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Abstract: Materials which selectively transport mole-
cules offer powerful opportunities for concentrating and
separating chemical agents. Here, utilizing static and
dynamic chemical gradients, transport of molecules
within swollen crosslinked polymers is demonstrated.
Using an �200 μm static hydroxyl to hexyl gradient, the
neutral ambipolar nerve agent surrogate diethyl
(cyanomethyl)phosphonate (DECP) is directionally
transported and concentrated 60-fold within 4 hours. To
accelerate transport kinetics, a dynamic gradient (a
“travelling wave”) is utilized. Here, the non-polar dye
pyrene was transported. The dynamic gradient is gen-
erated by an ion exchange process triggered by the
localized introduction of an aqueous NaCl solution,
which converts the gel from hydrophobic to hydrophilic.
As the hydrophilic region expands, associated water
enters the gel, and pyrene is pushed ahead of the
expansion front. The dynamic gradient provides about
10-fold faster transport kinetics than the static gradient.

Biological systems efficiently convert chemical energy into
work. For example, proton gradients power adenosine
triphosphate (ATP) synthesis, Na+/K+ gradients drive signal
propagation in neurons, and chemical concentration gra-
dients direct cell migration.[1] Though chemists are far from
designing such complex systems, synthetic molecular
motors,[2] molecular taxis,[3] and chemical gradients[4] have all
been shown to drive selective molecular transport along
defined pathways. Such systems have received great atten-
tion due to their potential to drive formation of nano-scale
assemblies,[5] power motion of soft robots,[6] and amplify the
signal of chemi/biosensors.[7]

Surfaces containing chemical potential gradients have
directed the anisotropic motion of liquid droplets,[8]

particles,[9] poly(propyleneimine) dendrimers,[10]

poly(ethylene glycol),[11] and adamantine-appended dye
molecules.[12] In these examples the species of interest are
transported on the surface of a solid. As examples of
transport within a material, polyacrylamide hydrogel films
containing chemical potential gradients were shown to drive
the motion of charged molecules[4c,d] including to small
patches of the sample containing nanoantenna-based sur-
face-enhanced infrared absorption sensing elements.[4b,13] In
prior work, we also showed how a travelling ionic wave
generated through reaction-diffusion processes could drive
molecular transport and concentration of charged hydro-
philic molecules entrained within a hydrogel, providing
enhanced kinetics relative to static chemical gradient
assisted directional molecular transport.[4a] Here we now
demonstrate directional transportation of neutral molecules
(one with and one without attractive interaction to the host-
matrix) within swollen crosslinked polymeric films using
both static and dynamic gradients.

A static chemical gradient embedded was utilized to
transport neutral molecules which exhibit attractive inter-
actions with the functional groups forming the chemical
gradient. In the example presented here, the gradient drove
a 60-fold concentration of diethyl (cyanometh-
yl)phosphonate (DECP) within 4 h. Then, using pyrene as
an easy to observe example, we show how a neutral
molecule without a specific chemical interaction with the gel
can be transported via a dynamic chemical gradient (a
“chemical wave”) formed by a reaction-diffusion (RD)
chemistry. Under the influence of the dynamic gradient,
pyrene was transported ten times faster than DECP was
transported in a static gradient.

The motivation for studying DECP transport is that it
contains the diethyl phosphonate group found in many
chemical warfare agents and pesticides. The ability to
concentrate such a target is attractive for improving the limit
of detection of such important compounds. DECP contains
the hydrogen bond forming P=O bond,[14] which we
suspected would lead to an attractive interaction with
hydroxyl groups when the hydroxyl groups are in a low
polarity background. We therefore selected a hydroxyl
gradient in a solvent-swollen polymer to drive the transport
of DECP. We start with a pentafluorophenyl acrylate
(PFPA) active ester-derivatized polymer (Supporting Infor-
mation Section 6.1 and 6.2). This active ester reacts with
aliphatic primary and secondary amines to form the
corresponding poly(acrylamide) derivatives providing the
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opportunity to fabricate gradients with varying
functionalities.[15] The solvent swelling the polymer is THF;
the low polarity of THF relative to water enhances the
interactions between the P=O groups and the hydroxyl
groups vs. the case if the polymer was swollen with water.

Formation of the static radial gradient starting with the
PFPA-derivatized polymers involved two steps (Figure 1a).
First, a hydroxyl gradient was formed through localized
dosing of an amine-appended hydroxyl compound onto a
film of the polymer. Upon localized dosing of this com-
pound, it diffuses radially across the film, creating a radial
concentration gradient within the gel as it reacts with active
esters in the polymer, becoming appended to the gel
backbone with amide bonds (Figure 1b).

