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Abstract 

The introduction of surface vinyl groups to PDMS microspheres broadens the latter’s applicability range 
since the microspheres can be further functionalized or crosslinked into elastomers. Quantification of the 
surface vinyl concentration of PDMS microspheres is therefore essential. Here, a novel titration method, 
which is based on efficiently and covalently bonding mono-functional hydride to vinyl, is employed to 
determine surface vinyl concentration. The titration method exhibits good reproducibility in detection, 
thereby underlining its potential applicability as a general titration method for cured silicones. Vinyl 
functional PDMS microspheres are mixed with a hydride crosslinker and non-reactive silicone oil to create a 
system which allows for extensive crosslinking. Both visual observations and rheological studies show that a 
robust macroscopic PDMS elastomer is obtained upon crosslinking. Furthermore, the influence of 
stoichiometric imbalance, and the weight fraction of silicone oil on the terminal storage modulus of the 
macroscopic PDMS elastomer, is investigated. The wide range of stoichiometries facilitating crosslinking 
between the PDMS microspheres and the hydride crosslinker found in this study is beneficial for delivering 
PDMS elastomer to hard-to-reach places, since the sensitivity of the system on concentration fluctuations is 
small.  

Keywords: PDMS microspheres, surface vinyl concentration, crosslinking reaction, macroscopic network 

 

Introduction 

PDMS microspheres are attracting a great deal of attention, because not only do they possess unique PDMS 
properties but, like other polymeric microspheres, they also retain a number of excellent characteristics 
such as large surface area, high diffusivity and high reactivity1,2. The versatility of PDMS microspheres 
explains their widespread utilisation in research and applications3,4. In the application of smart materials, 
Peng et al.5 used a microfluidic system to prepare monodisperse PDMS microspheres of the order of 
milligrams. Alternatively, Gonzalez et al.6 used emulsion polymerisation to prepare PDMS microspheres 
with broader size distribution in surfactant solutions, thus allowing for the preparation of large amounts of 
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PDMS microspheres which, using either microfluidic system or emulsion polymerisation, is based on the 
crosslinking reaction between vinyl-terminated PDMS and a hydride crosslinker7. By increasing the mixing 
ratio (stoichiometry) between vinyl-terminated PDMS and a hydride crosslinker, PDMS microspheres with 
surface vinyl groups can be obtained.  

Surface vinyl groups confer PDMS microspheres with surface activity, which includes the potential for 
further chemical modification on the surface of the PDMS microspheres and an increase in their miscibility 
with other polymers, thereby broadening their overall applicability. For potential in surface chemical 
modification, surface vinyl groups allow for grafting a polymeric layer onto the surface of PDMS 
microspheres, thus rendering them multifunctional8. In order to increase miscibility, surface vinyl groups 
allow for blending incompatible polymers with the PDMS microspheres and thus creating reinforced 
materials9. Both the grafting density of the functional polymeric layer and blending efficiency with the 
incompatible polymers correlate to surface vinyl concentrations, and therefore it is essential to quantify it 
accordingly. 

Quantifying the surface vinyl concentration of PDMS microspheres is challenging, due to their highly 
crosslinked structure and hydrophobicity. Common techniques such as 1H NMR spectroscopy and titration 
(e.g. bromine titration) are not suitable; for example, for 1H NMR measurement, samples need to be 
completely dissolved in deuterated solvent10. However, PDMS microspheres are highly crosslinked and thus 
not soluble in any solvent. For bromine titration, the reaction between bromine and vinyl groups in 
aqueous solution is utilised to determine the vinyl concentration of polymeric microspheres11. However, 
the aqueous solution used in this process may alter the surface properties of the PDMS microspheres and 
extract the vinyl groups from the bulk to the surface, thereby resulting in inaccuracy.  

