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Abstract 
 
A gradient array apparatus was constructed for the study of porous polymers produced using the 
process of chemically-induced phase separation (CIPS).  The apparatus consisted of a 60 
element, two-dimensional array in which a temperature gradient was placed in the y-direction 
and composition was varied in the x-direction.  The apparatus allowed for changes in opacity of 
blends to be monitored as a function of temperature and cure time by taking images of the array 
with time.  The apparatus was validated by dispense a single blend composition into all 60 wells 
of the array and curing them for 24 hours and doing the experiment in triplicate.  Variations in 
micron scale phase separation were readily observed as a function of both curing time and 
temperature and there was very good well-to-well consistency as well as trial-to-trial 
consistency.  Poragen of samples varying with respect to cure temperature was removed and 
SEM images were obtained.  The results obtained showed that cure temperature had a dramatic 
affect on sample morphology, and combining data obtained from visual observations made 
during the curing process with SEM data can enable a much better understanding of the CIPS 
process and provide predictive capability through the relatively facile generation of composition-
process-morphology relationships.  Data quality could be greatly enhanced by making further 
improvements in the apparatus.  The primary improvements contemplated include the use of a 



 

4 

 

more uniform light source, an optical table, and a CCD camera with data analysis software.  
These improvements would enable quantification of the amount of scattered light generated from 
individual elements as a function of cure time.   
 
In addition to the gradient array development, porous composites were produced by 
incorporating metal particles into a blend of poragen, epoxy resin, and crosslinker.  The variables 
involved in the experiment were metal particle composition, primary metal particle size, metal 
concentration, and poragen composition.  A total of 16 different porous composites were 
produced and characterized using SEM.  In general, the results showed that pore morphology and 
the distribution of metal particles was dependent on multiple factors.  For example, the use of 
silver nanoparticles did not significantly affect pore morphology for composites derived from 
decanol as the poragen, but exceptionally large pores were obtained with the use of decane as the 
poragen.  With regard to the effect of metal particle size, silver nanoparticles were essentially 
exclusively dispered in the polymer matrix while silver microparticles were found in pores.  For 
nickel particles, both nanoparticles and microparticles were largely dispersed in the polymer 
matrix and not in the pores.    
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1.0  Introduction 

Porous polymer materials are of interest for a wide variety of applications such as tissue 
scaffolds,1 controlled release,2 chromatography,3 low-k dielectrics,4 separation membranes,5 
piezoelectric materials,6 chemical sensors,7,8 hydrogen storage materials,9,10 and battery 
electrodes.11  Several general methods for creating porous polymers have been described.  These 
methods include conventional foaming techniques involving a non-reactive gas,12 emulsion-
templating,13,14 thermally-induced phase separation,15 chemically-induced phase separation,16 
selective degradation of block copolymers,17 and molecular imprinting.18  Relative to the other 
methods for producing porous polymer materials, chemically-induced phase separation (CIPS) 
probably provides the greatest versatility with respect to the range of materials that can be 
generated.  In addition, the process to produce porous materials using CIPS is relatively 
straightforward and a large number of readily available starting materials can be utilized.   

The process for producing porous polymer materials using CIPS involves crosslinking of a 
homogeneous blend comprised of reactive precursors and a non-reactive component referred to 
as a poragen.16,19  Due to the increase in the free energy of mixing that occurs as reaction takes 
place between the reactive precursors, the poragen phase separates from the mixture during the 
process of crosslinking.  Porosity is generated by removal of the poragen from the crosslinked 
material using an extraction or evaporation process.  The pore size, pore shape, and pore size 
distribution obtained with this process is a result of the complex interaction between the 
thermodynamics of mixing, kinetics of crosslinking, and kinetics of phase separation.   

The well-known Flory-Huggins20 equation (I) that describes the free energy of mixing (ΔGmix) 
for a blend of a polymer and solvent can be used as a basis to understand the thermodynamics of 
CIPS.  

