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ABSTRACT: It is always preferred to perform chemical processes in
liquid or gas phases because of the merits of operation convenience,
reaction efficiency, and component homogeneity. However, tremendous
efforts have to be made to purify the final product and minimize
procedure losses unless a well-defined chemical mechanism is found.
Herein, an unconventional chemical functioning system accommodating
molecule-in-pseudosolid manipulation is reported. It entails the proper-
ties of enhanced molecular effective collision and directional guidance for
delicate chemical reaction spatial controls. This design achieves facilitated
rates on multicomponent chemical reactions with pros of unique
simultaneous final product separation through intrapseudosolid spatial
limitation. Localized homogeneous component mixing, pronounced molecular collision, and pure product separation happening in
this action surmount the obstacles of conventional chemical operation with a straightforward sketch. A path toward fine chemistry is
therefore paved, where traditional thoughts on beneficial reaction environments may be reconsidered.
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■ INTRODUCTION

Chemical reactions are often performed in liquid or gas phases
because the molecular mixing homogeneity is more control-
lable, the reaction rate is higher, and the operation of the
experiment is more convenient. Because of the expected
incomplete reactions or side product generation in a chemical
process, additional posterior treatments, such as component
separation and product purification, are always required.
Tedious steps of the condition optimization and potential
loss of the products, unfortunately, are therefore unavoidable
unless a dedicated chemical mechanism is found. Unlike the
other two commonly adapted matrices, solid medium is always
less preferred for committing chemical reactions because the
molecular moving speed is much slower and the species
collision behavior is hard to control. These obvious drawbacks,
therefore, highly restrict possibilities of utilizing a solid phase
matrix for chemical operations not only in trace amount
synthesis, but also for mass production. In this report, an
unconventional interface approach for straightforward chem-
ical reactions via the molecular behavior regulation in the
pseudosolid phase is demonstrated. This strategy can over-
come the aforementioned obstacles and achieve efficient
chemical reactions with simultaneous product separation
through a chromatography-like behavior in the matrix.
The main concept of this approach lies in a delicate control

of spontaneous molecule net movements in solid-mimicking
phases, i.e., the molecular diffusion commonly observed in
daily life. The first scientific model to understand this behavior
was provided by Thomas Graham in the 19th century, which
describes the relationship between matter mass and its

corresponding transportation in the gas phase.1,2 Adolf Fick
thereafter depicted the first general diffusion effect illustration
suitable for solid, liquid, and gas media via flux of molecules
over a spot respect to time, which can be used not only in the
steady-state condition but also in the non-steady-state
condition.3,4 Integrating with Brownian motion theory,
Stokes−Einstein’s equation further reveals the relationship
between the diffusion coefficient and other physical properties
by a spherical particle in the liquid phase model. Important
parameters, such as temperature, viscosity, and the particle
radius, are included in the equation, which settles the modern
atomistic theory of diffusion and can now be used for most
circumstances under appropriate modifications.5−7 This basic
equation representation is described as follows:

πη
=D

k T
r8

B
3

where D is the diffusion constant, kB is the Boltzmann’s
constant, T is the absolute temperature, η is the dynamic
viscosity, and r is the radius of a spherical particle.
To date, this description has been recognized as one of the

most widely used formulas for investigating particle distribu-
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tion in a sophisticated matrix, which can provide suitable
display of the matter moving behavior under divergent
circumstances, such as minute sample extraction, interface
molecular recognition, and cell biology metabolism.8−13

Although a variety of diffusion-based approaches have
helped construct useful models for modern scientific and
engineering issues, considerable attention has mainly been paid
on liquid or gas environments. There is limited literature on
solid-phase integrated diffusion systems, and related studies are
constantly lacking mutual connections between fundamental
understanding and practical application. However, molecular
diffusion behavior in the solid-related phases plays a
tremendous role in numerous experimental designs and may
lead to unexpected effects if treated negligently. For example,
various small molecules or organic solvents present obvious
permeability toward cross-linked polydimethylsiloxane
(PDMS) polymer conjugated networks (defined as pseudo-
solid in the study). The aforementioned phenomenon leads to
significant experimental biases, including change of solution
concentrations in microfluidic devices and obvious cell culture
media composition disturbances.14,15 To avoid these undesir-
able interferences, we devoted huge efforts to reducing
penetration of molecules into polymer networks, such as
plasma treatment blocking,16 selective surface coating,17−20