Here, a novel titration method is employed which exploits the way in which mono-functional hydride-
terminated PDMS reacts with the surface vinyl groups of the PDMS microspheres through a hydrosilylation 
reaction at a ratio of 1:112,13. The covalently bonded mono-functional hydride will result in weight increase 
in the PDMS microspheres, thus allowing for the quantification of surface vinyl concentration. The titration 
method also takes advantage of the high miscibility between the mono-functional hydride and the PDMS 
microspheres, such that the latter’s surface properties will not be altered and the vinyl groups in the bulk 
will not be extracted to the surface. Not only is the titration method applicable for PDMS microspheres, to 
determine surface vinyl concentration, but it can also be utilised in determining this property in other 
commercial silicone materials, i.e. room-temperature vulcanising silicones and liquid silicone rubbers. 

Surface vinyl groups on PDMS microspheres allow for further crosslinking reactions with the hydride 
crosslinker and thus yield a macroscopic PDMS network. The extent of the crosslinking reaction and the 
properties of the resulting macroscopic PDMS network are influenced by the surface vinyl concentration of 
the PDMS microspheres, the amount of hydride crosslinker and the surrounding medium. Surface vinyl 
concentration, which can be detected by applying the mono-functional titration method, allows for 
estimating the amount of hydride crosslinker needed in the crosslinking reaction14. Both surface vinyl 
concentration and the amount of the hydride crosslinker determine the density of the inter-particle 
crosslinking points in the macroscopic PDMS network. Regarding the surrounding medium, non-reactive 
silicone oil with a low molecular weight is used for the following reasons. First of all, it promotes the 
diffusion of the hydride crosslinker, allowing it to approach and react with the surface vinyl groups. 
Secondly, silicone oil with a low molecular weight does not get tangled up with the macroscopic PDMS 
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network, since this molecular weight (2,000g/mol) is far below the molecular entanglement weight of 
PDMS (12,000g/mol)15. Accordingly, the properties of the macroscopic PDMS network depend solely on the 
weight fraction of the silicone oil. The crosslinking reaction between surface vinyl groups and the hydride 
crosslinker allows for obtaining a macroscopic PDMS network and thus delivering PDMS elastomer to hard-
to-reach places in an oil reservoir, where elastic seals can be utilised to increase oil production16–18. 

Experimental section 

Materials 

The chemicals employed were: Sylgard 184 consisting of vinyl-terminated PDMS (Batch A) and a curing 
agent (Batch B) (RTV silicone elastomer, Dow Corning), 25-35% (methylhydrosiloxane) with 65%-70% 
(dimethylsiloxane) copolymer (HMS-301) (Mn=2,000g/mol, 8-functional hydride crosslinker, Gelest),  mono-
functional hydride (MCR-H21) (Mn=4,500g/mol, Gelest), platinum-cyclovinylmethylsiloxane complex 
(SIP6832.2 catalyst) (Gelest), polyvinyl alcohol (PVA) (Mw=22,000g/mol, Fluka), sodium dodecyl sulphate 
(SDS) (>99%, BDH), non-reactive silicone oil (20cSt, Mn=2,000g/mol, Dow Corning) and deionised water. 

Apparatus 

Homogeneous mixtures were made by mixing batches A and B of Sylgard 184 using a speed mixer (Synergy 
Devices Ltd, UK) at room temperature. 

The size distribution of PDMS microspheres was measured by Mastersizer (Malvern, UK) in a jar tester. The 
instrument was equipped with a laser with a wavelength of 633nm, operational in the size range 1μm to 
1000μm.  

The morphology of the PDMS microspheres was analysed with an optical microscope (Leica, German).  

Rheological measurements were performed in an AR2000 stress-controlled rheometer (TA Instruments, 
US), and measurements were made with a strain of 2% to ensure they would be within the linear regime of 
the material as well as to minimise disruption to the network19. Similar to other measurements of in situ 
crosslinking reactions, the frequency in the rheological measurements was set to 1Hz20. In order to have a 
moderate crosslinking reaction rate, measuring temperature was set to 50℃21. All measurements were 
performed in the presence of a 10ppm platinum catalyst.  

