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ABSTRACT: In situ tertiary amine-catalyzed thiol—acrylate
chemistry was employed to produce hydrophilic microfluidic
devices via a soft lithography process. The process involved the
Michael addition of a secondary amine to a multifunctional
acrylate producing a nonvolatile in situ tertiary amine catalyst/
comonomer molecule. The Michael addition of a multifunctional
thiol to a multifunctional acrylate was facilitated by the catalytic
activity of the in situ catalyst/comonomer. These cost-efficient
thiol—acrylate devices were prepared at room temperature,
rapidly, and with little equipment. The thiol—acrylate thermoset
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materials were more natively hydrophilic than the normally employed poly(dimethylsiloxane) (PDMS) thermoset material, and
the surface energies were stable compared to PDMS. Because the final chip was self-adhered via a simple chemical process
utilizing the same chemistry, and it was naturally hydrophilic, there was no need for expensive instrumentation or complicated
methods to “activate” the surface. There was also no need for postprocessing removal of the catalyst as it was incorporated into
the polymer network. These bottom-up devices were fabricated to completion proving their validity as microfluidic devices, and
the materials were manipulated and characterized via various analyses illustrating the potential diversity and tunability of the

devices.
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B INTRODUCTION

Thiol-ene Chemistry. The untapped potential of the
simple and robust thiol-ene chemistry in various applications
has only recently been realized. The majority of thiol-ene
research has been directed toward photopolymerizable systems,
and these reactions have been extensively studied.'”'® The
advantages associated with thiol-ene chemistry are legion. Many
of the desirable properties of acrylic polymerizations as well as
some unique properties are exhibited by thiol-ene polymer-
izations. Alternatively to photopolymerization mechanisms, a
thiol-ene system can also undergo an ionic Michael addition
polymerization mechanism utilizing a base catalyst; however,
this type of reaction is limited to electron-deficient unsaturated
enes, such as acrylates.">'"'> Although thiols are nucleophilic
(generally more nucleophilic than amines), bases are used to
deprotonate them because of their relatively high acidity. The
thiolate anion is the active species formed by the thiol
deprotonation that subsequently adds to an activated olefin
such as an acrylate."® The rate of the thiol Michael addition
increases with pH due to an increase in the thiolate anion
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concentration.'* The rate is also dependent on the pK, of the
thiol with a more acidic thiol being more favorable. These
acid—base reactions are thermodynamically controlled reactions
that can occur spontaneously and can proceed to high
conversion with an appropriate choice of thiol and catalyst."
Hu et al. used the predictable rise in pH facilitated by the
formaldehyde-sulfite clock reaction to trigger the time-lapse
Michael addition of a trithiol to a triacrylate.'

Thiol—acrylate systems can be catalyzed using tertiary
amines, which function as base catalysts (Scheme 1). The
tertiary amine deprotonates the thiol, forming thiolate anions
that can add across acrylate double bonds to form the thiol-ene
bond. However, these tertiary amine catalysts are relatively
inefficient in the formation of such thiolate anions.""”

Much more effective and efficient catalysts for the reaction
between thiols and electron-deficient enes include primary
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Scheme 1. Tertiary Amine Catalyzed Thiol—acrylate
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amines,"!” secondarZ amines,'” or nucleophilic alkyl
phosphine catalysts.”>** Bounds et al. utilized the rapid primary
amine-initiated thiol-ene polymerization in the preparation of
core-containing microparticles in less than 1 h at room
temperature and ambient pressure.”* Lee et al. used a secondary
amine to catalyze the Michael addition of thiols to acrylates to
produce novel vinyl ester monomers for photopolymerization
kinetic studies.'® Chan et al. reported producing a 1:1 reaction
of thiol and acrylate to >95% conversion in less than 3 min in
the presence of <2% primary or secondary amine.

Microfluidics. Microfluidics is a science associated with the
processing and manipulation of small amounts of fluids via
channels that range from tens to hundreds of micrometers.”
Entire analytical protocols that have conventionally been
executed in full-scale laboratories can be accomplished via
miniaturized microfluidic systems.”® Microfluidic devices, also
referred to as micro total analysis systems (uTAS) or
laboratories-on-a-chip (LOC), have recently found agglications
in areas such as DNA analysis,>’ >’ protein assays,3 1 air and
water quality evaluations,® and clinical diagnostics.>>** Some
of the obvious benefits of using microfluidic devices are their
abilities to use microliter amounts of sample and reagents, their
short reaction times, their minuscule analytical footprints, and
their small, portable nature which all contribute to their high
cost efficiency.”>*® Other less obvious characteristics associated
with yTAS include their high resolution and sensitivity, better
reliability and functionality, a reduced risk of contamination,
lower power consumption, laminar flow, and their capabilities
of controllin§ concentrations of molecular species in both space
and time.”>*® Current technologies allow for a multitude of
functions such as pretreatment, sample and reagent transport,
reaction, separation, detection, and product collections to be
implemented on a single HTAS.

