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Abstract. 
Nanodimensional layered metal hydroxides such as layered double hydroxides (LDHs) and hydroxy double salts (HDSs) can undergo anion exchange reactions releasing intercalated anions. Because of this, these metal hydroxides have found applications in controlled release delivery of bioactive species such as drugs and pesticides. In this work, isomers of hydroxycinnamate were used as model compounds to systematically explore the effects of anion structure on the rate and extent of anion release in HDSs. Following intercalation and subsequent release of the isomers, it has been demonstrated that the nature and position of substituent groups on intercalated anions have profound effects on the rate and extent of release. The extent of release was correlated with the magnitude of dipole moments while the rate of reaction showed strong dependence on the extent of hydrogen bonding within the layers. The orthoisomer showed a more sustained and complete release as compared to the other isomers.


1. Introduction
Nanodimensional layered double hydroxides (LDHs) and hydroxy double salts (HDSs) have been shown to undergo ion exchange reactions with a variety of inorganic and organic ions [1–3]. This ion exchange capability, coupled with the ability to vary the intralayer metal ions, has enabled fine-tuning of these materials for different applications which range from catalysis to isomer separation [3–6]. LDHs and HDSs have a brucite 
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 type layer structure in which magnesium ions are surrounded by six hydroxide ions in an approximately octahedral geometry with exchangeable anions occupying the interlayer region [7]. LDHs have a general formula 
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 and HDSs can be represented as 
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 where M2+ and Me2+ represent different divalent metal ions. In both LDHs and HDSs, 
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 is an exchangeable anion which balances the charge and controls the interlayer separation and 
	
		
			

				𝑑
			

		
	
-spacing.
Anion exchange ability, potential for sustained release, and biocompatibility of the LDHs and HDSs have made them useful in the uptake, storage, and controlled release of bioactive materials such as drugs and plant growth regulators [8–11]. The rate of release of stored drugs and pesticides depends on the intralayer metal composition of the host materials and the size of the intercalated drugs and pesticides [10, 12]. In addition to the effect of the layer metal ion composition and size of intercalated drugs, the structure of the intercalated drugs is expected to significantly affect their rates of release. In studies involving intercalation reactions, it has been observed that LDHs and HDSs exhibit selectivity when intercalating geometric isomers [5, 13–15]. This selectivity has been attributed to differences in the interaction of the isomers with the metal hydroxide layers due to differences in properties such as dipole moments [13]. Differences in the strength of attraction between the layers and the interlayer anions due to differences in electrostatic interactions have been shown to affect release in LDHs [16, 17].
While many studies have been carried out on the applications of LDHs and HDSs in controlled release of pharmaceuticals [9, 10, 12] and different drugs have been shown to have different release rates [10, 18], a systematic study on the effect of anion structure on the rate and extent of release is yet to be investigated. In this study, a model system of hydroxycinnamate isomers will be used as model compounds to study the effects of structure on controlled release of anions from HDSs. It is anticipated that this study will help identify structural parameters that can be adjusted in order to enable fine-tuning of rates of release by altering the structure of drugs and pesticides.