Experimental 

Preparation of vinyl functional PDMS microspheres 

A total of 8g Sylgard 184 vinyl-terminated PDMS (Batch A) and respective amounts of curing agent (Batch B) 
were mixed in a container to ratios of 15:1, 20:1 and 25:1 (recommended ratio is 10:1 according to the 
manufacturer) by using a speed mixer at 3500rpm for 2 minutes. The mixture was then poured into a 
conical flask with 200g of aqueous surfactant solution, which contained 3% (wt) SDS and 1% (wt) PVA. A 
2cm diameter impeller with two inclined blades was then used to stir the solution for 2 minutes at 2000rpm 
to produce an emulsion. Upon the formation of the emulsion, the stirring speed was reduced to 500rpm 
and the system was cured at 80℃ for 2 hours in a water bath. The PDMS microspheres were then obtained 
by filtering. To ensure that the crosslinking reaction in the PDMS microspheres was finished, and to remove 
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residual water, the PDMS microspheres were dried overnight at 80℃. The obtained vinyl functional PDMS 
microspheres were denoted as 15:1 PDMS microspheres, 20:1 PDMS microspheres and 25:1 PDMS 
microspheres. More details about the preparation procedure can be found in Gonzalez et al.6.  

Determining the soluble fraction of the vinyl functional PDMS microspheres 

Approximately 0.5g vinyl functional PDMS microspheres were swollen in heptane for 48 hours (20-30 times 
excess, i.e. 15-25mL solvent to a sample of 0.5g). In all experiments, we ensured that the PDMS 
microspheres were fully covered in heptane for 48 hours22, after which they were separated from the 
heptane solution. The residual heptane was removed by evaporation over another 48 hours under 
atmospheric conditions. Afterwards, the dry PDMS microspheres were weighed and the soluble fraction of 
PDMS microspheres was calculated.  

Titration determination of PDMS microsphere surface vinyl concentration 

The vinyl concentration of Sylgard 184 Batch A was investigated by Flowers and Switzer23 through the 
additional reaction of iodine monochloride in glacial acetic acid. According to the report, the vinyl 
concentration of Batch A was equal to 2.2∙10-4mol/g. Thus, 0.5g of PDMS microspheres should have molar 
numbers of vinyl groups less than 1.1∙10-4mol. In the titration experiment, 2.5g of mono-functional hydride, 
which has a molar number of hydrides at approximately 5.5∙10-4mol, was used to ensure excess mono-
functional hydride groups. The mixture containing 0.5g of PDMS microspheres and 2.5g of mono-functional 
hydride was reacted for 24 hours at 80℃ in the presence of a 50ppm catalyst. Unreacted mono-functional 
hydride and a soluble fraction were removed by swelling with heptane for 48 hours, after which the titrated 
PDMS microspheres were separated from the heptane solution. The residual heptane was removed by 
evaporation over 48 hours under atmospheric conditions. Afterwards, the titrated PDMS microspheres 
were weighed and their surface vinyl concentration was calculated. 

 

Results and discussion 

Size distribution of vinyl functional PDMS microspheres 

The diameter of 10:1 (reference sample), 15:1, 20:1 and 25:1 PDMS microspheres fell between 10μm to 
500μm, indicating that highly polydisperse PDMS microspheres were obtained (Figure 1). It is evident that 
the mixing ratio did not affect the mean diameter of the PDMS microspheres, which can be attributed to 
the mean diameter being determined mainly by the stirring rate of the impeller and the resulting energy 
transferred to the suspension medium24. On the other hand, the PDMS microspheres displayed broader size 
distribution along with an increasing mixing ratio, because the viscous PDMS suspension, which arose from 
the high mixing ratio of high viscosity vinyl-terminated PDMS to a low viscosity crosslinker, is hard to 
disperse and thus yields PDMS microspheres with broad size distribution25.  
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Figure 1. Size distribution of 10:1 (reference sample), 15:1, 20:1 and 25:1 PDMS microspheres prepared 
from emulsion polymerisation.  