Casting of elastomeric materials is perhaps the simplest
way of replicating microstructures from a mold onto a polymer
substrate. This technique, commonly referred to as soft
lithography,**™*® is most relevant for the work presented
here. Soft lithography involves the pouring of a monomer
solution (usually an elastomeric-forming monomer and a cross-
linker) over a master mold, degassing of the solution,
polymerizing (curing) at elevated temperatures, peeling the
material from the mold, activating the surface, and adhering it
to a flat surface, resulting in the final replicated microfluidic
device.> This method can be used to prepare three-
dimensional structures such as mixers,*” valves,*® and
pumps.*”*® This technique has many advantages including
method simplicity, low cost, and replication accuracy.
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Soft lithography of poly(dimethylsiloxane) (PDMS) is likely
the dominant polymeric material-fabrication technique combi-
nation in the field of microfluidics.>* This is due in part to the
many useful properties of PDMS including its elastomeric
nature, biocompatibility, gas permeability, optical transparency
(down to 230 nm), moldability to submicrometer features,
ability to be bonded to itself or 3glass, chemical inertness, and
low cost of manufacturing.***>>> Although PDMS has many
advantages, it has a natively hydrophobic surface that expresses
a water contact angle of ~105°.%* This hydrophobicity leads to
many limitations especially in the field of biology where the
majority of microfluidics is targeted. Cells avoid the hydro-
phobic surface of PDMS making it difficult to analyze cellular
phenomena.>® Proteins adsorb to the surface in a nonspecific
manner making the native PDMS useless as a method of
biomolecular separation assays.”*"** From an obvious and
practical standpoint, the hydrophobic surface of a PDMS also
makes the introduction of aqueous solutions into small
microchannels difficult.>® PDMS, again due to its hydro-
phobicity, has a tendency to swell in some organic solvents
causing difficulty in the analysis of various organic materials.>
The surface of PDMS can be activated (oxidized) by oxygen
plasma or ultraviolet treatments converting the hydrophobic
silane-methyl groups to hydrophilic silane-hydroxyl groups.
This hydrophilicity is only transient, however, as hydrophobic
recovery is observed in as little as a few hours or days.>**
Improvements to the surface of PDMS have recently been
realized via a multitude of surface modification techniques® %
resulting in stable hydrophilic surfaces. However, a natively
hydrophilic material with similar properties to that of PDMS
that could be used in a simple and inexpensive soft lithography
process could be very useful as no modifications would be
necessary to obtain the high energy surfaces achieved via
modified PDMS materials.

The need and benefits of thiol-ene chemistry have been
realized in the field of microfluidics but have been limited only
to photopolymerizable systems. The unique aspects of the
thiol-ene step-growth reaction make it superlative for photo-
lithography and microfluidic device fabrication. More distinct
photolithographic features can be obtained due to the delay in
gel point associated with thiol-ene chemistry.”” The network
uniformity as well as the low shrinkage and shrinkage stress add
some homogeneity and thus reproducibility to the final
product.” The lack of oxygen inhibition facilitated by the
thiol provides a less complex procedure where ambient
conditions are required.’ Photoinitiated thiol-ene systems
have been used to fabricate microfluidic devices,”*””* modify
the surface of microdevices,’® and control the material
properties of microfluidic devices.”””® Good et al. used
photoinitiated thiol-ene chemistry to prepare a flexible
membrane removable lid for a gastight microfluidic device to
separate an effervescent reaction from a sample.”* Ashley et al.
prepared microfluidic devices with a range of shapes and aspect
ratios via a soft lithography process using photoinitiated thiol-
ene and thiol—acrylate chemistries.”” To prevent the normal
instabilities of microfluidic devices in aliphatic and aromatic
organic solvents, Cygan et al. fabricated organic solvent-
resistant microfluidic devices using thiol-ene based resins via a
rapid prototyping photolithography technique and quantified
and explained their solvent resistance.”" Natalie et al. prepared
multilayer thiol-ene microfluidic devices by direct photolitho-
graphic patterning and transfer lamination avoiding the
necessity for intermediate master molds and stamps.””
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For the work described here, a method of using thiol-ene
chemistry is described where all of the advantages associated
with photoinduced thiol-ene chemistry were maintained, but
the necessity for UV initiation was eliminated. A catalyst/
commoner molecule was initially formed via the Michael
addition of a secondary amine to a trifunctional acrylate. This
resulting molecule was used as an in situ tertiary amine catalyst
for the Michael addition of a multifunctional thiol to a
multifunctional acrylate. By using this in situ catalyst pathway,
further advantages were added to the already highly advanta-
geous thiol-ene chemistry, especially in terms of biological
systems and thus microfluidics. Amine catalyzed thiol—acrylate
chemistry was used to prepare stable hydrophilic microfluidic
devices in a simple fashion, in less time, and with out the need
for expensive materials or instrumentation.

B MATERIALS

All materials were used as received without further purification.
Pentaerythritol triacrylate (PETA) was obtained from Sartomer and
Sigma Aldrich. Trimethylolpropane tris(3-mercaptopropionate)
(TMPTMP), diethylamine (DEA), and triethylamine (TEA) were
obtained from Sigma-Aldrich. Polydimethylsiloxane was obtained from
Dow Corning under the trade name Sylard 184. Structures for notable
chemicals are illustrated in Scheme 2.