ΔGmix=RT(npollnøpol+ nsollnøsol+χøpolnsol)      (I) 

For this equation, R is the gas constant, T is temperature, npol is the number of polymer 
molecules in moles, nsol is the number of solvent molecules in moles, øpol is the volume fraction 
of polymer, øsol is the volume fraction of solvent, and χ is the interaction parameter which 
accounts for intermolecular interactions between polymer and solvent molecules.  χ is not a 
constant; it depends on temperature, composition, and pressure.  Huggins21 experimentally 
showed that χ varies linearly with the inverse of temperature: 

χ = a + b/T          (II) 

Based on χ, two basic types of phase behavior are observed.  If χ is positive and increases 
linearly with temperature, an upper critical solution temperature (UCST) is observed.  In 
contrast, if χ is negative and decreases linearly with temperature, a lower critical solution 
temperature (UCST) is observed.  Figure 1 displays a representative phase diagram showing 
UCST behavior as well as a phase diagram showing LCST behavior.  The phase diagrams 
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exhibit three phases, namely, a stable phase, metastable phase, and a region in which spinodal 
decomposition occurs.  If the temperature of a stable polymer solution is changed such that the 
region of spinodal decomposition is entered, phase separation occurs by a mechanism which 
proceeds in stages, as illustrated schematically in Figure 2.  Initially, a co-continuous 
morphology is developed which proceeds to the formation of a dispersed phase morphology.  In 
contrast, entering the metastable region results in phase separation by a nucleation and growth 
mechanism in which a dispersed phase morphology consisting of spherical domains is produced. 

 

Figure 1.  Representative phase diagrams showing UCST behavior (left) and LCST 
behavior (right). 

 

Figure 2.  A schematic illustration describing morphology development associated with 
spinodal decomposition. 

For CIPS, a stable solution is transformed into a phase separated material without a change in 
temperature.  Phase separation in CIPS is the result of the decrease in entropy created by the 
increase in polymer molecular weight that occurs as a result of crosslinking reactions.  Kiefer 
and coworkers16 modified the Flory-Huggins equation so that it was applicable to reactive 
solutions.  The modification took into account the change in the number of polymer molecules 
with functional group conversion and allowed for the construction of phase diagrams based on 
conversion at a constant temperature.   

While thermodynamic models based on first principles are useful for identifying systems that 
will undergo CIPS, they do not allow for an accurate prediction of morphology because the 
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morphology produced with CIPS depends strongly on molecular mobility which changes 
dramatically as crosslinking proceeds.  For example, pore size for materials that undergo phase 
separation by a nucleation and growth mechanism will be a result of the competition that exists 
between the reduction in free energy achieved by the nucleation and growth of pores and the 
ability of solvent molecules to diffuse through the polymer network that is increasing in viscosity 
as crosslinking proceeds.  Due to the complexity of pore formation associated with CIPS, 
extensive structure-process-property relationships are needed to understand the influence of these 
variables on material properties. 

The application of high-throughput/combinatorial methods for the generation structure-process-
property relationships for polymer materials has been shown to be very powerful.22-24  The 
ability to generate and characterize relatively large numbers of materials within a relatively short 
period of time enables the multivariable experiments required to identify complex interactions 
between variables.  As a result of a previous project sponsored by Sandia, the authors 
constructed a high-throughput/combinatorial workflow for the generation of extensive structure-
process-property relationships for porous polymer materials produced with the process of CIPS.  
Figure 3 provides a schematic of the workflow that was developed.  With this workflow, 
individual samples were prepared using automation and curing was done simultaneously at a 
specific temperature in a conventional oven.  As a result of this project, it was found that 
considerable information could be gained by simply monitoring changes in opacity of the blends 
as they cured.  By monitoring opacity, blends that undergo CIPS could be easily identified.  As a 
result, a gradient array format for curing blends was contemplated that would enable 
relationships between time, temperature, and blend composition to be readily determined for the 
process of CIPS.  This document describes the design, fabrication, and validation of the high-
throughput gradient array apparatus.  In addition to this work, at the request of Shawn Dirk, a 
series of porous polymer materials were prepared and characterized that possessed conductive 
particles.  The results of this additional work are also described in this document.    
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Figure 3.  A schematic illustration of the high-throughput workflow that was initially 
developed for the study of porous polymer networks produced using CIPS. 

2.0  Experimental 

2.1 Materials  

Table I describes the materials used for the experiment, and Table II describes each of the blends 
prepared. 

Table I.  A description of the starting materials used for the study. 