and interspace material filling.21 Meanwhile, several corre-
spondent experiments were testified and pointed to important
factors involved in this matter transportation process, including
molecular weight and size,22 analyte concentration,23 system
temperature,23,24 and solvent solubility.16 Instead of prohibit-
ing diffusion induced disadvantageous behavior, this unavoid-
able manner, on the contrary, may be considered as a useful
tool for operations at the molecular level. For instance, PDMS

can be used to absorb small hydrophobic molecules from an
oil−water mixture to achieve target analyte extraction.25 A
reversed operation was also demonstrated, where PDMS can
act as a drug storage medium for subsequent diffusion-driven
releasing processes.26,27 Despite the aforementioned possibil-
ities, diffusion-based techniques in solid-related phases are still
highly limited because of the challenges, such as effective
tendency prediction and delicate spatial precision control, in
these systems.
Standing on previous knowledge of molecular diffusion in a

solid-related phase, the current design utilizes spontaneous
solvent penetration as the driving force for the migration of
reactants into pseudosolid polymer networks. This phenom-
enon creates a gradient molecular distribution within confined
regions, and the resulting disparate reactant moving fronts are
guided for directional overlapping to ensure specific chemical
reaction occurrence at the joint diffusion boundary. Impor-
tantly, this interfacial process restricts the random movements
of precursor molecules and reaction products as in gas or liquid
phases, and the discrete separated component bands can be
obtained directly at the end of operation. Taking advantage of
this straightforward action and the delicate molecular move-
ment controls, chemical reaction products can be simply
extracted from band slices without the sophisticated
purification commonly required in liquid/gas media-based
methods.

■ DISCUSSION
When concentration variance happens between two spots,
molecules tend to move from a more crowded environment to
a less dense position to seek thermodynamic equilibrium,
which plays an essential role in many physical, chemical,

Scheme 1. Schematic Illustration of the Spatial Concentration Distribution Map of (A) Single-Source Ideal Solution Diffusion
Behavior; (B) Double-Source Ideal Solution Diffusion Behavior; Corresponding 2D Form of (C) Single-Source and (D)
Double-Source Concentration Distribution
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biological, and engineering processes.28 As depicted in Scheme
1, the spatial concentration distribution map of a single-source
ideal solution based on Fick’s diffusion law is demonstrated.
The central part of this map represents the highest substance
concentration, where the three-dimensional diffusion effect
induces a final bell-shaped distribution within a period of time.
This Gaussian-like concentration gradient distribution is
attributed to the thermodynamics-driven molecular equili-
brium seeking phenomenon between higher and lower
substance levels in a matrix being preferentially terminated
before the balanced system formation.29 When two separated
sources are present in the system, comparably, independent
bell-shaped concentration gradients occur and an obvious
spatial intersection is observed. At this interface region, a
spontaneous molecule distribution overlapping play induces
localized homogeneous elements mixing, and an integrated
dual-cone spreading is pronounced. This molecule enriched
interface describes an enforced molecular level collision at the
diffusion fronts encountering boundary, which implies a
regionally confined chemical mechanism.
To investigate the feasibility of molecular diffusion behavior

controls in a pseudosolid phase, a PDMS-based model system
with 7-amino-4-methylcoumarin as the diffusing target
molecule and toluene as the carrying solvent was first testified.
As shown in Figure 1A, 7-amino-4-methylcoumarin molecules
diffuse from the edge of a liquid reservoir to enter the
pseudosolid PDMS phase, where their traveling distance is
dependent upon the system operation duration. This behavior
can be quantified by defining a diffusion velocity parameter Q,
which is equal to dx/dt, representing the diffusion front
moving distance per time period. In a liquid or gas matrix
environment, individual molecular movements are highly
related to particle size and mass. This particle dimension

dependent phenomenon is similarly observed when molecules
with different molecular mass diffuse from a liquid phase to
another solid related matrix, carried by the same solvent within
a specific period of time (Figure 1B). A descending trend in
diffusion front moving distance was observed, following the
molecular mass order: 4-hydroxybenzoic acid <7-amino-4-
methylcoumarin < terphenyl < Nile red < curcumin. This
indicates an inversely proportional relationship between Q and
molecular mass as shown in the inset. Another important
parameter in molecular diffusion is operation system temper-
ature, which is related to the kinetic energy of a moving
molecule. As shown in Figure 1C, an increasing diffusion front
movement was consistently observed when the system
temperature rose from 40 to 50, 60, 70, and 80 °C,
individually. A proportional relationship between Q and
temperature is therefore obtained (in the inset), indicating
an accelerating molecule transportation when a higher energy
is provided in the environment.
Different from the spontaneous diffusion behavior in the

liquid or gas phase, a carrying solvent is always required to
achieve efficient analyte movements in a pseudosolid matrix. A
variety of organic molecules have been investigated, where
characteristics including cohesive energy density, hydrogen
bonding capability, and molecular polarity were found to be
dominating their entrance into PDMS networks.16 Under the
circumstances of fixed analyte (7-amino-4-methylcoumarin)
and system temperature (20 °C) parameters, various solvent
molecules including toluene, ethyl acetate, acetone, ethanol,
methanol, and water were therefore selected to examine the
overall molecular difference effects on the solvent-triggered
PDMS entrance capability. Blue fluorescent 7-amino-4-
methylcoumarin was used to assess the solvent diffusion
velocity in the pseudosolid system because of the transparency