 

Soluble fraction of vinyl functional PDMS microspheres 

In the preparation of vinyl functional PDMS microspheres, unreacted PDMS was trapped in the network 
due to its physical interaction with elastically active strands. Upon the swelling of the PDMS microspheres 
in heptane, the physical interaction decreased significantly and the unreacted PDMS was dissolved in 
heptane as a soluble fraction. 

To determine the soluble fraction of vinyl functional PDMS microspheres, the PDMS microspheres were 
swelled in heptane for 48 hours. After the swelling procedure, they were dried at an ambient temperature 
for another 48 hours, to remove the residual heptane, and then weighed. The soluble fraction of the PDMS 
microspheres was calculated from the following equation: 

 1 2

1

% 100%sol
m mw

m
−

= ⋅   (1) 

where m1 is the weight of vinyl functional PDMS microspheres before swelling in heptane, m2 is the weight 
of vinyl functional PDMS microspheres after swelling in heptane and drying and wsol% is the fraction of 
solubles.  

The soluble fraction of the PDMS microspheres was lower than 17% in all samples (Table 1), indicating that 
they were highly crosslinked despite the nonstoichiometric conditions. Meanwhile, this figure increased 
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from 7% to 16% when the mixing ratio increased from 15:1 to 25:1, which can be attributed to the amount 
of unreacted PDMS in the microspheres increasing with the increase in the mixing ratio.  

PDMS microspheres have a larger surface area and a higher amount of surface defects than pure PDMS 
elastomer. Thus, their soluble fraction should not be compared with that of the pure PDMS elastomer, 
which will be discussed in detail later. 

 

Surface vinyl concentration of PDMS microspheres  

The surface vinyl concentration of PDMS microspheres was analysed by titration with mono-functional 
hydride. Two types of surface vinyl concentration, namely surface vinyl concentration by weight (cvinyl(wt)) 
and surface vinyl concentration by area (cvinyl(surface)), are defined as follows: 

 
3

( ) vinyl
vinyl

n
c wt

m
=

  (2) 

 ( ) vinyl
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n
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A
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where nvinyl and APM are the molar number and the surface area of PDMS microspheres, respectively, and 
m3 is the mass of PDMS microspheres before titration. In order to estimate the surface area of the PDMS 
microspheres, see Supplementary Information part 1. Since mono-functional hydride was reacted with vinyl 
at a molar ratio of 1:1 via hydrosilylation reaction, the molar number of reacted mono-functional hydrides 
(nhydride) should equal the molar number of vinyl groups. Thus, we have:  

 hydride
vinyl hydride

hydride

m
n n

M
= =   (4) 

where mhydride and Mhydride are the mass and the molecular weight of the mono-functional hydride, 
respectively. Upon the accomplishment of titration, titrated PDMS microspheres were swollen in heptane 
to remove unreacted mono-functional hydride and the soluble fraction, the latter of which should 
therefore be subtracted from the weight of the PDMS microspheres in the calculation. Thus, we obtain  
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where m4 is the mass of PDMS microspheres after reacting with the mono-functional hydride and wsol% is 
the soluble fraction of the PDMS microspheres. 

During titration, the swelling of PDMS microspheres was limited due to their highly crosslinked structure. 
Thus, the titration method ensured that only surface vinyl groups which were accessible for further 
crosslinking reaction would react with the mono-functional hydride. The surface vinyl concentrations of the 
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15:1, 20:1 and 25:1 PDMS microspheres are summarised in Table 2. Surface vinyl concentration increased 
in line with the mixing ratio due to a larger amount of unreacted vinyl on the surface of the PDMS 
microspheres.  