Material ID Description Trade Name Manufacturer 

Ep Bisphenol –A- diglycidylether Epon™ Resin 825 Hexion 

MCHA 4,4’-methylenebis(cyclohexylamine) ---- Aldrich 

De Decane ---- Aldrich 

Dol n-Decanol ---- Aldrich 
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Ag NP Silver nanoparticle ---- Aldrich 

Ag MP Silver microparticle ---- Inframat 
Advanced 
Materials 

Ni NP Nickel nanoparticle ---- Aldrich 

Ni MP Nickel microparticle ---- Aldrich 

 

Table II.  Composition of the each of the blends prepared.  MCHA was used as a crosslinker.  All 
weights are in grams. 

Sample ID Wt. Ep Wt. Crosslinker Poragen Wt. Poragen Particle Wt. 
Particle 

MCHA 3.50 1.02 ---- ---- ---- ---- 

MCHA-60Dol 3.50 1.02 Dol 5.09 ---- ---- 

MCHA-40De 3.50 1.02 De 1.99 ---- ---- 

MCHA-40Dol 3.50 1.02 Dol 2.26 ---- ---- 

MCHA-50Ag NP 3.50 1.02 ---- ---- Ag NP 2.26 

MCHA-50Ag MP 3.50 1.02 ---- ---- Ag MP 2.26 

MCHA-50Ni NP 3.50 1.02 ---- ---- Ni NP 2.26 

MCHA-50Ni MP 3.50 1.02 ---- ---- Ni MP 2.26 

MCHA-40De-
25Ag NP 

3.50 1.02 De 1.99 Ag NP 1.13 

MCHA-40De-
50Ag NP 

3.50 1.02 De 1.99 Ag NP 2.26 

MCHA-40De-
25Ag MP 

3.50 1.02 De 1.99 Ag MP 1.13 

MCHA-40De-
50Ag MP 

3.50 1.02 De 1.99 Ag MP 2.26 
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MCHA-40De-
25Ni NP 

3.50 1.02 De 1.99 Ni NP 1.13 

MCHA-40De-
50Ni NP 

3.50 1.02 De 1.99 Ni NP 2.26 

MCHA-40De-
25Ni MP 

3.50 1.02 De 1.99 Ni MP 1.13 

MCHA-40De-
50Ni MP 

3.50 1.02 De 1.99 Ni MP 2.26 

MCHA-40Dol-
25Ag NP 

3.50 1.02 Dol 2.26 Ag NP 1.13 

MCHA-40Dol-
50Ag NP 

3.50 1.02 Dol 2.26 Ag NP 2.26 

MCHA-40Dol-
25Ag MP 

3.50 1.02 Dol 2.26 Ag MP 1.13 

MCHA-40Dol-
50Ag MP 

3.50 1.02 Dol 2.26 Ag MP 2.26 

MCHA-40Dol-
25Ni NP 

3.50 1.02 Dol 2.26 Ni NP 1.13 

MCHA-40Dol-
50Ni NP 

3.50 1.02 Dol 2.26 Ni NP 2.26 

MCHA-40Dol-
25Ni MP 

3.50 1.02 Dol 2.26 Ni MP 1.13 

MCHA-40Dol-
50Ni MP 

3.50 1.02 Dol 2.26 Ni MP 2.26 

 

2.2 Instrumentation   

SEM images were taken with the JEOL JSM-6300 scanning electron microscope available at 

NDSU or with a FEG‑SEM JEOL 6700 that was available within the Characterization Facility at 

the University of Minnesota. 
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3.0 Results and Discussion 

3.1 Design and Fabrication of the Gradient Array Apparatus.   

If there exists a difference in refractive index between the poragen and the crosslinked epoxy 
network, significant information regarding the process of CIPS can be obtained by monitoring 
opacity of samples as a function time and temperature.  To efficiently extract this information, 
the thermal gradient array apparatus displayed in Figure 4 was conceptualized, built, and tested.  
The thermal plate itself is constructed out of a thick 12x5 inch aluminum lower plate and a top 
plate made of ¼ inch thick aluminum.  The top plate serves as both the guard heater, minimizing 
heat loss to the surroundings, and the primary clamp to prevent the assembly from leaking.  The 
wide lower plate provides a ¾” buffer zone between the plate edges and the outermost polymer 
samples to minimize undesirable edge effects.  The bottom and sides of the thick thermal plate 
are surrounded by 2 inches of semi-rigid ceramic fiber insulation board as well as ceramic fiber 
blankets to support the weight of the block and minimize heat loss.  The top, however, remains 
un-insulated to allow camera images to be taken of the samples from above.   