Figure 1. Molecular diffusion behavior and important affecting factors in the pseudosolid PDMS matrix. (A) Diffusion of fluorescent 7-amino-4-
methylcoumarin into PDMS after 10, 30, and 60 min of operation (from top to bottom) observed by an optical microscope. (B) Diffusion front
moving distance of different analytes with time. Inset: change in Q versus molecular mass. (C) Diffusion front moving distance of 7-amino-4-
methylcoumarin at different temperatures with time. Inset: change in Q versus system temperature. (D) Diffusion front moving distance of 7-
amino-4-methylcoumarin with time when different carrying solvents are used. (E) Relationship between Q and the relative polarity of carrying
solvents when 7-amino-4-methylcoumarin is used as the diffusing analyte. The inset shows the enlarged part of the gray background area. The error
bars indicate the standard deviation (N = 3).
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of tested solvents. With the use of higher-polarity solvent
molecules, a reducing diffusion front movement was observed
(Figure 1D), following the order of toluene (0.099) > ethyl
acetate (0.228) > acetone (0.355) > ethanol (0.654) >
methanol (0.762) > water (1.000).30 This observation points
to a higher tendency of analyte entrance into PDMS networks
when a less-polar carrying solvent was employed in the process,
which follows an obvious inversely proportional trend.
Interestingly, an apparent conversion point (ethanol in this
case) is observed when the system is operated at 20 °C, and a
nonsmooth Q/relative polarity curve is obtained (Figure 1E).
It is believed that this negative bias from a predicted behavior

is attributed to the activation energy requirement for the target
analytes to enter pseudosolid phase PDMS by carrying
solvents.31 An elevated system temperature is known to
provide higher kinetic energy to mobile molecules,32 and a
smoothly fitted Q/relative polarity curve is therefore expected.
As shown in the Figure 1E inset, the ethanol molecule presents
lower experimental Q values toward the inversely proportional
trend between Q and solvent relative polarity. Meanwhile,
higher temperatures deliver larger Q values and better fitted
inversely proportional tendencies are obtained, which should
be relevant to the PDMS entrance activation energy. According
to Fick’s first law, the diffusion coefficient is proportional to

Figure 2. Diffusing and mixing of multiple fluorescent analytes with time from different sources monitored by a microscope. (A−C): 3000 × 2300
μm2 photo images showing a 3.14 × 106 μm2 circular observation window in the middle. (A) Diffusion of curcumin (with green fluorescence) and
Nile red (with orange fluorescence) from two opposite directions. (B) Diffusion of 7-amino-4-methylcoumarin (with blue fluorescence), Nile red
(with orange fluorescence), and curcumin (with green fluorescence) from three independent sources. (C) Diffusion of curcumin (with green
fluorescence) from two diagonal sources, with Nile red (with orange fluorescence) diffusing from the other adjacent two. (D) Image color analysis
of A, where different colors (green represents curcumin and orange represents Nile red) are transferred into corresponding spatial intensity
distribution. With the increase in diffusion duration, the overlapping area of two different color profiles rises, indicating a higher level of two
components’ mixing.