The ratios of surface vinyl to total vinyl concentrations are also summarised in Table 2. In order to estimate 
total vinyl concentration, see Supplementary Information part 2. The ratio of surface vinyl to total vinyl 
concentrations ranged from 58% to 78%, indicating that the vinyl groups were located primarily on the 
surface of the PDMS microspheres. Such a high fraction arises from the low efficiency of the crosslinking 
reaction on the surface of the PDMS microspheres in the preparation, because it was unfavourable at the 
aqueous interface and PDMS is immiscible in water26. The high surface concentration of vinyl groups allows 
for further functionalization of the microspheres or for further crosslinking of the microspheres as 
investigated in the following. 

 

Crosslinking reaction between PDMS microspheres and a hydride crosslinker 

To evaluate the crosslinking reaction between PDMS microspheres and a hydride crosslinker, a typical 
mixture containing a 1g PDMS microsphere, a hydride crosslinker and 0.5g non-reactive silicone oil was 
made. The required amount of hydride crosslinker was estimated from the surface vinyl concentration of 
the PDMS microspheres based on stoichiometric imbalance r , calculated from: 

 

301
301

301

( )

HMS
HMS

hydride HMS

vinyl PM vinyl

m fn Mr
n m c wt

−
−

−

⋅
= =

⋅
  (6) 

where n is the number of moles, m is mass, M is molecular weight, f is the functionality of the hydride 
crosslinker and c is surface vinyl concentration by weight, and where subscripts HMS-301 and PM denote 
the hydride crosslinker and vinyl functional PDMS microsphere, respectively. 

The mixture containing the PDMS microspheres, hydride crosslinker and non-reactive silicone oil was cured 
at 50℃ for 5 hours. Figure 2a shows the microspheres before the crosslinking reaction. It is evident that 
they aggregated due to inter-particle physical interaction and remained spherical due to the lack of 
potential chemical crosslinking points, which in turn allowed them to be separated again under shear force 
or swelling. In contrast, Figure 2b shows that a macroscopically crosslinked network was obtained and the 
PDMS microspheres were deformed after the crosslinking reaction. This indicates an extensive crosslinking 
reaction between the PDMS microspheres and the hydride crosslinker. After cooling down to room 
temperature, the macroscopic PDMS network remained in its gel state, indicating that gelation did not 
form from the physical association between the PDMS microspheres.  
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Figure 2a(left), 2b(right). Representative microscopic images of 20:1 PDMS microspheres before (left) and 
after (right) a crosslinking reaction. The crosslinking reaction between 20:1 PDMS microspheres and the 
hydride crosslinker was performed at 50℃ and at r=5 with 35% (wt) non-reactive silicone oil over a period 
of 5 hours.  

The crosslinking reaction between PDMS microspheres and the hydride crosslinker was characterised 
quantitatively through rheological measurements. Stoichiometric balances/imbalances of 1, 3 and 5 were 
employed to investigate the influences of the amount of hydride crosslinker on the crosslinking reaction. 
High stoichiometric imbalances (e.g. r=5) were used in the crosslinking reaction for the following reasons: 
firstly, some of the hydride crosslinker might be absorbed by the PDMS microspheres and then react with 
the vinyl groups in the bulk of the PDMS microspheres, resulting in increasing the crosslinking density of the 
bulk of the PDMS microspheres without yielding inter-particle crosslinking points. Secondly, the hydride 
crosslinker might react with surface vinyl groups from the same PDMS microsphere rather than yielding 
inter-particle crosslinking points. This would lead to increasing the surface crosslinking density of the PDMS 
microspheres rather than yielding a macroscopic network.  

For facile crosslinking between PDMS microspheres and the hydride crosslinker, 10ppm platinum catalyst 
was added to the system. The concentration of this catalyst was much higher than for the residual platinum 
catalyst on the surface of the PDMS microspheres resulting from the microsphere production step. 
Consequently, the concentration of platinum catalyst in each system was ensured to be similar and the 
crosslinking reaction rate should not be significantly affected by concentration variations.  