The un-insulated top is protected from heat loss by providing a guard heater in the form of the 
top clamping plate.  This top plate is independently temperature controlled from the primary 
gradient plate below it.  This allows it to receive the extra heating power needed to both maintain 
the top gradient plate at the set temperature and to supply the power lost to heating of the air 
above it.  Since the guard heater is heated to the same thermal gradient as the primary gradient 
array, the heat loss from the samples is minimized due to the low temperature differential 
between the lower and upper gradient plates anywhere along their length.   

Digital temperature controllers are used to maintain the desired temperature set point at each end 
of the thermal gradient.  Five additional digital temperature readouts were added to give an 
indication of the temperature stability and uniformity.  A chilled liquid is circulated through one 
end of the gradient plate to remove excess heat from the cooler end of the gradient.    
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Figure 4.  Gradient array apparatus photos: (a) Side view of the gradient array plate 
apparatus with a fiber optic light source in the background; (b) Overhead view of the 
gradient array plate during operation. Digital displays on the right are gradient plate 
temperatures in degrees F (+/- 3 deg F) as measured from seven thermocouple probes 
uniformly spaced on a center line in the 5/8 inch thick aluminum base plate.  Image B 

represents an image captured during an experiment.  An image is taken once a minute by 
an overhead digital SLR camera for later import into a short movie file.  The run time is 

displayed in minutes by the timer in the lower right corner. 

The polymer sample array plate is separate from the thermal gradient plate and is constructed of 
o-rings sandwiched between two glass plates.  This approach allows the polymer array plate to 
be easily removed from the thermal gradient imaging station after an experiment.  The cross-
sectional breakdown of the polymer sample array and how it fits together with the top clamp 
plate and bottom gradient plate is shown in Figure 5.  Placing the polymer samples directly on 
the aluminum plate would have given the best heat transfer, but glass was chosen as an 
intermediate substrate to facilitate through-sample lighting and provide ease of sample removal. 
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Figure 5.  A cross-sectional view of the gradient array plate depicting the assembly of the 
sub-components. 

The gradient plate is heated by two cartridge heaters embedded across its width at both ends.  A 
water coolant journal was machined into the cold end of the gradient plate and fitted with a static 
mixing element to improve the heat transfer between the coolant and the aluminum journal walls.  
After exiting the coolant journal, the cold liquid is then directed up to a contact heat exchanger 
attached to the top clamp plate to remove excess heat before returning to the chiller. 

The top clamp plate has holes machined over every polymer sample so that they can be seen 
from above.  In addition, these holes have a shoulder machined into them to receive a small glass 
disk creating an air pocket above each sample.  This simple addition provides insulation and 
reduces heat loss from the polymer samples in a region where they are not in direct contact with 
the lower or upper gradient plates while maintaining the visibility of the sample. 

Polymer gradient plates are prepared by placing sixty Buna o-rings on a 4x8 inch glass plate 
using a template to ensure uniform spacing.  The o-ring plate is then mounted in the apparatus so 
that high temperature red liquid silicone potting compound can be applied to the empty spaces 
between the o-rings.  Once cured, the potting compound serves to hold the o-rings in place while 
they are filled with polymer test resins prior to testing.  Without the potting compound in place, 
the o-rings would float up as the polymer samples are dispensed into them resulting in severe 
leakage and cross contamination.  A prepared array plate ready for deposition is shown in Figure 
6. 
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Figure 6.  An image of the array of soft Buna o-rings potted on to a 4x8 inch glass plate 
with red silicone.  Gluing the o-r ings to glass creates sixty discrete 180μ l wells that can be 
manually filled with resin blends using a repeat pipetter.  After all of the wells are filled, a 
second glass plate is placed on top to seal in the polymer samples between two glass plates 

prior to heating on the thermal gradient plate apparatus.  