Scheme 2. Notable Chemical Structures for Microfluidic
Device Fabrication
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Fabrication Technique. Scheme 3 illustrates the generic soft
lithography fabrication method used to prepare the thiol—acrylate
microfluidic devices. Also shown here is a diagram for the soft
lithography fabrication of a poly(dimethylsiloxane) (PDMS) micro-
fluidic device for comparison purposes.’®* As with PDMS soft
lithography, the thiol—acrylate (T-A) method is initiated by pouring
the liquid thiol—acrylate/catalyst solution onto a poly(methyl
methacrylate) (PMMA) positive mold. Unlike the PDMS method

that must be heated to achieve rapid curing (1 h), the thiol—acrylate
method gels in less than 1 h at room temperature. Next, both the
PDMS and the T-A material can be peeled from the PMMA mold to
yield a polymer negative. The surface of the PDMS material must then
be modified via oxygen plasma for the adhering step and to produce a
hydrophilic surface. The T-A material does not require any further
surface modifications due to its native hydrophilicity and its ability to
be adhered via the thiol—acrylate polymerization at the interface of the
two materials. Detailed procedures can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Michael Addition to Produce in Situ Bound Catalyst.
It was ideal for the applications of this polymeric material that it
be easily produced under ambient conditions. Original samples
were prepared using the simple tertiary amine, triethylamine. It
was known' that tertiary amines such as triethylamine could act
as a base catalyst for the thiol—acrylate reaction. However,
thiol—acrylate film samples prepared using this highly volatile
triethylamine had tacky surfaces when allowed to react open to
the environment. It was hypothesized that the tacky nature was
caused by the evaporation of the small molecular weight and
highly volatile triethylamine resulting in low conversion at the
surface of the film. To eliminate this problem, a less volatile
tertiary amine that would not affect the hydrophilic nature of
the product was sought. A secondary amine can act as a strong
nucleophile in a Michael addition reaction with an electron-
deficient acrylate.'® Thus, a secondary amine, diethylamine, was
attached to the high molecular weight acrylate (PETA) via a
Michael addition resulting in a molecule that could function
both as a nonvolatile catalyst and a comonomer containing
available functionality to be cross-linked with the trithiol.
Scheme 4 illustrates the simple Michael addition reaction
scheme.

Scheme 4. Formation of in Situ Comonomer/Catalyst
Molecule via the Michael Addition of a Secondary Amine to
a Trifunctional Acrylate
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It was important to note that each addition of the secondary
amine (DEA) to the trifunctional acrylate (PETA) caused a

Scheme 3. Basic Process for Soft Lithography Production of PETA-co-TMPTMP Boundless Microfluidic Device
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Scheme 5. Reaction Scheme Illustrating the Production of the Comonomer/Catalyst Molecule Followed by the Initiation and
Two Propagation Steps of the Thiol—Acrylate Michael Addition
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decrease in the average functionality of the comonomer thiol—
acrylate system. With each addition, a trifunctional acrylate
molecule became a difunctional acrylate molecule. Because this
reaction proceeds via a step-growth mechanism, an average
functionality greater than two was required to achieve a cross-
linked network. It was therefore imperative that the DEA
concentration not reach a value that would result in the
decrease of the average monomer functionality to below two.

In order to confirm this reaction and determine the simple
reaction kinetics, the reaction conversion was studied as a
function of time. The decrease in the acrylate peak of PETA
was monitored via NMR analysis. The results can be found in
Supplemental Figure 1, Supporting Information. The peaks
corresponding to the acrylate groups decreased by ~20% upon
the reaction of PETA and DEA for 3 h. This suggested
quantitative conversion of the secondary amine to a tertiary
amine catalyst/comonomer molecule via the Michael addition
of diethylamine to the electron deficient acrylate. Virtually all of
the secondary amine was converted to a tertiary amine in 3 h.
Because of this result, the diethylamine and PETA were allowed
to react for at least 3 h prior to the addition of the trithiol
(TMPTMP) and the completion of the final product. Unless
otherwise noted, the typical comonomer/catalyst solution
contained 16.1 mol % DEA by functional group.

Addition of the Comonomer/Catalyst to the Multi-
functional Thiol. Once the in situ catalyst was produced, it

1646

was added to the trithiol (TMPTMP) in a stoichiometric 1:1
molar ratio of thiol to acrylate functional groups. This molar
ratio accounted for the amount of acrylate groups consumed
during the initial Michael reaction with the secondary amine.
Thus, the final amount of thiol added to the reaction mixture
was not based on the initial amount of acrylate groups
incorporated, and the amine concentrations are all given with
respect only to the acrylate functional groups and not to the
total mixture.

Scheme $ illustrates the suspected reaction from the initial
Michael reaction producing the high molecular weight,
nonvolatile tertiary amine catalyst to the initiation and
propagation of the thiol—acrylate polymerization. The tertiary
amine catalyst functioned as a strong base to deprotonate the
thiol, resulting in the initiation of the anionic step-growth
polymerization mechanism. Two separate propagation steps
then followed. The first propagation step involved the Michael
Addition of the deprotonated thiyl anion to the electron-
deficient ene group. Next, a hydrogen transfer occurred
between another thiol and the newly formed carbon anion.
This second propagation step resulted in a chain transfer and
another deprotonated thiol that was activated for another
Michael Addition. This dual propagation mechanism is the
reason that this reaction is considered a step-growth polymer-
ization; however, it is essentially a chain-growth mechanism

dx.doi.org/10.1021/am302544h | ACS Appl. Mater. Interfaces 2013, 5, 1643—1655
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Figure 2. Conversion data as a function of amine concentration. Panel a illustrates the real-time conversion of acrylate functional groups monitored
via FTIR as a function of amine catalyst concentration. Panel b illustrates the theoretical critical conversion value as a function of the fraction of
acrylate groups previously reacted (DEA concentration) using both the Flory and Stockmayer estimation and the Carothers estimation.

with a continuously sequential chain transfer step (propagation
2).