Figure 3. Demonstrations of using PDMS as a pseudosolid phase selective chemical reaction platform for providing straightforward experimental
operation and high purity products. (A) Illustration of the PDMS-based diffusion-driven reaction device. Two isolated reservoirs are created and
reactants are allowed to freely diffuse when the process initiates. The diffusion moving fronts deliver limited quantities of analytes, and chemical
reactions can happen at the restricted encountering interface area efficiently. (B) The fluorescence image showing an opal region where diffusion
fronts of ninhydrin and proline from two opposite directions overlap, indicating a successful ninhydrin test result in this design. (C) Diels−Alder
reaction and (D) aldol condensation tests, where NMR spectra of chemical reaction products collected from PDMS slices at reaction regions are
examined. Pure products without reactant residues indicate the advantageous property of this approach. (E) Identical Diels−Alder reactions are
employed in PDMS devices prepared by different polymer base/curing agent ratios, including 5:1, 10:1, and 20:1. Different relative molecular
quantity profiles represent network polymerization effects in this system.
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the squared particle diffusion velocity and is dependent upon
the system temperature. The activation energy of different
solvents can therefore be calculated by the Arrhenius equation
via slopes of the proportional relationship in a ln Q versus 1/T
plot (Figure S1). As summarized in Table S1, the highest
PDMS entrance activation energy is required for ethanol
solvent molecules. This result represents an inefficient energy
for the solvent to overcome the interphases transportation
energy barrier at 20 °C, which is consistent with the negative
bias phenomenon observed in a Q/relative polarity curve. With
the rise of system temperature, consequently, this energy
barrier can be overcome to reach higher Q values, and a better
inversely proportional Q/relative polarity relationship is
fulfilled.
Under the presence of a more sophisticated system, i.e.,

multiple initial sources, the organic solvent-triggered analyte
molecular diffusion phenomenon can be relatively complicated.
As demonstrated in Figure 2, two, three, and four source spots
were used to reveal the conjugated fluorescent analyte
interactions inside PDMS when introduced via molecular
diffusion by the toluene solvent. This visual examination
applied analytes, including curcumin and Nile red for the two
sources test (Figure 2A); curcumin, 7-amino-4-methylcoumar-
in, and Nile red for the three sources test (Figure 2B); and
curcumin with Nile red for the four sources test (Figure 2C).
At the initial stage, the distinct and pure color fluorescence

signal edge is found to belong to a specific molecule.
Movements of fluorescent molecules driven by the organic
carrying solvent with time result in expanding edge fronts and
finally produce an overlapping area rendering a color mixing
effect. These analytes mixing induced color fluctuation can also
be quantified by a position-dependent color profile of each test,
where a longer diffusion period is found to produce elongated
and extensive color cohesion (Figure 2D).
Inspired by the aforementioned multicomponent mixing

effect in a diffusion system, we envision a pseudosolid phase-
based chemical reacting platform capable of providing
straightforward experimental operation and high purity
products. This design enables efficient reactions happening in
a confined matrix, where individual reactants travel into a
localized region via molecular diffusion carried out by mobile
solvents, as depicted in Figure 3A. Because of the presence of
molecular concentration gradients in a diffusion phenomenon,
molecular moving fronts carrying a small number of reactants
encounter at the limited boundary space. The continuous and
limited supply of reactants facilitates effective molecular
collision in the confined region, resulting in pronounced
chemical process completion. Since movements of molecules
in a pseudosolid matrix are spatially restricted, the directional
guidance provided by carrying solvents avoids random transfer
of both reactants and products. Furthermore, unreacted
molecules cannot cross over the intermediate reaction zone

Figure 4. Investigation of the chemical reaction rate increase in the pseudosolid phase. (A, B): Identical representative Diels−Alder reactions
operated (A) in the pseudosolid phase PDMS matrix and (B) in the liquid phase toluene system. A comparably lower temperature is required to
initiate chemical reactions (marked by dash circles) in the pseudosolid phase. (C) Nile red solution fluorescence reduction rates with and without

the presence of a PDMS cube in the solution. The reduction rate is defined as
− 100%F F
F

t 0

0
, where F0 and Ft denote the solution fluorescence

intensity at initial and different time periods, respectively. (D) Solvent mass reduction rates in liquid and pseudosolid phases under different

temperatures. The mass reduction rate is defined as
− 100%W W
W

t 0

0
, where W0 and Wt represent the weight at initial and different time periods,

respectively.
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when entering this area because of the enforced reacting. High-
purity product generation and accumulation is therefore
expected and should be allocated within a middle position in
the pseudosolid matrix.
To obtain process produced pure substances, the pseudo-

solid phase reaction zone is cut out and dipped into solvents
for direct matrix-trapped component extraction. For the
convenience of experimental observation, a widely used
ninhydrin test for amine moiety recognition is adopted to
verify the described pure product generation in a pseudosolid
matrix.33 As shown in Figure 3B, ninhydrin and proline are
introduced from separate source spots, where the secondary
amine in a proline structure should react with ninhydrin to
produce colored species at the encountering interface of the
moving fronts. The obvious product generation region marked
by the dashed line in Figure 3B indicates that the molecular
diffusion in a confined space can not only provide efficient
components mixing effects but also enforce chemical reactions
to occur. Importantly, this phenomenon is extendable toward
different reactions to achieve pure chemical production. In