The storage moduli of the mixtures containing PDMS microspheres, the hydride crosslinker and non-
reactive silicone oil vary in line with small changes in the volume fraction of components27. Hence, the 
storage moduli of the mixtures were normalised by dividing by the initial storage modulus (G’(0)) of the 
respective mixture28. The absolute moduli are given in Supplementary Info 3. An exact determination of the 
progress of the curing reaction could be performed by detection of the disappearance of vinyl groups by 
e.g. spectroscopy.   

Figure 3 shows the evolution of the normalised storage moduli as a function of time, with r=1 and r=5 (r=3 
not shown for clarity, but the results follow an identical trend as r=1 and r=5 and falls in between). The 
curve of the normalised storage modulus of 15:1 PDMS microspheres at r=5 exhibits a steeper slope than 
that at r=1, indicating that the crosslinking reaction rate increased in line with the amount of hydride 
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crosslinker. Meanwhile, the curves of the storage moduli for 20:1 and 25:1 PDMS microspheres show a 
steeper slope than for the 15:1 PDMS microspheres at identical stoichiometric imbalances, thus indicating 
that the crosslinking reaction rate also increased in line with surface vinyl concentration.  
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Figure 3. Normalised storage moduli of mixtures containing PDMS microspheres, hydride crosslinker and 
non-reactive silicone oil (35% (wt)) over a period of 5 hours at 50℃. The measurements were performed 
with a strain of 2% and a frequency of 1Hz.  

The crosslinking reaction between 20:1 PDMS microspheres and the hydride crosslinker at r=1 and r=5 was 
further evaluated over a period of 72 hours. The normalised storage moduli of the resulting macroscopic 
PDMS networks obtained at 5 hours, 24 hours, 48 hours and 72 hours are listed in Table 3. The values of 
G’(24h)/G’(0), G’(48h)/G’(0) and G’(72h)/G’(0) were closely matched, indicating that G’(72h) could be 
regarded as the equilibrium storage modulus of the macroscopic network. Meanwhile, the ratio between 
G’(5h) and G’(72h) was higher than 0.95, suggesting that most crosslinking reactions finished within a 
period of 5 hours29. Thus, it should be reasonable to use the storage modulus obtained after reacting for 5 
hours, in order to describe the crosslinking reaction between PDMS microspheres and the hydride 
crosslinker. The storage moduli of the resulting macroscopic network obtained at 5 hours are denoted as 
terminal storage moduli.  

Normalised terminal storage moduli (G’(5h)/G’(0)) are obtained from Figure 3 and shown in Figure 4 to 
compare the stiffness of the obtained macroscopic PDMS networks. The normalised terminal storage 
modulus increased in line with stoichiometric imbalance in 1<r<5, indicating that a stronger macroscopic 
PDMS network was obtained in the presence of an increasing amount of hydride crosslinker. Meanwhile, 
the normalised terminal storage modulus also increased in line with the mixing ratio, i.e. the macroscopic 
PDMS networks obtained from 20:1 and 25:1 PDMS microspheres exhibited higher normalised terminal 
storage moduli than obtained from 15:1 PDMS microspheres at r=530. This can be attributed to the surface 
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vinyl concentration of the 20:1 and 25:1 PDMS microspheres being higher than that of their 15:1 
counterparts.  

The initial storage moduli of 20:1 and 25:1 PDMS microspheres, as well as the terminal storage moduli, 
were similar. Thus, the 20:1 PDMS microspheres were selected to investigate the influence of 
stoichiometric imbalance across a wider range and the weight fraction of non-reactive silicone oil on the 
terminal storage modulus of the obtained macroscopic PDMS network.  

1 2 3 4 5
1.0

1.5

2.0

2.5

3.0

3.5

4.0

15:1 PDMS microsphere

20:1 PDMS microsphere

G
'(t

er
m

in
al

)/G
'(0

)

Stoichiometric imbalance (r)

25:1 PDMS microsphere

 

Figure 4. Normalised terminal storage moduli of the macroscopic PDMS network, obtained from the 
crosslinking reaction between 15:1, 20:1 and 25:1 PDMS microspheres, the hydride crosslinker and non-
reactive silicone oil (35% (wt)) as a function of r. (Solid lines are a visual guide only).  