Gel Times as a Function of DEA-PETA Reaction Time
and DEA Concentration. The thiol—acrylate experimental gel
times were determined as a function of DEA/PETA reaction
time. This was necessary to determine the time required to
reach high conversion of the nonvolatile tertiary amine prior to
the addition of the trithiol. The experimental gel times were in
agreement with the NMR data.

Figure 1a illustrates the experimental gel time for the thiol—
acrylate material as a function of the elapsed reaction time
associated with the initial amine-acrylate Michael addition. The
experimental gel time was defined as the point at which an air
bubble could no longer rise through the material. The gel time
increased as a function of the amine-acrylate reaction time until
a point after which the gel time stabilized. The increase in the
gel time as a function of DEA/PETA reaction time was due to
the differences in the catalytic abilities of tertiary and secondary
amines.'” Chan et al. have shown that a primary amine or a
secondary amine can function as a nucleophilic- and more
efficient catalyst for the thiol—acrylate reaction compared to a
tertiary amine base catalyst." The increase in the thiol—acrylate
gel time as a function of time is indicative of a conversion of a
secondary amine to a tertiary amine. As the secondary amine
was converted to a tertiary amine, the catalyst mechanism

1647

shifted from a nucleophilic catalysis to a less efficient base
catalysis. Once the gel time reached a steady state, all of the
nucleophilic secondary amine had been converted to a tertiary
amine base catalyst. According to the experimental gel times,
the DEA/PETA reaction was complete in ~2 h as indicated by
the constant gel times reached beyond 2 h. This was consistent
with the NMR data in Supplemental Figure 1, Supporting
Information, and with our hypothesis that the initial amine-
acrylate Michael reaction did occur and reached completion in
2—3 h. Because of the experimental gel time data and the NMR
data, each DEA/PETA reaction was allowed to proceed for at
least 3 h under constant stirring prior to the addition of the
trithiol.

The thiol—acrylate gel time could be manipulated by varying
the concentration of DEA incorporated. Figure 1b illustrates
the gel time as a function of initial amine concentration. The
manipulated gel times ranged from ~2 h to <20 min within the
amine concentration range examined in this study. The DEA/
PETA stock solution was allowed to react for 24 h prior to the
addition of the trithiol in each case illustrated in Figure 1b. The
left half of Figure 1b conforms to the normally accepted catalyst
concentration trend. As the concentration of catalyst was
increased, the reaction rate increased causing a decrease in the
gel time. However, beyond ~17 mol % DEA, the gel time
began to increase, which would apparently indicate an

dx.doi.org/10.1021/am302544h | ACS Appl. Mater. Interfaces 2013, 5, 1643—1655
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uncommon decrease in the rate of polymerization with an
increase in catalyst concentration. It could be argued that this
was simply due to a dilution effect, declaring that at some point
the catalyst diluted the acrylate and thiol functional groups
causing a decrease in the rate of polymerization. It could also be
argued that the loss of acrylate functional groups associated
with the first Michael addition caused a decrease in the rate of
polymerization with an increase in the amine concentration.
When the decrease in monomer concentration outweighed the
increase in the rate constant caused by an increase in catalyst
concentration, the overall rate of polymerization decreased.
However, both of these arguments were falsified via FTIR
analysis, and the conversion kinetics of this in situ thiol—
acrylate polymerization reaction were determined.

Gel Time Analysis Via FTIR. To address the unusual gel
time observation as a function of DEA concentration previously
addressed (Figure 1b), the thiol—acrylate kinetics were studied
as a function of amine catalyst concentration. Figure 2a
illustrates these data.

The data in Figure 2a show that the rate of polymerization
increased as a function of DEA concentration disproving the
arguments discussed previously. Therefore, a different explan-
ation was hypothesized where the average functionality of the
monomer/catalyst molecule was the determining factor of the
unusual gel times. The critical conversion required to reach
gelation (p.) can be estimated on the basis of two different

1648

theories, the Carothers theory’® and the Flory and Stockmayer
theory,” both equations shown below:

Carothers:
n= 2/,

Flory and Stockmayer:
p=1/(1+f-2)"

These theories assume equal reactivity of all functional groups
of the same type regardless of the size of the molecule and that
there are no intramolecular reactions between functional
groups on the same molecule.”” Because of this assumption,
the theoretical numbers may not exactly match the
experimental data, but the overall trend should. As shown in
Figure 2a, the rate (R,) of loss of monomer increased with an
increase in the concentration of amine; however, the gel time
(Figure 1b) increased with an increase in the concentration of
amine. In this case, the increase in the gel time with extremely
high amine concentration was associated with a change in the
critical percent conversion (p.). As the concentration of the
amine was increased, the functionality of the acrylate was
decreased due to the initial Michael reaction, causing p. to
increase greatly thereby preventing gelation until later in the
reaction. This was the cause of the decrease in the gel time as a
function of the increase in catalyst concentration at high
concentration and the parabola-type curve shown in Figure 1b.

dx.doi.org/10.1021/am302544h | ACS Appl. Mater. Interfaces 2013, 5, 1643—1655
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This resulted in the illusion of a decrease in the rate of
polymerization. The physical gel times of these particular
thiol—acrylate reactions could be manipulated to a point, but a
lower limit did exist due to the use of an in situ catalyst that
inherently caused a decrease in the average functionality of the
system.