Figure 3C, D, representative Diels−Alder reaction and aldol
condensation, respectively, are tested under the same
operation processes in this pseudosolid phase system. The
generated products extracted from the PDMS matrix with no
need of further purification are also found pure without
reactant residues under NMR spectrum characterization. It is
therefore concluded that diffusion fronts deliver limited
quantities of molecules to initiate efficient chemical reactions
happening in a confined region and yield high-quality products
without excess precursors, whereas the slow movement of the
analyte helps the separation of the product and the excess
precursors. Unlike the high dilution method, where a desired
chemical reaction is promoted through a low concentration
reactant usage, high-quality products are produced in this
operation due to the excess precursor prior segregation.
The molecular diffusion behavior in solid-related phases,

however, always suffers from the property of slow movements,
which hinders its practical application. Fortunately, this
disadvantageous effect can be overcome by polymer network
porosity adjustments in our operation. As demonstrated in

Figure 5. Achievements of effective and complicated multicomponent chemical reactions, with the simultaneous separation of final products in this
diffusion-driven pseudosolid matrix-based chemical reaction platform. A strain-promoted azide−alkyne cycloaddition (SPAAC) process between
fluorophore-tethered alkyne (Cy5-BCN and Cy3-BCN) and azide (azido-amine) is utilized as the model reaction. Both Cy5-BCN and Cy3-BCN
are introduced into the pseudosolid PDMS system from the left-hand side, and azido-amine is brought in from the right. Monitored by a
fluorescence microscope, images are collected from the red (Cy5, Excitation/Emission: 620 ± 25/690 ± 25 nm) and the yellow (Cy3, Excitation/
Emission: 540 ± 15 nm/605 ± 25 nm) channels, and a merging of the two is also produced. As evidenced from the fluorescence images, the
produced final products are simultaneously separated into two bands at the end of operation.
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Figure 3E, different PDMS polymerization recipes are tested
including 5:1, 10:1, and 20:1 of polymer base/curing agent
ratio.34 Under the same diffusion-driven Diels−Alder reaction
operation mentioned in Figure 3C, relative molecular
quantities of reactant species from two opposite entrance
sides are all showing decreasing trends toward the central
molecule encountering interfaces. It is interesting to note that
steady reaction product quantity platforms presenting in the
middle region follow the trend of 20:1 > 10:1 > 5:1, indicating
more product generation in a less-polymerized matrix under
the same experimental condition and time frame. Furthermore,
wider reaction product platform distributions are also found
following the same changing tendency, which is consistent with
faster molecular movements in a looser polymer network. Both
higher production results and faster reaction speeds observed
here point to controllable and achievable efficient chemical
reactions, which can resolve the conventional concerns in a
solid-related phase system.
Despite the convenient design and high-quality product

generation, a reaction rate increase is expected when chemical
processes are operated in a pseudosolid phase system. This
anticipation is based on the spatial limitation in polymer
networks, where reactant molecules are confined within a
specific space and effective intermolecular collision frequencies
are raised. As depicted in Figure 4A, B, Diels−Alder reaction
experiments in this pseudosolid phase and a liquid phase are
performed in parallel, and their corresponding product
generations is monitored by IR spectroscopy, respectively.
For Diels−Alder reaction performed in the pseudosolid phase,
the PDMS cube is preimmersed into the reactants containing
toluene solution for 30 min before reaction initiation to
eliminate slow diffusion factors during the process. Three
characteristic peaks are found at 3050, 3000, and 2950 cm−1,
which are attributed to C−H aromatics vibrational stretching,
C−H alkene vibrational stretching, and C−H alkane vibra-
tional stretching, respectively.35 Notably, both reactants and
products give peaks at 3050 and 3000 cm−1, where the peak at
2950 cm−1 is the sole contribution from the final product and
is selected as the monitoring target. Because of the heating
operation in the Diels−Alder reaction, identical experiments
under different temperatures are independently performed in a
PDMS cube (Figure 4A) and in a liquid toluene solvent
(Figure 4B). In these experiments, the main force of molecules
mixing is diffusion-driven mass transfer rather than convection.
It is obvious that under 3 min of reaction time, successful
product generation starts from 120 °C in a pseudosolid matrix,
whereas a 160 °C operation is required in the liquid solvent
environment. As the reaction still proceeds at 120 °C but with
a much lower rate (Figure S2), this phenomenon could be the
result of a kinetic increase in reaction rate. Nonetheless,
through calculating the activation energy values of this reaction
in PDMS and in liquid toluene, it is found that the PDMS
matrix indeed offers activation energy that is a magnitude
lower in this process. Both effects are therefore believed to be
sources of the observed interesting behavior in PDMS.
Two unique properties of the PDMS matrix have been

