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To test these predictions we used drops of distilled water which
contained charge-stabilized surfactant-free polystyrene micro-
spheres (Interfacial Dynamics, Portland, OR) at a starting volume
fraction of 10−4. The spheres were so dilute that they could be
regarded as an ideal solution except in the very narrow region
occupied by the ring. Droplets with nominal radius 2 mm were
deposited on glass microscope slides and allowed to dry in a large
enclosure with measured ambient temperature and humidity. The
volume of the droplet was inferred by weighing the slide during
drying. The volume decreased at a rate which agreed within 2% with
that expected for steady-state vapour-diffusion-limited evapora-
tion, using tabulated values10 for the water diffusivity in air and for
the saturated vapour concentration.

In a separate experiment we observed the solute ring deposition
by viewing the migration of 1-mm microspheres in a video micro-
scope during drying (Fig. 1b). By automatically analysing11 the
video record, the depth-averaged velocity v̄(r) and the number of
particles in the ring M(R, t) were measured. Contact-line pinning is
produced by surface irregularities and is much stronger with the
solute than without it. The ring deposit can create surface uneven-
ness as well as augment the surface imperfections that produced the
initial pinning.

The depth-averaged velocity v̄(r) for thin drops, with vc < 0,
shows the predicted ðR 2 rÞ2 0:5 divergence in the vicinity of the
contact line. The measured ring mass M(R, t) is plotted in Fig. 3.
These drops had an initial contact angle vc < 0:25 radians. For this
angle, our theory predicts an initial increase MðR; tÞ < t1:37. This
behaviour is not expected at very early times ðt ( ð4RÞ2=D < 10 sÞ,
before steady-state diffusion has been achieved. To account for
transient effects during this early period, we allow a shift in the
effective starting time of the order of 10 s. We also include an offset
in the deposited mass to account for the particles deposited during
the initial transient. Choosing the M and t offsets to achieve the
best straight line on a log–log plot yielded power-law fits
M 2 M0 < ðt þ t0Þ

p, where p ¼ 1:3 6 0:1. Thus the expected initial
growth of the ring is consistent with observation. To predict the
growth of the ring at later times, we first determine v̄(r) numerically
from the known flux J(r) of a thick drop and then use this v̄(r) to
determine M(R, t) as outlined in equation (1) above. This predicted
M(R, t) is compared with the data in Fig. 3 inset. Again the
prediction is in good agreement with the data.

Several effects modify the simplified theory outlined above. Non-
circular drops must have uneven deposition rates: highly convex
regions have a stronger evaporating flux and thus denser deposits, as
corroborated by Fig. 1a. If the solute is not dilute, the ring deposit is
forced to have a non-zero width; higher initial concentration leads
to a wider ring. Further thermodynamic effects may modify the flow
and the ring deposition. Some solutes may segregate to the substrate
surface and become immobilized. Others may segregate to the free
surface where the outward flow is faster than v̄. The thermal and
concentration gradients caused by evaporation can lead to circulat-
ing flows driven by surface-tension gradients (that is, Marangoni
flows). These can interfere with the outward flow discussed above.
Our experiments showed both surface segregation and circulating
flow but their effect was minor (as we will discuss in detail
elsewhere). High viscosity in the liquid can also modify the deposi-
tion by preventing the drop from attaining an equilibrium droplet
shape. We estimate that in our experiments such viscous effects
should be negligible except within a few micrometres on the contact
line.

Our measurements support this capillary flow mechanism for
contact-line deposition. They show that the deposition can be
predicted and controlled without knowing the chemical nature of
the liquid, solute or substrate. The model accounts in a natural way
for the nearly complete transport of the solute to the periphery: it
also predicts that we can control the shape and thickness of the
deposit by controlling the speed and spatial variation of the

evaporation. Often it is desired to deposit solute particles in a
confined region as, for example, in the printing of fine lines5. The
commonplace ring stain seems to provide a simple and robust route
to such a goal. M
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Chemical sensors1 respond to the presence of a specific analyte in a
variety of ways. One of the most convenient is a change in optical
properties, and in particular a visually perceptible colour change.
Here we report the preparation of a material that changes colour
in response to a chemical signal by means of a change in
diffraction (rather than absorption) properties. Our material is
a crystalline colloidal array2–12 of polymer spheres (roughly
100 nm diameter) polymerized within a hydrogel13,14 that swells
and shrinks reversibly in the presence of certain analytes (here
metal ions and glucose). The crystalline colloidal array diffracts
light at (visible) wavelengths determined by the lattice spacing2–12,
which gives rise to an intense colour. The hydrogel contains either
a molecular-recognition group that binds the analyte selectively
(crown ethers for metal ions), or a molecular-recognition agent
that reacts with the analyte selectively. These recognition events
cause the gel to swell owing to an increased osmotic pressure,
which increases the mean separation between the colloidal
spheres and so shifts the Bragg peak of the diffracted light to
longer wavelengths. We anticipate that this strategy can be used to
prepare ‘intelligent’ materials responsive to a wide range of
analytes, including viruses.