Glass Transition Measurements. Differential scanning
calorimetry was performed on these thiol—acrylate materials to
determine their glass transition temperatures. Figure 3
illustrates the glass transition temperatures at different amine
catalyst concentrations. Figure 3a shows the raw DSC data of
heat flow as a function of temperature. The second-order
transition temperatures are easily observed where the heat flow
decreased at a given temperature without recovering back to
the original baseline. Figure 3b illustrates the measured glass
transition temperature as function of amine concentration. The
DSC data provided the working temperatures associated with
these thiol—acrylate materials via the determination of the glass
transition temperatures (Tg). The useable-temperature of the
material could be manipulated on the basis of the concentration
of the in situ amine catalyst. All of the combinations observed
in Figure 3 showed glass transition temperatures of less than 0
°C. The change in the glass transition temperature as a function
of DEA concentration (Figure 3b) was attributed to the
decrease in the cross-link density with an increase in the DEA
concentration. From a microfluidic standpoint, the natively low
and manipulatable T, of these materials is advantageous as it
allows for a wide analyte temperature range to be employed
during analysis.

Flexure Strength. The flexure strengths of these thiol—
acrylate materials were determined using a 3-point bending
method. The mechanical properties of the material were
manipulated as via alterations in the amine concentration as
shown in Figure 4. Beyond 16.1 mol % DEA, the flexure
strength of the material (Figure 4b) decreased and the
flexibility (Figure 4b) increased with an increase in the DEA
concentration. The increase in flexibility and the decrease in
flexure strength originated from the decrease in the cross-link
density facilitated by the increase in the concentration of the
amine. Again, due to the first Michael addition, an increase in
the amine concentration caused a decrease in the functionality
of the trifunctional acrylate, resulting in a decrease in the overall
functionality and thus the cross-link opportunities. The material
with the highest flexure strength and modulus was that
containing 16.1 mol % DEA. Since there was a slight decrease
in the flexure strength and modulus of materials containing less
than 16.1 mol % DEA, the reaction conversion also likely
played a role in the strength of the material. All of the samples
used in the analysis were allowed to react for 24 h prior to
being tested. The material with the highest strength and
modulus was also the material with the fastest gel time (gel
time Figure 1b). This potentially implied that the polymer-
ization kinetics played a role in the strength of the final
material.

PDMS samples of the same dimensions were also analyzed
using this 3-point bending technique. The data for these
silicone samples are shown in Figure 4. The PDMS materials
were found to have much higher flexure fracture strength.
Because the 3-point bending technique employed was not
successful in fracturing the samples, Figure 4a illustrates the
continuation of the stress strain curve infinitely along the x-axis,
and Figure 4b illustrates the continuation of the corresponding
strength data bar beyond the scope of the measurement along
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the y-axis. The PDMS samples also boasted a very low flexure
modulus only attainable via a PETA-co-TMPTMP sample with
very low flexure strength. These data indicated that, in terms of
material strength, PDMS was much stronger and much more
flexible than the PETA-co-TMPTMP samples. This material
weakness compared to PDMS may not be a significant
disadvantage, as the field of microfluidics does not require
extremely tough and rugged materials for biological assays.
To determine if there was a kinetic aspect in correlation with
the mechanical strength of the material, the mechanical
properties of a typical sample produced using 16.1 mol %
DEA were analyzed as a function of elapsed time beyond the
gel time. These data are shown in Figure 5. Both the strength
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Figure S. 3-point bending analysis results illustrating the flexure
modulus and the flexure strength as a function of elapsed time after
polymerization. The studied samples were composed of 16.1 mol %
DEA relative to the acrylate functional groups.

and stiffness of the material increased as a function of elapsed
time from 1 to 24 h. Beyond 24 h, the strength and flexibility of
the material remained constant, indicating that the full strength
of the material could be obtained after 24 h of reaction time.
This was in full agreement with the kinetic data (Supplemental
Figure la, Supporting Information), as the reaction was
observed to reach >95% conversion after a 24 h time period.

Bonding via Partial Polymerization/Excess Monomer
Technique. Two thiol—acrylate sections could be bonded
using the same chemistry without the need for surface
activation. The adhesion was facilitated via a partial polymer-
ization method involving excess functional groups on opposing
surfaces. Scheme 6 illustrates the microfluidic device annealing
mechanism.

The adhesion between the two surfaces was attributed to the
extremely high conversion associated with thiol—acrylate
chemistry as well as the use of a step-growth mechanism
where the gel time was rapid, but the full conversion was
relatively slow. The excess acrylate on one surface and excess
thiol on the other resulted in a net 1:1 molar ratio of thiol to
acrylate functional groups between the two surfaces. This then
allowed for the same Michael addition of thiol to acrylate, again
catalyzed by the in situ tertiary amine previously incorporated
into the network. The covalent thiol—carbon bond produced a
strong adhesion between the surfaces resulting in sealed
microfluidic channels down which water could confidently be
pumped.

In order to determine the strength of the bond formed using
this partial polymerization method, the orthogonal force
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Scheme 6. Bonding of Thiol Acrylate Microfluidic Device via a Partial Polymerization and Excess Monomer Method
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These data are shown in Figure 6.
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Figure 6. Adhesive bond strength as a function of excess monomer
(thiol and acrylate) compared to the adhesive bond strength of oxygen
plasma activated PDMS.