hypothesized to further understand the mechanism behind the
observation. First, hydrophobic molecules tend to diffuse into
and be retained by PDMS, resulting in molecule accumulation.
To verify this hypothesis, a PDMS piece is immersed in Nile
red alcohol solution and the solution’s fluorescence intensity is
monitored. As evidenced in Figure 4C, the Nile red content in
the solution decreases with time when the PDMS cube is

present in the solution. On the contrary, the Nile red quantity
in a solution stays constant without the PDMS piece. Second,
the solvent evaporation rates in pseudosolid and pure liquid
phases are assumed to be different.36 For comparison, the
differences in solvent mass reduction between a PDMS cube
saturated with ethanol and a pure ethanol solution are
monitored under different temperatures (Figure 4D). The
ethanol mass loss rate in PDMS is found to be much higher
than in the liquid phase, presumably caused by the capillary
effect at the PDMS/atmosphere interface.36 These two
experiments reveal that the PDMS matrix can not only
accumulate hydrophobic molecules from surrounding solutions
but also facilitate volatile solvent evaporation. Both factors
consequently provide a solute enriching phenomenon, which
helps promote spatial limitation for more effective molecular
collisions in the pseudosolid polymer networks.
Remarkably, the current strategy can boost more compli-

cated chemical reaction operations and, in the meantime,
commit the simultaneous separation of final products. As
shown in demonstrative click reactions performed inside
PDMS (Figure 5), two types of bicyclo[6.1.0]nonyne (BCN)
tethered with different cyanine fluorescent dyes (Cy5 and
Cy3) are introduced from the left-hand side and an azide
containing species is provided from the opposite end. During
the molecular diffusion period, three individual reactants reach
the central reaction zone and initiate the strain-promoted
azide−alkyne cycloaddition (SPAAC) to convert precursors
into a mixture of two fluorescent final products. Similar to the
molecule quantity limiting phenomenon at diffusion fronts
described above, reactants entering the confined boundary
space undergo more complete reactions, and precursor
residues are avoided. Under continuous supply of carrying
solvents from the left-hand side, the mixture of two fluorescent
products migrates inside pseudosolid PDMS networks in a
chromatography-like fashion, and a simultaneous final product
band separation is achieved at the end because of products’
different affinities toward PDMS. This exciting result reveals an
alternative strategy for perpetrating chemical reactions and
delivers a potential tool for efficient product generation
without the hassle of final treatments afterward.

■ CONCLUSIONS
In summary, an unconventional approach rendering chemical
reaction facilitation and simultaneous final product separation
properties is demonstrated. This technique adopts delicate
molecular spatial controls as the driving force to deliver
efficient chemical processes and to trigger a traceable
functioning mechanism. The introduced strategy utilizes a
pseudosolid environment to achieve molecule quantity
regulation and moving direction guidance while overcoming
regular diffusion behavior and velocity concerns in a solid-
related matrix system. For investigating fundamental properties
of the molecular diffusion phenomenon in a pseudosolid
matrix, crucial factors including molecular size effects, system
temperature influences, and carrier solvent varieties are
investigated. Compared to considering Fick’s diffusion law
parameters in a solely gas or liquid environment, executing
chemical operations in a pseudosolid phase elaborates
interphase molecular movement tracing and is highly depend-
ent upon the matrix entrance capability of carrying solvents.
This factor settles an energy barrier of matter transportation
between two phases, where an elevated system temperature
provides higher kinetic energy for molecules to fulfill the
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minimum pseudosolid phase entrance requirement. When
molecules successfully diffuse into a solid matrix, the spatial
concentration difference occurs and the formation of a
continuous descending gradient distribution delivers mini-
mized molecule quantities at its moving front. With directional
controls of these fronts in a sophisticated system, delicate
molecular transportation and effective components mixing are
achieved. Taking advantage of this straightforward operation,
chemical reactions can be triggered at the overlapping area of
these diffusion fronts. Meanwhile, this area creates a molecular
collision hot spot by limiting a certain number of molecules in
a confined region. High-quality final products with minimized
reactant residues are therefore obtained at the end of the
operation because of the enforced effective molecular
collisions. Representative chemical reactions including ninhy-
drin test, Diels−Alder reaction, and aldol condensation are
testified, which all point to similar pure product generation via
this spatial limitation-based approach. In addition to the
advantageous properties described above, facilitated chemical
reaction rate and lowered activation energy are found in this
pseudosolid system compared to a liquid-based operation,
which is believed to be induced by enhancing effective
molecular collisions. Remarkably, applying multiple compo-
nents for a complicated reaction under the same principle can
not only reach correct chemistry but also separate final
products simultaneously in the process. Because of the end
product trapping property inside a polymerized matrix, the
target portion can simply be sliced to obtain desired
substances. Based on these fascinating characters and findings,
we foresee this unique pseudosolid matrix operation system to
be further applied in fine chemistry and other extending
molecular control phenomena.