Immediately after all 60 blends have been dispensed into the potted o-rings, a second glass plate 
of equal size is placed on top to seal off the samples.  This blend array “sandwich” is then loaded 
onto the gradient array plate apparatus and clamped in place. Illumination of the array is 
provided by an adjustable intensity fiber optic light source fitted with a narrow “slit” aperture.   
The slit is actually the optical fiber bundle mashed out into a long thin strip.  This unique lighting 
fixture produces an intense, even light source that is ideal for edge-on or oblique lighting 
situations.  A close up photograph of the sample lighting configuration can be seen in Figure 7. 

 

Figure 7.  An image of the o-ring and glass array substrate assembly illuminated by 
directing a very narrow light beam into the longest edge of the bottom glass plate.  The 
lower glass plate appears red in the photo as white light internally reflects off of the red 
silicone potting compound adhered to its upper surface while the upper glass plate is not 
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illuminated.  Inset photo upper left- Edge-on illumination produces a dramatic change in 
contrast between clear, one-phase samples compared to those that have undergone phase 
separation.  The two phase systems become bright, translucent dots compared to the one 

phase blends since they scatter the captured light from below. 

Illuminating the polymer samples from below allows the entire apparatus to be placed inside a 
dark tent for the duration of the experiment.  It is then possible to use long exposures of 45 
seconds to capture the dim light that is transmitted through the polymer samples. Extraneous 
light is blocked by the opaque aluminum top plate, further enhancing the sample to sample 
contrast. 

3.2 Validation of the Gradient Array Apparatus   

Validation experiments were done using the blend, MCHA-60Dol, which had been previously 
shown to undergo CIPS.  This blend was deposited in every position within the array in order to 
determine consistency of phase behavior and porosity between columns of the array.  Deposition 
was done at room temperature and once complete, the temperature gradient was generated by 
running the array plate in the thermal gradient apparatus. Images were collected every minute for 
24 hours from the point of heating.  The same experiment was then replicated two more times. 
Figure 8 shows images obtained at 35 minutes for each of the three experiments. 

 

Figure 8.  Images illustrating the reproducibility of the apparatus.  The three images were 
all taken at 35 minutes from the start of the individual experiments.  Each experiment 
produced a distinctive phase separation in the fourth row up from the bottom which 

corresponded to a cure temperature of approximately 80 °C.  The darker panels on the 
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right were imaged inside a dark tent to increase the image contrast whereas that array on 
the left was imaged without the tent. 

The results from all three experiments indicated that the thermal gradient plate was very isotherm 
across the rows.  No edge effects were observed, and the experiments were consistent from one 
run to the next.  The results of this testing suggest that the device could be used with a different 
polymer composition in each of the six columns to generate a two dimensional, 60-element 
compositional and thermal array.  Sequential imaging provides the third dimension of time to the 
data collected from a single experiment.  Validation experiments were run over a 24 hour period.  
For the particular blend used for the validation experiments, most of the changes in opacity 
occurred within the first few hours.   