Flat samples were employed for ease of comparison. Figure 6
illustrates an increase in the average required delamination
force as a function of increasing excess monomer concentration
from 20% excess monomer to 40% excess monomer. There was
little difference in the average strength of the annealing bond
above 40% excess monomer. This was attributed to the
different types of failures experienced by the polymer samples.
Two annealed samples could be delaminated at the surface of

the material via an adhesive failure where the strength of the
bond was dependent on the strength of the adherence at the
interface of the two materials. Samples could also fail in a
cohesive manner where the adhesive surface bond was stronger
than the material being adhered. The samples containing 20%
excess monomer (Figure 7a) suffered adhesive failure, while
both the samples containing 40% (Figure 7b) and 60% excess
monomer (Figure 7c) experienced cohesive failure.

At excess monomer concentrations below 40%, the fewer
number of covalent bonds between the two films limited the
strength of the bonding. Beyond 40% excess monomer, the
strength of the bond was limited only by the mechanical
strength of the material, thus no change in the average stress
was observed from 40% to 60% excess monomer. There was,
however, an apparent increase in the reliability of the bond at
60% excess monomer, as the standard deviation was lower
when 60% excess monomer was utilized (Figure S). The error
decreased when 60% excess monomer was used because there
was a more uniform bond between the two flat surfaces due to
the increase in the number of thiol—acrylate bonds produced.
The reasoning behind the sporadically higher delamination
stresses in some cases where 40% excess monomer was used
was not well understood.

Again for comparison purposes, bonded PDMS samples were
exploited via the same orthogonal delamination analysis. Both
PDMS pieces were first exposed to an oxygen plasma generator
for 30 s to activate the surface for annealing. The PDMS
materials were then pressed together and placed in an oven for
24 h at 37 °C. The average bond strength of the thiol—acrylate
materials containing 40% and 60% excess monomer were

o) W | )

Figure 7. Images of experimental orthogonal delamination failure results, (a) 20% excess monomer, (b) 40% excess monomer, and (c) 60% excess

monomer.
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oxygen plasma for 30 s and (b) 2.5 months showing only native PETA-co-TMPTMP.

comparable to that of two PDMS materials bonded using the
oxygen plasma treatment. Therefore, a thiol—acrylate micro-
fluidic device could be prepared with the same bond integrity as
that of a PDMS device without the need for expensive
instrumentation such as an oxygen plasma generator.

The excess monomer concentration present due to the
employed partial polymerization technique did not significantly
alter the material properties of the resulting product. However,
if the materials were slightly affected by this excess monomer, it
has been illustrated that the material properties can easily be
manipulated. Changes in the cross-link densities of these
materials via amine concentration manipulation can produce
materials with various material properties.

Native Contact Angles. One of the most useful properties
of this copolymer material in terms of microfluidic applications
is its stable hydrophilic surface. Hydrophilicity is a very useful
and sometimes necessary 5progperty of microfluidic devices for a
multitude of reasons.”™>>™>* One obvious advantage is the
wettability of the surface. A hydrophilic surface allows for the
passage of aqueous materials down small microchannels (or
nanochannels) with little force as opposed to small hydro-
phobic channels.>’ Some polymer materials used in micro-
fluidics can be modified to allow for lower contact angles, such
as oxygen plasma treatment to PDMS,* which results in drastic
decreases in the water contact angle. However, the surfaces of
these oxygen plasma treated samples are not stable beyond a
few days and eventually return to their hydrophobic state.*’
Therefore, a stable microfluidic device is a highly desirable
novel feature, as this would facilitate a prolonged shelf life. The
water contact angles of these native thiol—acrylate copolymers
were observed to range from ~60 to 65° regardless of the time
elapsed after polymerization or the trithiol concentration.
Supplemental Figure 4ab, Supporting Information, visually
illustrates a water droplet on a native PDMS surface and on a
native PETA-co-TMPTMP surface, respectively. It was obvious
from the optical microscopy images that the thiol—acrylate
surface was much more hydrophilic (wettable) compared to the
PDMS substrate.

The native PDMS surface had a hydrophobic water contact
angle of ~115° as opposed to the hydrophilic thiol—acrylate
native contact angle of ~60°. Figure 8 illustrates the water
contact angles of native PDMS, oxygen plasma treated PDMS,
and PETA-co-TMPTMP as a function of time. Native PDMS
had a hydrophobic surface with a water contact angle of ~115°
that remained constant for 2 weeks (Figure 8a). A PDMS
sample exposed to oxygen plasma for 30 s showed initial
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hydrophilicity, having a water contact angle of <20°
immediately following the oxygen plasma treatment. This
hydrophilicity was only transient, however, as the surface
quickly recovered back to its hydrophobic state with a contact
angle of ~70° after 1 day, >90° after 2 days, >100° after 1 week,
and >107° after 2 weeks (Figure 8a). The PETA-co-TMPTMP
sample, on the other hand, exhibited a stable hydrophilic
surface with an initial water contact angle of ~60° that
remained constant within 6° over the same 2 week time period
(Figure 8a).

The surface of the native PETA-co-TMPTMP material was
monitored for ~2.5 months to determine the longevity of its
stable surface (Figure 8b). Throughout the extended study, the
water contact angle remained constant within 6° for 2.5
months. The initial average water contact angle on day 1 was
61°, and the final average water contact angle on day 77 was
60°. Therefore, it was proven that this native thiol—acrylate
microfluidic material could have a shelf life of at least 2.5
months, and there was little reason to expect any variations in
the surface for even longer periods of time.

