
uncrosslinked and crosslinked silicone rubber, we have demonstrated
the observability of a crosslinking front movement using spatially re-
solved 1H NMR relaxometry. This crosslinking front, which displaces
away from the exposed surface in proportion to the square root of time,
separates the crosslinked and uncrosslinked parts of the material. The
presence of the front indicates that moisture transport toward the front
is the limiting step in the crosslinking process. The front velocity is
hence enhanced with an increase in exposure moisture concentration.

The observed front displacement can be satisfactorily described
using a diffusion-reaction model. Moisture diffuses through the cross-
linked part of the material towards the crosslinking front, where the
supplied moisture is consumed immediately. The observed square-root-
of-time dependence of the front position is supported by the model, as
well as its proportionality to the square root of the exposure moisture
concentration. Accordingly the front displacement can be scaled based
on the exposure moisture content for experiments performed at dif-
ferent conditions. The front diffusivity derived from the resulting scaled
front displacement is in reasonable agreement with the front diffusivity

Fig. 9. (a) The front position f as a function of the square root of the scaled time c0t. (b) The scaled front position f/ c0 as a function of the square root of time. Both
master curves are fitted linearly to derive the slope, which is proportional to the square root of ν and D.

Fig. 10. The crosslink density γ as a function of the moisture content c0 cor-
responding to the environment in which the silicone rubber was vulcanized.

Fig. 11. The moisture diffusion coefficient in crosslinked silicone rubber as a
function of moisture content as derived from NMR experiments and from DVS
moisture sorption data.
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calculated using directly measured material properties. This marks the
validity of the diffusion-reaction model and confirms the influence of
moisture supply, moisture diffusion, and crosslink density on the
crosslinking front dynamics.
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