The moderate coupling reaction rates (PFPA reacts with
hexylamine at a rate of 1.85×10� 3 s� 1 at 50 °C in THF)[15] at
room temperature allows the amine-appended molecule to
form a concentration gradient within polymer before
significant coupling proceeds. After coupling, the polymer
film is transferred to a solution containing an amine-
appended hexyl molecule, converting remaining active esters
to amide-bonded hexyl groups. The gradient shape can be
controlled during the amine-appended hydroxyl molecules
coupling reaction step by applying different localized
injection approaches (Figure 1b). Note, the polymer films
are thin (ca. 4 μm) compared to the lateral gradient
dimensions (100–150 μm), and thus, the diffusion is effec-
tively occurring in two dimensions.

To investigate the static gradient transportation behav-
ior, a nominally linear gradient is fabricated (see Supporting
Information for fabrication details). The rectangular film
contains hydroxyl groups (generated via reaction with 3-
aminopropane-1,2-diol) on one end and hexyl groups
(generated via reaction with N-methylhexan-1-amine) on
the other, with a hydroxyl-to-hexyl gradient in between. The
hydroxyl group exhibits a broad peak centered around
3000 cm� 1, (See Supporting Information 6.5) enabling the
quantification of its content at selected locations along the
gradient. All Raman spectra are normalized by the C� C
stretch of the polymer backbone at ca. 1096 cm� 1.[16] By
integrating the Raman spectra from 1000 cm� 1 to 3800 cm� 1

along the gradient, the gradient length is found as ca. 100–
150 μm (Figure 1c).

The film containing the linear hydroxyl gradient is then
dosed with DECP by spreading a 0.1 mM DECP solution in
THF on the film. The DECP cyano group exhibits a distinct
stretch peak at ca. 2250 cm� 1, enabling quantification of its
content at selected locations along the gradient. The dosed
film is left in the fume hood to evaporate the THF and
another Raman line scan along the gradient was performed
(once THF is removed, the polymer is glassy, and diffusion
of DECP is minimal). The hydroxyl group peak ν(O� H) at
3400 cm� 1 is plotted against the cyano group and it is
observed that DECP is dosed uniformly across the film
(Figure 2b). The dosed film is then transferred to a sealed
THF vapor saturated chamber, allowing the film to uptake
THF, facilitating movement of the DECP. After 5 h, a

Figure 1. Static chemical gradient formation. a) Synthetic route for appending hydroxyl and hexyl functional groups onto the polymer forming the
gradient. x+ y represents the molar percentage of pentafluorophenyl repeating units in the pristine polymer. x molar percent of pentafluorophenyl
groups were selectively replaced by amine-appended hydroxyl molecules. The remaining (y) pentafluorophenyl groups were replaced by amine-
appended hexyl molecules. b) Experimental setup for generating a localized chemical reaction to create a radially symmetric chemical gradient in
the polymer film. Details of the fabrication process can be found in Supporting Information 6.4. c) Integrated (1000 cm� 1 to 3800 cm� 1) Raman
intensity along a one-dimensional hydroxyl gradient.
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Raman line scan is performed along the gradient length to
quantify the concentration of DECP as a function of
position along the gradient.

The concentration of DECP on the hydroxyl functional-
ized side is significantly greater than the hexyl functionalized
side, suggesting DECP is transported towards the hydroxyl
functionalized side of the film area by the chemical gradient.
We suspect the primary attraction between the hydroxyl
group and DECP is due to the P=O bond in DECP, and not
the cyano group, as the P=O bond is much more polar
(electronegativity difference between P and O is 1.25 eV)
than the cyano group (electronegativity difference between
N and C is 0.49 eV), however, both groups could be
contributing.

To drive molecular concentration by the gradient, the
radially symmetric gradient (SI 6.4) is applied. The geometry
of the radially symmetric gradient is characterized using
confocal Raman spectroscopy (Figure 2e). The radius of the
OH-functionalized circular area is �1 mm with a 150–
200 μm gradient around the periphery. The length of the
gradient is comparable with that of the linear gradient.
Using an atomizer, a 0.1 mM DECP solution in THF is
sprayed on a dry film containing a radially symmetric
hydroxyl-to-hexyl gradient and the THF was allowed to