The native water contact angles were also determined as a
function of monomer concentration. This was a crucial factor in
correlation with the bonding of the material. Because the
materials were bonded using an excess monomer method, it
was important to know the effect of the monomer
concentration on the surface properties of the material. This
data can be found in the Supporting Information. The water
contact angle was observed to be independent of the
concentration of trithiol incorporated. This proved that the
method used to bond the two surfaces did not negatively affect
the surface properties of the material with respect to
hydrophilicity.

Water Mass Uptake of Native PETA-co-TMPTMP
Materials. Due to the hydrophilic nature of these native
thiol—acrylate materials, some water mass uptake was expected.
It was important to determine the water mass uptake as this
could alter the size of the microchannels over time. This
“swelling” could also be very beneficial as smaller dimensions
could be obtained via shrinkage of the microchannels to
produce even nanodimensions via a postprocessing swelling
technique. The native thiol—acrylate samples were completely
submerged in distilled water, removed and weighed periodi-
cally, and again submerged repeatedly for a lengthy 4-month
study. The water mass uptakes at various time intervals and
different amine catalyst concentrations were determined. This
data can be found in the Supporting Information. For samples
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Figure 9. Images of final, annealed PETA-co-TMPTMP microfluidic devices attached to inlet capillaries (top left and top right) and an aqueous
methyl orange solution being pumped through a final, annealed PETA-co-TMPTMP microfluidic device (bottom left and bottom right).

containing 1.35 mol % DEA, after 30 min of water exposure
time, an average mass increase was documented at 0.19%. From
there, the percent mass uptake increased over time to 0.80%,
1.0%, 1.5%, and 3.1% after 1 day, 2 days, 12 days, and 4
months, respectively, when 1.35 mol % DEA was used. Because
normal microfluidic applications involve only short transient
interactions with aqueous solutions, only the water mass uptake
at relatively low water exposure times were relevant. It was
concluded that the water mass increases associated with these
native thiol—acrylate materials were negligible as the material
absorbs <1% of its mass after 2 days fully submerged in water.

There was a correlation between the water mass uptake and
the concentration of the amine catalyst at long submersion
times. No change in the mass uptake was observed, within the
standard deviation, of samples containing different concen-
trations of amine when submerged in water for 2 days or less.
However, at submersion times >12 days, there was an increase
in the water mass uptake with an increase in the amine
concentration. The average mass uptake for samples containing
2.65 mol % DEA was 2.1% after 12 days and 6.0% after 4
months. This was expected as an increase in the concentration
of the amine caused a decrease in the average functionality of
the system and thus a decrease in the cross-link density of the
material. Because the hydrophilic material was less cross-linked
at higher amine concentrations, more water could inter-
penetrate the network causing an increase in the mass uptake
over time. Even at the higher concentration of amine, there was
still very little mass increase at submersion times of <2 days.
After 2 days of full submersion time, the material containing
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2.65 mol % DEA experienced a mass increase of 1.2%.
Regardless of the amine concentration, there was little, if any,
substantial water mass increase over the time period of interest
for microfluidic applications using this native thiol—acrylate
material.

Solvent Mass Uptake of Native PETA-co-TMPTMP
Materials vs Native PDMS. It was desirable to know how the
thiol—acrylate materials would react in solvents that typically
cause severe swelling of PDMS. The native thiol—acrylate
samples as well as PDMS pieces of the same dimensions were
completely submerged in cyclohexane, hexane, or triethylamine,
removed and weighed periodically, and again submerged
repeatedly for a 1-week study. The solvent mass uptakes at
various time intervals can be found in Supplemental Figure 7,
Supporting Information. It was clearly noted that the thiol—
acrylate materials experienced far less solvent uptake in each
solvent studied. For example, after 30 min of exposure to
cyclohexane, hexane, and triethylamine, the PDMS had
experienced average mass increases of 65%, 62%, and 50%,
respectively. The PETA-co-TMPTA samples, on the other
hand, experienced only 0.2%, 0.05%, and 0.02% when exposed
to cyclohexane, hexane, and triethylamine for 30 min,
respectively. After 1 week of triethylamine exposure time,
PDMS illustrated a 550% increase in mass while PETA-co-
TMPTMP experienced only 1.4% mass increase under the
same conditions. It was concluded that the thiol—acrylate
materials were much more resilient in terms of solvent
resistance. Regardless of the solvent utilized, the PETA-co-
TMPTMP greatly outperformed the PDMS in terms of solvent
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Figure 10. Fluorescent images of PETA-co-TMPTMP microfluidic devices containing an aqueous fluorescein isothiocyanate (FITC) solution.
Photographic images of microchannels containing the FITC solution are shown on top and bottom left and top right, and a fluorescent microscopy

image is shown on the bottom right.

resistance. This could be very beneficial in the field of
microfluidics as solvent limitations normally experienced by
other elastomeric materials could be eliminated.