■ EXPERIMENTAL SECTION

Materials and Reagents
Anthracene and maleic anhydride were purchased from Alfa Aesar
(Lancashire, UK). Proline and ninhydrin were purchased from Tokyo
Chemical Industry (Tokyo, Japan). Potassium bromide (KBr) IR
grade, Nile red, 4-hydroxybenzoic acid, 7-amino-4-methylcoumarin,
terphenyl, and curcumin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium hydroxide was purchased from SHOWA
(Tokyo, Japan). Toluene, acetone, hexane, and ethanol were
purchased from Echo Chemical (Taipei, Taiwan). Acetic acid was
purchased from Aencore (Victoria, Australia). Ethyl acetate was
purchased from Seedchem (Melbourne, Australia). These reagents
were used as supplied unless otherwise stated. Ultrapure water (>18.2
M Ω cm−1) generated from an ELGA PURELAB classic system
(Taipei, Taiwan) was used in all experiments. SYLGARD 184 silicone
elastomer base and curing agent were purchased from Dow Corning
Corp. (Midland, MI, USA). Cy5 and Cy3 tethered bicyclo[6.1.0]-
nonyne (BCN) and 2-[2-(2-azidoethoxy)ethoxy]ethanamine click
reagents were prepared by following a reported method and
confirmed by NMR spectroscopy.37,38

Instruments and Equipment
Fourier transform IR (FTIR) spectra were obtained from Thermo
Scientific Nicolet iS5 FTIR spectrometer (Waltham, MA, USA) with
KBr pellets. Photos and microscope images were captured with Leica
D-LUX 6 digital camera and Zeiss epifluorescence microscope (Axio
Imager. M2, Carl Zeiss microscopy, Jena, Germany), respectively.
Hand-held UV lamp (6 W, UVGL-58) equipped with 254 and 365
nm of irradiation was purchased from Science Company (Denver,
CO, USA). NMR spectra were acquired from Varian 400 MHz-NMR
spectrometer (Palo Alto, CA, USA), and 1H NMR spectra were
performed in the CDCl3 solvent. UV−vis absorption spectra were
acquired from Thermo Scientific Evolution UV-220 spectrometer

(Waltham, MA, USA). Precoated silica gel 60 F254 high-performance
thin-layer chromatography (TLC) plates were purchased from Merck
(Darmstadt, Germany). Electrospray ionization (ESI) mass spectra
were obtained from Bruker micrOTOF-QII mass spectrometer
(Billerica, MA, USA).

Preparation of PDMS Cubes
PDMS cubes were prepared by thoroughly mixing the SYLGARD 184
silicone elastomer base and curing agent in a mass ratio of 10:1 and
vacuumed to remove gas bubbles. After a clear and transparent
mixture solution was obtained, the liquid PDMS was poured into a
cleaned mold and cured at 100 °C for 1.5 h with a subsequent 60 °C
overnight baking. The solidified PDMS pieces can be cut into desired
dimensions, and a fixed 10:1 elastomer base/curing agent ratio was
employed throughout the experiment unless otherwise stated.

Molecular Diffusion Behavior Monitoring in PDMS
To monitor molecular diffusion behavior and investigate important
affecting factors in the system, 0.01 mM (in toluene) of target analytes
including 4-hydroxybenzoic acid, 7-amino-4-methylcoumarin, ter-
phenyl, Nile red, and curcumin were applied. For the system
temperature effect study, 7-amino-4-methylcoumarin was used as the
model molecule and the system was operated at 40, 50, 60, 70, and 80
°C, respectively. Solvent effect studies were performed by preparing
0.01 mM 7-amino-4-methylcoumarin in toluene, ethyl acetate,
acetone, ethanol, methanol, and water, respectively. For quantification
of these diffusion processes, fluorescent microscope images were
analyzed by the MATLAB program.

Non-Reactive Multi-Component Mixing Effects
7-Amino-4-methylcoumarin, Nile red, and curcumin were prepared in
toluene with 0.01 mM for this study. A PDMS cube designed with
different numbers of liquid reservoirs was used to hold analyte liquids,
and molecular diffusion was observed after the introduction of liquids.
Photos were taken under 365 nm of UV excitation, and the obtained
images were analyzed by the ImageJ program.