Many polymer hydrogels change volume in response to marked
changes in environmental conditions, such as temperature, solvent
and pH15–27. For certain gel characteristics, these volume changes
can be abrupt (volume transitions) as the control parameter is
varied. To use such volume changes for chemical sensing, functional
groups can be attached to the polymer chains that interact selec-
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tively with a single solute species. Such intelligent hydrogels might
be used in chemomechanical systems28–30 and separation devices31–33

as well as sensors34–36. We have recently exploited this kind of
response in a temperature-switchable optical diffraction device
consisting of a crystalline colloidal array (CCA) polymerized
within a hydrogel that responds to temperature changes13.

Our sensor materials use a three-dimensional periodic CCA of
highly charged polystyrene spheres ,100 nm in diameter to report
on the gel volume. Because of electrostatic interactions the spheres
self-assemble into a body-centred or face-centred cubic (BCC or
FCC) array with a mesoscale periodicity (roughly 100–1,000 nm);
thus, the CCA Bragg-diffracts visible light2–5. The diffraction is in
the dynamical diffraction regime, and almost5 follows Bragg’s law:

ml ¼ 2nd sinv

where m is the diffraction order, l is the wavelength of light in
vacuum, n is the refractive index of the system, d is the diffracting
plane spacing, and v is the Bragg glancing angle.

We fabricate polymerized crystalline colloidal arrays (PCCA) by
dissolving non-ionic polymerizable monomers within the CCA
suspension and photopolymerizing these species into a hydrogel
which entraps the CCA lattice14. Thus, the CCA lattice spacing, and
hence the diffracted wavelength, depends on the hydrogel volume. A
change of 0.5% in the hydrogel volume shifts the diffraction by
,1 nm.

We fabricated an intelligent PCCA (IPCCA) sensitive to Pb2+,
Ba2+ and K+ by copolymerizing 4-acryloylaminobenzo-18-crown-6
(AAB18C6) into the PCCA. This crown ether selectively complexes
Pb2+, Ba2+ and K+ (refs 37–39). Crown ether binding of these
particular cations localizes charges onto the gel network (Fig. 1).
The gel swelling mainly results from an increased osmotic pressure
within the gel due to a Donnen potential arising from mobile

counterions to the crown ether bound cations21,27,40. The cation
binding forms a polyelectrolyte hydrogel, whose charge state is
determined only by the number of cations bound; the degree of
swelling of polyelectrolyte gels increases with the number of
covalently attached charged groups21,27,40.

Figure 2 shows that the IPCCA volume and diffraction wave-
length monotonically increase with increasing Pb2+ concentrations
between 0.1 mM (,20 p.p.b.) and 10 mM (,2,000 p.p.m.), at mod-
erate ionic strengths of non-interfering electrolytes (,1 mM LiCl,
for example); the shift in the IPCCA diffraction induced by 20 mM
Pb(CH3COO)2 (4 p.p.m.) is easily visible to the naked eye. The
hydrogel volume maximum occurs at ,10 mM Pb2+ where the
crown ethers become saturated. At higher Pb2+ concentrations the
gel begins to shrink because of the decrease in the Donnan osmotic
pressure at higher ionic strengths21,27,40. The swelling is reversible;
the diffraction reverts to its original wavelength when Pb2+ is
exchanged out by soaking for a few minutes in de-ionized water.
The diffraction peak maxima of the PCCA were reproducible to
within 1–2 nm over 200 successive washings and re-immersions in
Pb2+ solutions.

The selectivity of the IPCCA sensor volume response is deter-
mined by the selectivity of the incorporated molecular recognition
agent. For example, the 18-crown-6 complex shows log K values (K
is the equilibrium binding constant) of 0.8, 2.03, 3.87 and 4.27 for
Na+, K+, Ba2+ and Pb2+ respectively37–39. Thus, Ba2+ swells the PCCA
almost identically to Pb2+, making it the major interfering species;
K+ competes with Pb2+ for binding only for K+ concentrations ,200
times that of the Pb2+, and 2,000-fold excess Na+ is required to
compete with Pb2+ binding.