evaporate. The dosed film was transferred to a sealed THF
vapor saturated chamber, allowing the film to uptake THF,
facilitating movement of DECP. Raman spectra are then
collected at the center of the radially symmetric gradient as
a function of time (Figure 2f). The intensity of the cyano
peak increases gradually and then rapidly, until reaching a
maximum after about 3 hours. The concentration
enhancement is defined as the intensity of the cyano Raman
signal divided by the intensity of cyano peak at time 0 h (the
as sprayed film). Via this definition, the peak of the
concentration enhancement is found to be ca. 60. If the
gradient center is a perfect sink, the upper bound of the
concentration enhancement can be estimated as the ratio of
the total area of the hydrogel film to the area of the gradient
center=A/πr2=127, where A is 4 cm2, the area of the entire
film and r is 1 mm, the radius of the roughly uniformly
chemically functionalized center of the radially symmetric
gradient). We did not investigate the difference between the
measured and upper bound of the concentration
enhancement given the concentration enhancement was
within a factor of 2 of the upper bound. Note, we also
investigated the DECP transportation and concentration
using a phenolic hydroxylic gradient (formed by dopamine
appended molecules rather aliphatic hydroxyls) and a
similar result is found. See Supporting Information 6.6.

To transport neutral molecules, which do not have a
strong attraction to the host matrix, a dynamic gradient (a
“travelling wave”) formed by a coupled reaction-diffusion
process was utilized. As an example, we apply a dynamic
chemical gradient which propagates across the gel, with a
steep slope in chemical potential at the front of the gradient
(gradient length order of few microns or less), building off
our previously published reaction-diffusion (RD) dynamic
gradient efforts.[4a] RD chemistries are particularly useful to
generate propagating gradients as they use dissipative
chemical reactions to drive transport faster than free
diffusion. It is worth noting that RD processes are common-
place in natural systems, where they serve to govern the
motion of molecules and associated information.[17] To form
a synthetic RD system, we start with the quaternary
ammonium group-containing polymer poly[2-
(methacryloyloxy)ethyl] trimethylammonium (PMTA)
which offers a counterion-dependent hydrophobicity. The
counterion-dependent properties of this polymer served as
the basis for forming a hydrophobic-to-hydrophilic gradient.
When water swollen, the equilibrium water content in the
polymer decreased from 70�5 w/w% to 38�3 w/w% when
counterion is changed from ClO4

� to Cl� (Table S2). We
note, a similar change in hydrophobicity was also reported
for a quaternary ammonium-containing polymer brush as a
function of counterion.[18]

In the brush system, the contact angle changed from 79°
to 35° when counterion was changed from ClO4

� to Cl� .[18]

Upon investigating the water uptake of the gel for multiple
different counterions, the water uptake was observed to
follow the trend: Cl� <NO3

� <SCN� <ClO4
� <TFSi� (Ta-

ble S2). Not surprisingly, this trend is very similar to a
Hofmeister-type series, which orders ions in order of their

Figure 2. Directional transportation and concentration of non-polar
species via chemical gradients. a) Schematic diagram of confocal
Raman characterization showing the scan direction of the data
acquisition point across the hydroxyl gradient direction. Normalized
Raman peak intensities of OH and CN across the gradient, before (b)
and after (c) molecular transportation. d) Top-view illustration of
confocal Raman characterization showing data acquisition point over
time. e) Normalized hydroxyl peak intensity along radially symmetric
hydroxyl gradient. f) Concentration enhancement as a function of time.
The Raman spectra were normalized by the C� C stretch of the polymer
backbone at ca. 1096 cm� 1.
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ability to salt out or salt in proteins in aqueous salt
solutions.[19]

The TFSi� ion generates the most hydrophobic gel, but
the gel is mechanically brittle. We determined the next ion
in the series, the ClO4

� counter ion, results in a gel that is
both mechanically stable and sufficiently solubilized the
non-polar molecules of interest. As such, this gel was
selected as the starting point to transport non-polar species.
To initiate transport, the ClO4

� counterion is locally
exchanged with Cl� by flowing a solution of NaCl in a 1 :1
water:DMSO mixture (by volume) through a microchannel
placed on top of the gel film (Figure 3b). The selective
binding affinity of the quaternary ammonium group to Cl�

drives the exchange nearly to completion, making the gel
considerably more hydrophilic. A simple aqueous NaCl
solution was not used as no gradient was observed in that
case (Figure 3c i). We suspect the aqueous NaCl solution
simply does not penetrate the hydrophobic gel, hence no
ion-exchange occurred. Figure 3c includes optical images of
the ionic gel at different times after flowing a 2 M NaCl
solution through the microchannel. While we do not under-
stand the exact origin of the dark spots in the collapsed
polymer (Figure 3c i–iii), they do not appear to modify
transport, and disappear as the polymer swells. To increase
the gel solvation, the binary water:DMSO solvent mixture
was used. Water and DMSO are miscible and NaCl is
soluble in both solvents (solubility of NaCl at 25 °C is
359 gL� 1 and 4 gL� 1 in water and DMSO respectively). This
solvent mixture allowed NaCl to diffuse into the initially
hydrophobic gel converting it to hydrophilic via ion
exchange. Once the gel is hydrophilic, the NaCl water:
DMSO solution continues to enter the gel, supplying NaCl
to the propagating RD front. A sharp propagating front can