Efficient Chemical Reactions in PDMS
For reaction tests in the pseudosolid phase, a PDMS cube with two
reservoirs was prepared to provide the double diffusion source system.
In the ninhydrin test, 2 mL of ninhydrin (0.08 g in 20 mL ethanol)
and 2 mL of proline (0.04 g in 20 mL of ethanol with 1 mL of 10 mM
acetic acid) were separately introduced to individual reservoirs, and
diffusion was allowed to occur under the ambient condition. After 30
min, the produced colored region can be observed by the naked eye
and recorded by a digital camera.

In the Diels−Alder reaction test, 5 mL of anthracene (0.04 M, in
toluene) and 5 mL of maleic anhydride (0.04 M, in toluene) were
introduced into two separated reservoirs. After 60 min of diffusion
induced mixing, the reactant containing PDMS cube was heated at
200 °C for 30 min. This PDMS cube was thereafter dipped into 10
mL of toluene with 30 min of sonication for product extraction. The
solution was then collected and tested by NMR for qualitative
analysis.

In the aldol condensation reaction test, 5 mL of benzaldehyde
(0.05 M, in ethanol) and 5 mL of acetone (0.05 M, in ethanol with 1
g of sodium hydroxide) were introduced into PDMS reservoirs
separately. After 60 min of diffusion induced mixing and room
temperature reaction, the PDMS cube was dipped into 10 mL of
ethanol with 30 min of sonication for product extraction. The solution
was then collected and tested by NMR for qualitative analysis.

Reaction Rates Comparison between Pseudo-Solid and
Liquid Phase Operations
The Diels−Alder reaction test was employed to understand the
reaction rate difference between pseudosolid and liquid phase
operations under the same condition. Twenty-five milliliters of
anthracene (0.04 M, in toluene) and 25 mL of maleic anhydride (0.04
M, in toluene) were first mixed and stirred for 5 min. A 1 × 1 × 0.5
cm3 PDMS cube was thereafter immersed into 2 mL of the mixture
solution for 30 min of absorption to allow complete intake of
reactants into the PDMS matrix, followed by N2 drying and 3 min of
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heating on preheated hot plate at different temperatures. After
heating, the PDMS cubes were then soaked into 3 mL of toluene for 2
h of product extraction. For comparison, the same reactions were
performed in liquid toluene without the use of PDMS. This
experiment design has eliminated the molecule diffusion rate
difference effect in two phases, and can provide a parallel comparison
of reaction rates. To identify reactants and products after reaction
operation in both phases, TLC plate spotting developments (in 2:8
ethyl acetate/hexane) were performed and monitored under 254 nm
of UV light. FTIR characterization using KBr pellets was also
employed for final product confirmation and comparison.

Reaction Rate Facilitation Mechanism Understanding
To investigate the accumulation of Nile red molecules into the PDMS
matrix, a 1 × 1 × 0.5 cm3 PDMS piece was submerged into a 0.0025
M Nile red ethanol solution. The solution’s fluorescence emission at
630 nm was monitored under different time periods and compared
with another Nile red ethanol solution without PDMS immersion. For
solvent evaporation behavior comparison tests, the weight loss of an
ethanol-saturated PDMS (presoaked in ethanol for 30 min) and an
independent ethanol solution was monitored under different temper-
atures.

Chemical Reactions with Simultaneous Product
Separation
For the convenience of observation under a fluorescence microscope,
a 0.1 × 0.2 × 0.5 cm3 PDMS piece was used in this test. Two ends of
the PDMS piece were separately introduced with the click reagent
mixture (0.01 M of Cy5-BCN and 0.01 M of Cy3-BCN in toluene)
and azido-amine (0.01 M in acetone) solutions, respectively. Two
hours of free diffusion time was allowed for complete alkyne−azide
click reaction, after which more toluene was added from the click
reagent side to separate the products, and the distribution of products
was monitored by a fluorescence microscope. (Note: The BCN used
here can react with azides to form SPAAC click reaction products under
ambient conditions without the need of metal catalyst.39) Because the
generated products were trapped inside polymerized PDMS after the
reaction, slicing of different PDMS portions can simply separate
individual components. For the confirmation of the produced
compounds, chemicals inside PDMS slices were extracted by toluene
and characterized by FTIR after rotary evaporative removal of
solvents. The disappearance of the azide characteristic peak at 2100
cm−1 reveals obvious active moiety consumption in this operation,
which is consistent with the additional mass spectrometry results,
showing successful occurrence of alkyne−azide click reaction.
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