Eight images from a complete run are pictured in Figure 9.  The photos in Figure 9 where taken 
in a dark tent used to block out all of the outside light allowing only the light transmitted through 
the polymer samples to be photographed.  The sample arrays were lit from the left side by the 
fiber optic light source which resulted in the samples closer to the light source appearing slightly 
brighter than those on the right side.  Elapsed time from the start of the heating process is shown 
in the lower right corner of each photograph.  For the image at time zero (Figure 9a), all of the 
wells were relatively bright which was due to the fact that the blends at room temperature were 
stable, two-phase dispersions.  10 minutes after the start of the heating process (Figure 9b), all of 
the samples were dim because they had become miscible, one-phase materials.  This result 
indicates that, without the formation of crosslinks, MCHA-60Dol exhibits UCST behavior with 
the UCST being between ambient temperature and 140 °F (i.e. 60 °C).  Any phase separation 
occurring beyond this point in the experiment was due to increases in polymer molecular 
resulting from crosslinking reactions.  After 35 minutes of heating (Figure 9c), the wells in the 
4th row from the bottom of the array had undergone phase separation as indicated by the relative 
brightness of the samples in this row.  According to the temperature readout, this row 
corresponded to a cure temperature of approximately 190 °F (i.e. 88 °C).  After 40 minutes of 
heating (Figure 9d), the 3rd row from the bottom also had undergone phase separation as 
indicated by the change in brightness.  The cure temperature associated with this row was 
approximately 176 °F (i.e. 80 °C).  After 69 minutes of heating (Figure 9e), the 2nd row from the 
bottom corresponding to a temperature of 158 °F (i.e. 70 °C) had undergone phase separation.  
After 133 minutes of heating (Figure 9f), the bottom row corresponding to a temperature of 140 
°F (i.e. 60 °C) underwent phase separation.  After 375 minutes of heating (Figure 9g), the 6th row 
from the bottom corresponding to a temperature of 217 °F (i.e. 103 °C) underwent phase 
separation.  At cure temperatures above 103 °C, obvious phase separation, as determined visually 
by changes in scattered light, were not observed.  Interestingly, unlike at the other cure 
temperatures, the wells corresponding to a cure temperature of 95 °C (5th row from the bottom) 
showed a very slow increase in brightness that started at 35 minutes of cure and did not reach full 
brightness until the end of the experiment at 1387 minutes of curing.  For samples cured at 
temperatures above 217 °F (i.e. 103 °C), no cloud point was observed.   
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Figure 9.  Representative images of the array as a function of heating time utilizing a single 
polymer composition across the entire array.  (a) before heating (time = 0); (b) 10 minutes 
after the start of heating; (c) 35 minutes after the start of heating; (d) 40 minutes after the 
start of heating; (e) 69 minutes after the start of heating; (f) 133 minutes after the start of 
heating; (e) 375 minutes after the start of heating; and (h) 1387 minutes after the start of 

heating. 

Figure 10 displays a plot that shows the time required to reach the cloud point as a function of 
cure temperature.  This figure displays a minimum in the time require to reach the cloud point at 
a temperature of about 88 °C.  This behavior can be attributed to the complex interactions 
between the rate of crosslinked network formation and the free energy of mixing.  Based on the 
thermodynamics of mixing, increasing polymer molecular weight in a binary polymer blend 
exhibiting UCST phase behavior has the effect of increasing the UCST.  The phase behavior 
observed for MCHA-60Dol showed that the cloud point without any significant curing was 
between room temperature and 60 °C and for essentially complete cure was between 103 °C and 
approximately 110 °C.  Thus, the cloud point for the blend increased approximately 60-85 °C as 
the extent of cure increased from 0 to maximum cure.  The reduction in the time required to 
reach the cloud point observed as a result of increasing cure temperature from 60 to 88 °C can be 
attributed to the relative impact temperature has on the entropy term of the Gibbs free energy and 
the temperature term.  The increase in free energy resulting from the reduction in entropy of the 
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system caused by the higher degree of crosslinked network formation more than offset the 
reduction in free energy due simply to thermal effects.  The large increase in the time required to 
reach the cloud point observed at a cure temperature of 103 °C can be attributed to the fact that 
this cure temperature is very close to the cloud point temperature observed for the essentially 
completely cured network and, thus, very high extents of reaction were required for phase 
separation to occur. 

 

Figure 10.  Time required to reach the cloud point as a function of cure temperature. 

The array images obtained from the experiment provide information about relationships between 
cure time, temperature, and macrophase separation and allow for a quick identification of 
conditions that produce porosity on the micron scale.  In order to obtain detailed morphological 
information on the porous networks, SEM was conducted.  Figure 11 shows representative SEM 
micrographs taking from the 5th column of samples in the array shown in Figure 9.  From the 
images shown in Figure 11, it can be easily seen that cure temperature can have a dramatic effect 
on sample morphology.   

In general, pores formed at 80 °C and lower were spherical with average pore size appearing to 
decrease with increasing temperature.  Between 80 °C and 103 °C, pores were irregular in shape 
with the degree of irregularity increasing with increasing temperature.  Pore morphology over 
this temperature range was consistent with phase separation occurring via spinodal 
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decomposition.  Due to the crosslinking reactions, the process of spinodal decomposition was 
“trapped” at different stages.  The morphology of the sample cured at 103 °C was consistent with 
that which would be expected toward the beginning of spinodal decomposition when a 
cocontinuous phase morphology is produced.  For samples cured at 95 and 88 °C, the 
morphology is consistent with later stages of spinodal decomposition in which a dispersed phase 
is formed, but not to the extent that spherical domains have been produced.  At a cure 
temperature of 110 °C, morphological features can be seen in the SEM image; however, these 
features are very different from those at lower temperature and, thus, maybe due to the 
fluctuations in chemical composition that occur at the very onset of spinodal decomposition.  
Crosslinking may have resulted in the trapping of these local concentration gradients resulting in 
a more heterogeneous fracture surface compared to the fracture surfaces obtained from the true 
one phase materials produced at higher cure temperatures.    