 

Influence of stoichiometric imbalance and the weight fraction of non-reactive silicone oil on the terminal 
storage moduli of a macroscopic PDMS network 

In this section, the terminal storage moduli of the obtained macroscopic PDMS network were investigated 
across a wider stoichiometric imbalance (1<r<11) range. Similar to the previous section, the terminal 
storage moduli were also normalised by dividing the initial storage moduli of respective mixtures. A 
maximum normalised terminal storage modulus was obtained at r=7 (Figure 5), after which any excess 
hydride crosslinker did not increase the crosslinking density of the macroscopic network. The reasons for 
obtaining a maximum normalised terminal storage modulus at high stoichiometric imbalances are 
explained as follows: firstly, part of the hydride crosslinker was absorbed by the PDMS microspheres and 
then reacted with the vinyl groups in the bulk of the PDMS microspheres. As a result, the absorbed hydride 
crosslinker only strengthened the PDMS microspheres and did not yield inter-particle crosslinking points. 
Secondly, a crosslinking reaction took place when the hydride crosslinker diffused to the surface vinyl 
groups attached to the PDMS microspheres. On completion of the crosslinking reaction, the hydride 
crosslinker was also covalently attached to the microspheres. Accordingly, some of the hydride groups in 
the crosslinker were unable to react with the surface vinyl groups due to a steric effect, resulting in the high 
amount of hydride crosslinker required to obtain the maximum terminal storage modulus. 
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Figure 5. Normalised terminal storage moduli of a macroscopic PDMS network obtained from the 
crosslinking reaction between 20:1 PDMS microspheres, the hydride crosslinker and non-reactive silicone 
oil (35% (wt)) as a function of r ranging from 1 to 11. (Solid lines are a visual guide only). 

To investigate the influence of the weight fraction of non-reactive silicone oil on the terminal storage 
modulus of a macroscopic PDMS network, silicone oil with a molecular weight of 2,000g/mol was 
employed. The low molecular weight of the silicone oil ensured that it would not tangle with the 
macroscopic PDMS network. Consequently, the terminal storage modulus of the macroscopic PDMS 
network depended solely on the weight fraction of the silicone oil31. Similar to previous experiments, 
mixtures containing PDMS microspheres, a hydride crosslinker and non-reactive silicone oil were prepared. 
To ensure a sufficient amount of hydride crosslinker, high stoichiometric imbalances (r=5 and r=7) were 
used. 

The normalised terminal storage moduli of the obtained macroscopic PDMS networks are plotted as a 
function of the weight fraction of silicone oil in Figure 6. The trends of the normalised terminal storage 
modulus curves between r=5 and r=7 were similar, indicating that the silicone oil influenced the mechanical 
properties of the macroscopic networks in a similar manner in the presence of different amounts of hydride 
crosslinker. Meanwhile, the normalised terminal storage modulus increased in line with the weight fraction 
of the silicone oil in the range 15% (wt) to 35% (wt). This can be attributed to an increase in the weight 
fraction of the silicone oil, thereby enhancing the hydride crosslinker diffusion rate and thus yielding a 
stronger network. In the range 35% (wt) to 50% (wt), the normalised terminal storage modulus remained 
constant in line with an increase in the weight fraction of the silicone oil. This can be explained by the 
silicone oil promoting the diffusion rate of the crosslinker and diluting the polymer chains in the 
macroscopic PDMS network simultaneously. When the weight fraction of the silicone oil increased by up to 
90% (wt)32, the PDMS microspheres in the mixture were diluted sufficiently to avoid inter-particle 
interactions. As a result, no crosslinking reaction between the PDMS microspheres took place and no 
macroscopic PDMS network could be obtained.  
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Figure 6. Normalised terminal storage moduli of a macroscopic PDMS network obtained from the 
crosslinking reaction between 20:1 PDMS microspheres, the hydride crosslinker and non-reactive silicone 
oil at r=5 and r=7 as a function of the weight fraction of silicone oil. (Solid lines are a visual guide only). 