Ions that are not complexed by the crown ether only interfere
with the IPCCA Pb2+ response at relatively high concentrations,
because of the impact of their ionic strength on decreasing the

Figure 1 Visible extinction spectra of an acrylamide IPCCA Pb2+ sensor at various

concentrations of Pb(CH3COO). The ordinate is given as −log T, where T is the

transmittance. The extinction spectra were measured at normal incidence during

immersion of the IPCCA in different Pb2+ solutions by using a Perkin-Elmer

Lambda-9 ultraviolet–visible spectrophotometer. The IPCCA consists of ,7wt%

polystyrene particles, and ,5wt% total of polymerizable monomer, cross-linker

and crown ether. The relative composition of polymerizable monomers was:

86wt% acrylamide (AMD), 17wt% AAB18C6 and 7wt% N,N9-methylenebisacry-

lamide (bisAMD), the cross-linker. There is roughly 1 crownether per 20AMD,giving

an average separation of ,3nm for a random distribution of crown ether groups.

Figure 2 Dependence of the diffracted wavelength of the PCCA sensor on the

concentration of cations bound by the crown ether. The cation Pb2+ is complexed

most strongly, K+ is more weakly bound, and Li+ binds negligibly. The diffraction

peak maximum redshifts with increasing binding of cations. At very high

concentrations of complexed ion, the PCCA contracts slightly, causing a small

diffraction blueshift. The detectable concentration range for Pb2+ is between 2 mM

and 10mM.
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Donnan osmotic pressure. For example 1 mM concentrations of Li+

and H+ do not affect the response to 1 mM Pb2+. However,
concentrations of ,200 mM dramatically decrease the response to
Pb2+. The ions Fe3+, Cu2+ and Cd2+, which interfere with electro-
chemical determinations of Pb2+ in water41–43, have no effect on the
response to 1 mM Pb2+ at 10 mM concentrations. But at concentra-
tions of 100 mM the volume response to Pb2+ decreases, and at
20 mM little response to Pb2+ is evident.

We also fabricated an IPCCA glucose sensor by attaching the
enzyme glucose oxidase (GOx) to a PCCA of polystyrene colloids.
We hydrolysed the PCCA, biotinylated it, and attached44 ,20 mg of
avidinated GOx cubic centimetre of PCCA, giving a spacing of
,25 nm between enzymes. Glucose solutions prepared in air cause
the IPCCA to swell and redshift the diffraction as shown in Fig. 3.
No response occurs for similar concentrations of sucrose or man-
nose, because of the enzyme selectivity. The swelling saturates above
0.5 mM glucose because of the formation of a steady state for the
conversion of glucose to gluconic acid, coupled to the reoxidation of
the GOx by dissolved oxygen. This IPCCA returns to its original
diffraction wavelength after removal from glucose.

The IPCCA swelling results from formation of a reduced flavin
anion upon glucose turnover. The oxidized flavin is uncharged at
neutral pH; however, the reduced flavin is anionic at pH 7 (ref. 45).
The reduced flavin is reoxidized by O2:

GOxðoxÞ þ glucose → GOx 2ðredÞ þ gluconic acid þ Hþ

Hþ þ GOx 2ðredÞ þ O2 → H2O2 þ GOxðoxÞ

The swelling response to glucose decreases at high ionic strength
because of the decrease in the Donnan osmotic pressure.

The concentration of anionic, reduced flavins at steady state
depends on the concentrations of both glucose and dissolved

oxygen. In the absence of oxidants, the gel responds even to glucose
concentrations of 10−12 M; the diffraction is redshifted 8 nm within
30 min if the solution is stirred. At constant glucose concentrations,
the number of anionic, reduced flavins depends upon the dissolved
oxygen concentration (Fig. 4). Reoxidation of the flavin shrinks the
IPCCA because the number of hydrogel charges is reduced.

We also used the Pb2+ IPCCA as an optrode sensor by attaching a
small piece of the IPCCA to the end of an optical fibre. We coupled
light into the fibre and detected the light back-diffracted into the
fibre. This optrode worked as a dip probe to monitor low concen-
trations of Pb2+ remotely.