 

Figure 11.  SEM images of poragen-extracted materials crosslinked at different 
temperatures.  The samples were obtained from the 5th column from the left in the array 

shown in Figure 9.     

Porous Polymer Networks Containing Conductive Particles 

A series of materials were produced using both silver and nickel nanoparticles and 
microparticles.  The crosslinked polymer matrix was produced using Ep and MCHA as the 
crosslinking agent.  Two different poragens were used, namely, decane and decanol, and the 
amount of poragen was 40 volume percent.  Curing was done at 40 oC.  A total of 16 materials 
were produced, and the experimental design is shown schematically in Figure 12. 
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Figure 12.  A schematic illustration of the experimental design used to investigate the effect 
of metal particles on sample morphology. 

Figure 13 displays SEM micrographs of the conductive particles used for the experiment.  
Although the primary particles for both the silver (A) and nickel (B) nanoparticles may be in the 
nanometer range, the nanoparticles were highly agglomerated.  This was particularly true for the 
silver nanoparticles.  For the silver microparticles (C), particles were spherical with particle 
diameters around 1 micron.  The nickel microparticles (D) were significantly larger than the 
silver microparticles and of irregular shape.  
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Figure 13.  SEM micrographs of the metal particles used for the experiment.  (A) silver 
nanoparticles; (B) nickel nanoparticles; (C) silver microparticles; and (D) nickel 

microparticles. 

To characterize the level of particle dispersion that could be obtained using the method of mixing 
employed, composite samples containing 50 weight percent particles in the Ep/MCHA matrix 
were prepared.  As shown in Figure 14, only the composite based on silver microparticles 
displayed a relatively uniform dispersion of primary particles.  All other composites showed 
substantial agglomeration of primary particles.    
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Figure 14.  SEM micrographs of 50/50 wt./wt. composites of metal particles in the epoxy 
network.  (A) silver nanoparticles; (B) nickel nanoparticles; (C) silver microparticles; and 

(D) nickel microparticles. 

For comparison purposes, the morphology of the base porous polymer matrices (no particles) 
was characterized.  As shown in Figure 15, the use of decane as a poragen produced a porous 
material consisting of isolated, spherical pores will diameters ranging from less than 1 micron to 
almost 10 microns.  For the material based on decanol as the poragen, pore density appeared to 
be higher with a narrower pore size distribution and pore diameters ranging from about 2 to 
about 8 microns. 
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Figure 15.  SEM micrographs of porous polymer networks derived from Ep/MCHA/decane 
(left) and Ep/MCHA/decanol (right). 

Figures 16 and 17 display SEM micrographs of the porous composites based on silver 
nanoparticles.  From the low magnification images shown in Figure 16, it can be seen that the 
introduction of silver nanoparticles resulted in the production of some exceptionally large pores 
for the composites based on decane as the poragen.  For the composites based on decanol as the 
poragen the pore morphology did not appear to be significantly altered by the addition of the 
silver nanoparticles.  With regard to the distribution of silver nanoparticles in the porous matrix, 
the images indicate that the nanoparticles were essentially exclusively contained within the 
polymer matrix.  No evidence of nanoparticles within the pores was obtained; however, as shown 
in Figure 17, particles were found at the interface between pores and the polymer matrix. 
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Figure 16.  SEM micrographs of porous composites based on silver nanoparticles:  (A) 25 
wt. % Ag nanoparticles and decane as the poragen; (B) 25 wt. % Ag nanoparticles and 

decanol as the poragen; (C) 50 wt. % Ag nanoparticles and decane as the poragen; (D) 50 
wt. % Ag nanoparticles and decanol as the poragen.   
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Figure 17.  SEM micrographs of porous composites based on silver nanoparticles:  (A) 25 
wt. % Ag nanoparticles and decane as the poragen; (B) 25 wt. % Ag nanoparticles and 

decanol as the poragen; (C) 50 wt. % Ag nanoparticles and decane as the poragen; (D) 50 
wt. % Ag nanoparticles and decanol as the poragen. 