be readily observed under optical microscopy (because the
solvent content, and thus refractive index of the gel film
changes upon anion exchange (Figure 3cii). The diffusional
front moves 85 μm, 140 μm and 200 μm after 5, 10 and
20 min, respectively. A similar behavior is observed for a
1 :3 H2O:DMSO supporting solvent. However, what appears
to be a DMSO solvation front was seen in front of the
propagating gradient for this solvent system, which was not
seen for the 1 :1 water:DMSO solvent. Pure DMSO was not
used as a solvent since the solubility of NaCl in DMSO is
only 4 gL� 1, below that required to prepare a 2 M NaCl
solution (116.88 g NaCl per L).

The impact of the dynamic gradient on transport and
concentration of pyrene, a neutral non-polar fluorescent
molecule, is investigated (pyrene is selected as it is hydro-
phobic and enables direct visualization of the propagating
gradient). The gel is first dosed with pyrene by using an
atomizer by spraying a 0.1 mM pyrene solution in toluene
on a dry PMTA(ClO4

� ) film and the toluene is allowed to
evaporate. A PDMS block containing a microchannel is
interfaced with the gel and the microchannel was filled with
a 2 M NaCl (1 :1) water:DMSO solution, triggering the
propagating gradient (Figure 4a). The microchannel is
omega-shaped, with a diameter of 500 μm (Supporting
Information Section 3.1) forming a radial focusing gradient
(Figure S1c). Fluorescence and brightfield images are taken
at increasing times. Before triggering, pyrene is uniformly
distributed across the gel (Figure 4a). Immediately after
introduction of the NaCl solution into the micro-channel, a
propagating gradient appears due to the conversion of the
gel from hydrophobic to hydrophilic and the gradient
propagates towards the center of the omega, carrying pyrene
with it, and concentrating the pyrene to a small region

Figure 3. Propagating chemical wave formation in PMTA gel films. a) Chemistries of the gel, whose hydrophobicity can be tuned by exchanging
counter ion. b) Schematic diagram of a microchannel setup for the initiation propagating gradient in gel films. c) Optical images of gel film taken
at various times during the propagation of the chemical wave. 2 M NaCl in the following water:DMSO ratios were injected into the microchannel,
(i) H2O, (ii) 1 : 1 water:DMSO, (iii) 1 : 3 water:DMSO. Yellow arrows are a guide to the eye to indicate the position of the travelling wave at the
different times.
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(Figure 4a). Observed in the fluorescence images is that as
gradient propagates the fluorescent intensity of the pyrene
significantly increases ahead of the gradient and decreases
behind the gradient. After 25 min, as the propagating
gradients converge, a significant increase in fluorescence
intensity is observed at the center of the omega.

To quantify dye concentration behind and front of the
propagating gradient, a Raman line scan is done along the
gradient after 25 min (scan line is shown in Figure 4a with
yellow arrow). We note, Raman is more quantitative than
fluorescence, as dye self-quenching could occur. Figure 4b
shows two broad peaks around at 1363 cm� 1 and 1600 cm� 1

front of the gradient. These are the indicative of crystalline
pyrene (see Supporting Information 7.4). A negligible
amount of dye was found behind the gradient. Behind the
gradient, a broad peak from ν(O� H) at 3400 cm� 1 is
observed suggesting that after ion-exchange the gel becomes
hydrophilic and absorbs water. The Raman peak intensity
for ν(O� H) and pyrene the propagating front was integrated
and plotted against the scan direction (Figure 4c). It is found
that the length of the gradient is 10 μm. Using COMSOL
Multiphysics® Modeling Software, the gradient position is
found to be good agreement with the experimental results.
Details of the COMSOL modeling can be found in the
Supporting Information 7.5.

In summary, we demonstrate transportation and concen-
tration of neutral molecules within solvent-swollen cross-
linked polymer films. Two different strategies (static and
dynamic gradients) are demonstrated to transport and
concentrate different classes of neutral molecules. The static
gradient is useful to induce movement of neutral molecules
which have attractive interactions with the chemical gradient
while the dynamic gradient (a “travelling wave”) can drive
neutral molecules, which do not have any affinity for the
chemical gradient.
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