 

Conclusions: 

A novel titration method, introduced for quantifying the surface vinyl concentration of PDMS microspheres, 
exploited the efficient and covalent bonding of mono-functional hydride to vinyl. The good reproducibility 
of the titration method implied that the titration method should be applicable to other commercial 
nonstoichiometric silicone materials where surface vinyl concentration is of importance. The surface vinyl 
groups of the PDMS microspheres allow for further crosslinking reactions with a hydride crosslinker in the 
presence of non-reactive silicone oil, thereby yielding a macroscopic PDMS network. The influence of 
stoichiometric imbalance, and the weight fraction of non-reactive silicone oil on the storage modulus of the 
macroscopic network, was investigated, and it was established that a maximum storage modulus (~90kPa) 
can be obtained at r=7 and 35% (wt) of silicone oil.  

A system containing PDMS microspheres, a hydride crosslinker and silicone oil could be used to introduce 
macroscopic PDMS elastomer to hard-to-reach places, for example fractured pipes in an oil field. In 
applications relevant to blocking fractures, the modulus of the macroscopic PDMS elastomer is essential to 
achieving blocking efficiency, as the macroscopic elastomer should withstand pressure differences during 
oil recovery. The optimum amount of hydride crosslinker and silicone oil used in the crosslinking reaction 
was found in the present study, which allows for designing an optimised system for blocking fractures.  
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List of tables: 

Table 1. Soluble fraction of vinyl functional PDMS microspheres from different mixing ratios  

Sample ID Weight of PDMS 
microspheres (m1g) 

Weight of PDMS microspheres 
(m2g) after swelling in heptane 

Soluble fraction of PDMS 
microspheres (wsol%) 

15:1 PDMS 
microspheres 

0.55±0.03 0.51±0.03 7±1 

20:1 PDMS 
microspheres 

0.53±0.02 0.48±0.02 9.3±0.2 

25:1 PDMS 
microspheres 

0.57±0.03 0.47±0.01 16±3 

The measurements were averaged from 3-4 samples.  

 

Table 2. Surface vinyl concentration of PDMS microspheres from different mixing ratios  

Sample ID Weight of 
PDMS 
microspheres 
(m3 g) 

Weight of 
PDMS 
microspheres 
(m4 g) after 
reacting with 
MCR-H21 

Surface vinyl 
concentration 
(cvinyl(wt)) of 
PDMS 
microspheres by 
weight (10-5 

mol/g)*  

Surface vinyl 
concentration 
(cvinyl(sur)) of 
PDMS 
microspheres by 
surface area (10-3 

mol/m2)* 

Total vinyl 
concentration 
of PDMS 
microspheres 
(10-5 mol/g) 

The ratio of 
surface vinyl to 
total vinyl 
concentrations 

15:1 PDMS 
microspheres 

0.62±0.06 0.57±0.05 0.7±0.2 0.6±0.2 1.2 58 

20:1 PDMS 
microspheres 

0.48±0.01 0.50±0.01 2.4±0.1 2.0±0.1 3.2 75 

25:1 PDMS 
microspheres 

0.53±0.05 0.53±0.05 3.4±0.4 2.9±0.3 4.4 78 

*The measurements were averaged from 3-4 samples. 

 

Table 3. Normalised storage moduli of mixtures containing 20:1 PDMS microspheres, a hydride crosslinker 
and non-reactive silicone oil (35% (wt)) obtained after reacting for 5 hours, 24 hours, 48 hours and 72 hours 
at 50℃. The measurements were performed with a strain of 2% and a frequency of 1Hz. 

 G’(5h)/G’(0) G’(24h)/G’(0) G’(48h)/G’(0) G’(72h)/G’(0) 
Normalised storage modulus at r=1 1.61 1.63 1.63 1.63 
Normalised storage modulus at r=5 3.49 3.61 3.63 3.64 
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