Figures 18 and 19 contain SEM images of porous composites based on silver microparticles.  
With regard to pore morphology, the composite derived from decanol as the poragen and 
containing 25 wt. % silver microparticles (Figure 18B) showed different poor morphology than 
the analogous materials without silver microparticles (Figure 15).  With the silver microparticles, 
the pores were had an irregular shape.  Interestingly, increasing the silver microparticle 
concentration to 50 wt. % produced spherical pores (Figure 18D) similar to the pores observed 
for the unfilled material (Figure 15).  From the higher magnification images shown in Figure 19, 
it can be seen that a fraction of the pores contained silver particles suggesting compatibility 
between the silver particles and the poragens. 
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Figure 18.  SEM micrographs of porous composites based on silver microparticles:  (A) 25 
wt. % Ag microparticles and decane as the poragen; (B) 25 wt. % Ag microparticles and 

decanol as the poragen; (C) 50 wt. % Ag microparticles and decane as the poragen; (D) 50 
wt. % Ag microparticles and decanol as the poragen.   
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Figure 19.  SEM micrographs of porous composites based on silver microparticles:  (A) 25 
wt. % Ag microparticles and decane as the poragen; (B) 25 wt. % Ag microparticles and 

decanol as the poragen; (C) 50 wt. % Ag microparticles and decane as the poragen; (D) 50 
wt. % Ag microparticles and decanol as the poragen. 

Figures 20 and 21 display SEM images obtained from composites based on nickel nanoparticles.  
Pore morphology did not appear to be significantly affected by the addition of the nanoparticles, 
and the nanoparticles were found be dispersed within the polymer matrix as opposed to inside 
the pores.  
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Figure 20.  SEM micrographs of porous composites based on nickel nanoparticles:  (A) 25 
wt. % Ni nanoparticles and decane as the poragen; (B) 25 wt. % Ni nanoparticles and 

decanol as the poragen; (C) 50 wt. % Ni nanoparticles and decane as the poragen; (D) 50 
wt. % Ni nanoparticles and decanol as the poragen. 
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Figure 21.  SEM micrographs of porous composites based on nickel nanoparticles:  (A) 25 
wt. % Ni nanoparticles and decane as the poragen; (B) 25 wt. % Ni nanoparticles and 

decanol as the poragen; (C) 50 wt. % Ni nanoparticles and decane as the poragen; (D) 50 
wt. % Ni nanoparticles and decanol as the poragen. 

Figures 22 and 23 display SEM images of porous composites derived from the nickel 
microparticles.  Pore morphology was not significantly affected by the addition of the nickel 
microparticles.  The nickel particles were found be largely dispersed within the polymer matix 
and highly agglomerated. 
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Figure 22.  SEM micrographs of porous composites based on nickel microparticles:  (A) 25 
wt. % Ni microparticles and decane as the poragen; (B) 25 wt. % Ni microparticles and 

decanol as the poragen; (C) 50 wt. % Ni microparticles and decane as the poragen; (D) 50 
wt. % Ni microparticles and decanol as the poragen. 
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Figure 23.  SEM micrographs of porous composites based on nickel microparticles:  (A) 25 
wt. % Ni microparticles and decane as the poragen; (B) 25 wt. % Ni microparticles and 

decanol as the poragen; (C) 50 wt. % Ni microparticles and decane as the poragen; (D) 50 
wt. % Ni microparticles and decanol as the poragen. 

4.0 Conclusions 

It was shown that the gradient apparatus provides qualitative but important information that can 
be used to better understand the process of CIPS.  Quantitative information could be obtained by 
improving the system with a uniform light source, CCD camera with image analysis software, 
and an optical table.  With these modifications, the amount of scattered light from the samples 
could be quantified as a function of cure time and temperature.  This information could be 
combined with sample morphological data to generate composition-process-morphology 
information that could potentially be used to develop models and predictive capabilities. 
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