The 125-mm-thick IPCCAs reach equilibrium in seconds to
minutes, depending on analyte concentration. The 125-mm-thick
Pb2+ IPCCA reaches equilibrium in 1 mM Pb2+ within 30 s, and the
125-mm-thick glucose IPCCA reaches equilibrium in 0.1 mM
glucose within 2 min. The response rate of the Pb2+ IPCCA is
limited only by analyte diffusion and the collective diffusion of
the hydrogel network46, whereas enzyme IPCCA responses can also
be limited by enzyme kinetics. Decreasing the IPCCA thickness, and
the monomer and cross-linker content of the hydrogels, markedly
increases the response rate. For example, 10-mm-thick IPCCAs
should respond within milliseconds; diffraction from these thin
IPCCAs are easily visible to the eye.

The swelling of these IPCCAs results from immobilization of
charges on the crown ether or the enzyme-bound flavin. As in all
polyelectrolyte gels21,27,40 swelling results from the competition
between the Donnan osmotic pressure and the elasticity of the gel
network21. This osmotic pressure increases monotonically with the
number of bound charges, but begins to decrease at high ionic
strengths21. However, the glucose IPCCA still responds to 0.1 mM
glucose in 0.1 mM NaCl, and the Pb2+ IPCCA swells in response to
0.1 mM Pb2+ in 50 mM NaCl solutions. We will discuss these

Figure 3 Visible extinction spectra showing how diffraction depends on the

glucose concentration for the 125-mm-thick PCCA glucose sensor. The ordinate is

given as −log T, where T is the transmittance. The IPCCA expands for

concentrations between 0.1 and 0.5mM glucose. This IPCCA was polymerized

from a solution containing ,7wt% polystyrene colloidal spheres, 4.6wt% AMD

and 0.4wt% bisAMD, with water constituting the remaining fraction. This

hydrogel was hydrolysed in a solution of NaOH and was then biotinylated with

biotinamidopentylamine,which was attached usingawater-soluble carbodiimide

couplingagent. Avidinated glucose oxidase was then directly added to the PCCA.

Figure 4 Extinction spectra of the PCCA glucose sensor immersed in an aqueous

solution of 0.2mM glucose with varying O2 concentrations. The ordinate is given

as −log T, where T is the transmittance. The sensor diffracted at 545nm in the

absence of glucose.
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phenomena in more detail elsewhere (J. H. H., J. S. W. Holtz, C. H.
Munro and S. A. A., manuscript in preparation). Obviously we can
tailor the dynamic range of these IPCCAs by controlling the number
and affinity of the molecular recognition agents and by altering the
elasticity21,46–49 of the gel network to define the dynamic range of the
sensor response. These sensors could also be used at very high ionic
strengths by sample preparation procedures such as dilution or ion
exchange.

We can directly quantify the IPCCA response to samples of
different ionic strengths by determining the ionic strength using a
second polyelectrolyte PCCA gel; we have similarly fabricated a
hydrolysed acrylamide PCCA that shrinks in response to ionic
strength.

We are also developing IPCCA that do not use bound charges. For
example, we can use recognition agents that alter the volume phase
transition temperature13 as analytes bind to the recognition ele-
ments. In addition, we can use recognition agents that alter the free
energy of mixing upon analyte binding to alter the IPCCA volume21.

Using the same general motif for creating sensor materials and
devices but incorporating other crown ethers could produce
IPCCAs sensitive to cations other than Pb2+, Ba2+ and K+. With
the use of the avidin–biotin interaction, numerous biomolecular
recognition elements could be incorporated into the PCCA. For
example, we expect to be able to bind recognition elements such as
HIV antibodies in order to fabricate sensors that respond to low
virus concentrations.

We expect to use IPCCAs in arrays of optical sensors, where each
individual sensor will detect different analytes and different con-
centration ranges. The diffraction from these IPCCAs is easily
visible and can be used for simple colour tests for analytes in
solution; the perceived blue diffraction from a 2 mM Pb2+ solution
shifts to green for a 20 mM Pb2+ solution. This technology may prove
useful in simple kits for environmental or clinical diagnostics. M
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Intermolecular proton transfer in the gas phase is usually strongly
disfavoured because the charged products are highly unstable. It
is promoted in aqueous solution, however, because the high
dielectric constant (e ¼ 78:3) of water allows efficient stabiliza-
tion of the corresponding cations and anions. Zeolites—micro-
porous catalysts used in petroleum refining and the synthesis of
chemical feedstocks—provide another medium for proton-trans-
fer reactions1–3, because their anionic aluminosilicate frameworks
are highly acidic. The low dielectric constant of zeolites (e < 1:6;
ref. 3) suggests, however, that such processes in the zeolite


