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Introduction

A demand for smart materials that have potential applications in science and engineering has grown rapidly over the last decade.  Self-assembly of colloidal particles is one example.  When monodisperse and highly-charged colloidal particles are placed in low ionic strength medium, they arrange in a face-centered cubic (FCC) or body-centered cubic (BCC) structure to form crystalline colloidal array (CCA). [1]  The CCA can form a large single crystal that exhibits interesting optical properties.  The application of CCA, though, is significantly limited due to its fluidic nature and high sensitivity against ionic impurities.

Asher and coworkers have recently developed a method to solidify CCA without deteriorating its crystalline structure.  They polymerized acrylamide hydrogel network around CCA to prepare PCCA (polymerized CCA). [2]  The CCA and PCCA are the examples of photonic crystal materials that have numerous applications in optics and physics [3].  Due to its crystalline structure (FCC or BCC), they diffract visible light meeting the Bragg condition.  In addition, the PCCA shows the rich volume phase transitions of cross-linked hydrogels.  The richness of the hydrogel phase behavior has been studied by many researchers. [4]  Especially, when the gels carry ionizable groups, they show even richer swelling/shrinking characteristics.  Many studies have shown that the ionic gels swell or shrink depending on the temperature, background ionic strength, solvent composition, and electric field.  For instance, it was shown that the ionic gels shrink as the pH is decreased or as the salt concentration is increased. [4]

As the PCCA volume changes, the color of PCCA and hence the diffraction wavelength changes accordingly.  For example, when the PCCA swells, the spacing between the planes of the CCA increases, leading to a diffraction at higher wavelength (i.e., the peak red shifts).  However, when the gel shrinks, the spacing decreases and the opposite is true (i.e. the peak blue shifts).  Based on the optical properties of PCCA, Asher and coworkers developed novel sensing materials in which the molecular recognition agents were covalently attached to the polyacrylamide gel networks. [2]  When the analytes were added to the PCCA, they bound to the molecular recognition agents; hence the ionic groups were localized in PCCA and its volume increased.  This volume change could be related to the analyte concentration using the diffraction wavelength shifts of PCCA.  This approach was successfully used to prepare chemical sensors for various cations and glucose.

When the PCCA is hydrolyzed with base, its amide groups are converted to the carboxylic acid groups.  The ionic gels, though, are very sensitive to the pH and the ionic strength. [4]  Here, we monitor the volume of the hydrolyzed PCCAs from their diffracted wavelength shifts at various pH values and ionic strengths.  We develop a quantitative model that successfully explains the pH and ionic strength response of the hydrolyzed gels.

Experimental

The highly charged monodisperse polystyrene colloids (100 nm diameter) used to prepare the PCCA were synthesized as reported by Reese et al. [5]  The colloid samples were purified by dialysis against nanopure DI water for three weeks and then shaken in the presence of mixed bed ion exchange resin.  After purification these colloids self-assembled into crystalline colloidal arrays (CCA).

To prepare the PCCA, we dissolved monomer (acrylamide), cross-linker (N, N’-methylenebisacrylamide), and UV-initiator (diethoxyacetophenone) in the CCA solution.  This reaction mixture was injected into a cell made of two quartz plates and separated by a parafilm spacer.  The cell was then placed under UV illumination at 365 nm until the polymerization was complete.

For hydrolysis, the PCCA was placed in a 1 N sodium hydroxide solution containing 10 wt. % N,N,N’,N’-tetramethyl-ethylenediamine (TEMED) as an accelerant.  The hydrolyzed PCCA was then extensively washed.  The pH of the bathing solution was adjusted using the sulfuric acid or sodium hydroxide solution.  In some experiments, ionic strength was adjusted by adding sodium chloride to the PCCA bathing solution.  The pH was measured after the hydrolyzed PCCA reached equilibrium by using a pH electrode in the bathing solution.  Diffraction spectra were measured by using a reflectance fiber optic probe coupled to a UV-Vis spectrophotometer

Results and Discussion

Figure 1 shows the pH dependence of the hydrolyzed PCCA diffraction wavelength.  The diffraction blue shifts as the pH decreases.  As the pH increases, though, the diffraction monotonically red shifts until pH 9.6 where it begins to blue shift with further pH increase.  This can be qualitatively understood as a response of an ionic gel to the changes in ionization and ionic strength.  When the PCCA is hydrolyzed, its amide groups are hydrolyzed to carboxylic acid moieties.  Ionization of these covalently attached carboxyl groups immobilizes counterions inside the gel.  At low ionic strength, this results in an osmotic pressure within the gel that swells the gel against its restoring elastic constant.  Increasing the pH results in an increased ionization, which causes the gel to swell and the diffraction to red shift.  However, the carboxyl ionization is normally complete by pH 9.  Thus, further pH increase results only in ionic strength increase, which decreases the osmotic pressure, thereby shrinking the gel.

We qualitatively investigated the ionic strength dependence of the diffraction by adding 1 mM NaCl into pH 8.5 solution..  This solution has essentially identical ionic strength as a pH 11 solution.  Figure 2 shows that, as expected, the increased ionic strength shrinks the hydrolyzed PCCA and blue shifts the diffraction peak.  In fact, the resulting blue shifted diffraction peak is very close to that from the pH 11 solution.

We develop a quantitative model that can describe the pH and ionic strength response of the hydrolyzed PCCA.  According to Flory’s theory [6], the total osmotic pressure for ionic gels is expressed as:
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where Πmix, Πelastic, and Πion are the osmotic pressures arising from mixing of polymer and solvent, the network elasticity, and ionic contribution:
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where VH2O = molar volume of water; ( = Flory-Huggins interaction parameter; ( = polymer volume fraction in the network; (νe/Vm) = cross-linking density at gel preparation; λm and λ  = diffraction wavelength of the prepared and swollen gels; i = degree of ionization of monomers; Cp = concentration of ionizable monomer units; ( = sum of the cation and anion stoichiometries of the electrolytes; Cs and Cs* = the mobile ion concentration inside and outside the gel.  At equilibrium, the total osmotic pressure must be zero.  Thus,
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Using also the fact that ( = (V0/V) = (λ0/λ)3 where V0 is dry polymer volume and λ0 is the diffraction wavelength of dry gels, we could predict the effect of pH and ionic strength on the diffraction wavelength shifts.  The line in the Figure 1 shows the calculated wavelength as a function of pH.  The model fits the measured wavelength shifts reasonably well and predicts the maximum in the diffracted wavelength near pH 9.

Summary

We have demonstrated a new pH and ionic strength sensor using a photonic crystal material (i.e. the hydrolyzed PCCA).  We have also developed a quantitative model based on Flory’s classical theory to describe the pH and ionic strength response of the photonic crystal sensor.
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Figure 1. The pH dependence of the hydrolyzed PCCA diffraction wavelength
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Figure 2. The ionic strength dependence of the hydrolyzed PCCA diffraction wavelength
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