Final, Bonded PETA-co-TMPTMP Microfluidic Devices.
Multiple final microfluidic devices were prepared using the soft
lithography technique coupled with the partial polymerization/
excess monomer annealing technique. Some of these devices
are shown in Figure 9. Prior to the bonding process, holes were
drilled in specific places on the half of the device containing the
microchannels via a drill press and a small drill bit. This drilling
step produced holes used to attach capillaries by which the fluid
would be introduced to the microfluidic device. Blunt needles
bent at 90° angles, over which rubber tubing was stretched,
were inserted into the holes, and a rapidly curing, two-part
epoxy was used to append the needles and capillary tubing to
the microfluidic device (Figure 9 top right). These capillaries
were used to push aqueous fluids easily through the small
hydrophilic microchannels. In some cases, polyether ether
ketone (PEEK) flexible, thermoplastic tubing with an outside
diameter (OD) approximately equal to the internal diameter
(ID) of the predrilled holes was inserted directly, without the
support of a blunt needle and requiring no epoxy to append the
tubing to the device (Figure 9 bottom). An aqueous methyl
orange solution was easily flowed through the microchannels.
Both the epoxy-bound rubber/blunt needle capillary micro-
fluidic device and the PEEK tubing device showed no signs of
leakage. These images in Figure 9 illustrate the successful
production and application of proven, stable, hydrophilic thiol—
acrylate microfluidic devices capable of flowing aqueous
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materials down small microchannels with no leakage of the
aqueous solution from the microfluidic device.

Fluorescence Microscopy Potential and Capabilities.
As fluorescence microscopy is an important tool in the field of
microfluidics,** ™" it was nearly imperative that the thiol—
acrylate materials have the potential to be used in such
fluorescence experimentation. To prove their capabilities, an
aqueous fluorescein isothiocyanate (FITC) solution was flowed
through the microfluidic device and observed using simple
photography and a fluorescence microscope.

Figure 10 illustrates multiple photographic images (top and
bottom left and top right) of the microchannels fluorescing
under the light source causing the green coloring effect. The
bottom right picture in Figure 10 illustrates a fluorescent
microscope image showing the microchannel fluorescing on a
microscopic scale. This indicates that fluorescence microscopy
could be used to analyze aqueous specimens when flowed
through these thiol—acrylate microfluidic devices.

B CONCLUSIONS

Novel, cost-efficient thiol—acrylate microfluidic devices with
native stable hydrophilic surfaces were prepared via a soft
lithography technique in less than 24 h at room temperature
and ambient pressure without sophisticated instrumentation.
This research was fueled by the strong need for stable
hydrophilic surfaces in a field of microfluidics that is dominated
by other complicated and expensive techniques that require
modification to achieve only transient surface energies. The
chemistry employed to produce these polymeric materials
involved two consecutive Michael additions. An in situ tertiary
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amine catalyst molecule was first prepared via the Michael
addition of a secondary amine to a trifunctional acrylate. This
molecule was then used as both a catalyst and a comonomer in
an amine catalyzed thiol—acrylate Michael reaction. Because the
catalyst molecule was incorporated into the polymer network,
there was no need to remove it in the final steps of the reaction,
making this reaction very beneficial for biological analysis. The
kinetics of these reactions illustrated that the gel time of the
systems could be manipulated depending on the amine
concentration but only to a certain extent. The gel times for
these materials ranged from 2 h to <20 min. The kinetic studies
provided here also proved that these reactions proceeded to
extremely high conversion, which is a normal aspect of amine-
catalyzed thiol—acrylate reactions. This high conversion is
another beneficial facet of the reaction in terms of biological
assays as high conversion translates into fewer small-molecular
weight free monomer molecules capable of escaping and
disrupting biological processes.

It was found in this study that many of the properties of the
material could be manipulated via a change in the amine
concentration. Due to the in situ nature of the catalyst used in
this system, an increase in the amine concentration resulted in a
decrease in the cross-link density. The cross-link density
affected many of the material properties such as strength,
flexibility, and glass transition temperature. The strength and
flexibility of the materials were found to be adequate, and the
glass transition temperatures indicated an applicable temper-
ature range for microfluidic assays. These novel thiol—acrylate
microfluidic materials were bonded via a partial polymerization
technique utilizing excess monomers on opposing sides and the
same versatile thiol—acrylate chemistry and in situ tertiary
amine. This added another advantage, as other techniques
require expensive equipment for bonding of microfluidic
devices. The strength of the bond was investigated via
orthogonal delamination analysis, and it was concluded that
40% excess monomer on either surface was adequate to
produce a bond strength comparable to that of PDMS surfaces
bound by a traditional oxygen plasma surface activation
technique.

These hydrophilic PETA-co-TMPTMP microfluidic devices
exhibited native water contact angles between 60 and 65°. The
native high-energy surfaces were found to be extremely stable
for at least 2.5 months. This is extremely beneficial for
microfluidic applications as it allows for microfluidic devices
with long shelf lives. The thiol—acrylate materials were found to
be highly resilient in both aqueous and organic solvents,
demonstrating low solvent uptake over extended periods of
time. The replication efficiency of these materials via soft
lithography was found to be extremely high with capabilities of
reaching structures even smaller than those utilized in this
study. Final devices were prepared and observed via
fluorescence microscopy. It was concluded that these devices
perform very well when fluorescent dyes are flowed though the
microchannels, and they are capable of being used in
fluorescence microscopy studies, which are useful in the field
of microfluidics.

B ASSOCIATED CONTENT

© Supporting Information

Detailed procedures used in this research; NMR data
supporting the production of the in situ bound catalyst as
well as FTIR data supporting the second Michael addition and
the monomer conversion; further hydrophilicity, solvent
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uptake, and channel replication. This information is available
free of charge via the Internet at http://pubs.acs.org/.
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