2. Materials and Methods
2.1. Materials
Copper acetate monohydrate [Cu(C2H3O2)2
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H2O] (98.0%) was obtained from Alfa Aesar, o-hydroxycinnamic acid [o-(OH)C6H4CHCHCO2H] (98%), m-hydroxycinnamic acid [m-(OH)C6H4CHCHCO2H] (98%), and p-hydroxycinnamic acid [p-(OH)C6H4CHCHCO2H] (98%) (All isomers were predominantly trans) were obtained from Aldrich Chemical Co. Sodium chloride (100%) and zinc oxide (100%) were obtained from J. T. Baker. Sodium hydroxide (pellets, 98%) was obtained from EMD Chemicals.
2.2. Synthesis of Precursor Zinc Copper Acetate Nanohybrids
Precursor inorganic-organic nanohybrid, zinc copper hydroxy acetate (ZC-Ac), was prepared according to the literature methods [19]. 0.41 g of ZnO in 5 mL of deionized (DI) water was added slowly to a solution of 1.00 g Cu(CH3COO)2
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H2O in 5 mL of DI water over a period of about 10 minutes. The resultant mixture was stirred frequently at room temperature for 24 hours. The light blue inorganic-organic nanohybrid was filtered, washed several times with DI water, and dried at room temperature.
2.3. Intercalation of Isomers of Hydroxycinnamate (n-HCn) into ZC-Ac
The nanohybrids containing hydroxycinnamate isomers were prepared from ZC-Ac by anion exchange; they are referred to herein as ZC-o-HCn, ZC-m-HCn, and ZC-p-HCn for compounds containing the orthoisomer, metaisomer, and paraisomer, respectively. The conditions for exchange were optimized for each isomer to ensure complete exchange, production of single product phase, and minimization of product degradation. ZC-o-HCn was prepared by mixing 20.0 g of ZC-Ac with 1000 cm3 of a 0.1 M o-hydroxycinnamate (o-HCn) solution at room temperature for 24 hours with frequent stirring; and the exchange reaction was repeated two more times using the same conditions. ZC-m-HCn was prepared by reacting ZC-Ac with 0.5 M m-hydroxycinnamate (m-HCn) solution at 40°C for 24 hours with frequent stirring, the exchange was carried out three times under the same condition each time. 1.0 M p-HCn was used in the preparation of ZC-p-HCn with the exchange reaction being done once at 40°C, and the higher concentration was necessary to obtain a single p-HCn phase.
2.4. Characterization
Fourier transform infrared (FTIR) spectra of the nanohybrids were obtained on a Perkin Elmer Spectrum 100 FT-IR spectrometer operated at a 2 cm−1 resolution in the 4000–650 cm−1 spectral range. The obtained spectra were an average of 16 scans. The FTIR spectra were recorded using a single reflection ATR accessory with a ZnSe prism (PIKE MIRacle, from PIKE technology). Elemental analysis was carried out by Huffman labs, Colorado, using atomic emission spectroscopy interfaced with inductively coupled plasma (AES-ICP) for metal determination after qualitative digestion of the nanohybrids. The elements C and H were determined by quantitatively digesting the sample through oxidative combustion; nitrogen was analysed using the Kjeldahl method. Position and full width at half maxima (FWHM) for peaks were determined by fitting with Gaussian peak-shape functions.
Powder X-ray diffraction (PXRD) measurements were recorded on a Rigaku Miniflex II diffractometer using Cu K
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 = 1.54 Å) radiation source at 30 kV and 15 mA. The diffractometer was calibrated using silicon reference material (RSRP-43275G: manufactured by Rigaku Corporation). The powder samples were pressed into the trough of glass sample holders. The patterns were recorded in the 2
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 range of 2.0°–45.0°; data acquisition was performed using a step size of 0.0167° per second.
2.5. Calculations of Chain Length and Dipole Moments
The chain lengths and dipole moments of carboxylic anions were calculated utilizing the Gaussian 98 program [20] and were carried out at the DFT (B3LYP) level of theory with 6–311++G(d,p) basis set. The chain lengths were calculated as the interatomic distance between the center of the carboxyl oxygen and the furthest hydrogen atom.
2.6. Controlled Release Experiments
A batch process was used to study the controlled release of isomers of hydroxycinnamate via anion exchange with chloride ions being used as the exchange anion. The temperature dependence was investigated in the temperature range from 30°C to 60°C. The exchange reactions were performed in a shaking water bath with a temperature stability of ±0.2°C and shaking speed of 300 strokes per minute. Several reaction mixtures were prepared by mixing 0.15 g of the nanohybrids with 15 mL of a 1.0 M sodium chloride solution and were mechanically shaken in the water bath for a specified time period. The reaction was quenched by filtration followed by washing the residue several times with DI water. Each experiment was repeated at least two times. The solid samples recovered at various contact times were analyzed by PXRD analysis.
The concentrations of released anions (
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-HCn) at preset times were monitored by UV-Vis spectroscopy on a Perkin Elmer Lambda 35 UV-Vis spectrophotometer at the characteristic absorbance maximum for each isomer. The selected wavelengths were 270 nm for o-HCn, 272 nm for m-HCn, and 286 nm for p-HCn. Calibration curves for calculating hydroxycinnamate concentration in aqueous solutions were constructed in the presence of sodium chloride concentrations identical to those used in the exchange reactions. Complete release of the hydroxycinnamate isomers from the nanohybrids was achieved by suspending the nanohybrids in 1.0 M sodium carbonate solution. The concentration of anions released at any given time 
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, see Supplementary Material available online at http://dx.doi.org/10.1155/2014/710487). Equation (1) was also used to obtain extent of ion exchange, (extent of reaction at equilibrium) with 
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3. Results and Discussion
3.1. Preparation of Hydroxycinnamate Nanohybrids
Hydroxycinnamate exists in 3 geometric isomers as shown in Figure 1. Nanohybrids containing isomers of hydroxycinnamate in the interlayer space were prepared from ZC-Ac by anion exchange. The uptake of these anions and the complete replacement of acetate anions in the interlayer space was confirmed by elemental analysis, PXRD, and ATR-FTIR. The total amount of anions intercalated in the nanohybrids were obtained from both elemental analysis and complete exchange with carbonate anions. The values obtained from both methods are within 10% as shown in Table S1 in supporting information.
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Figure 1: Structure of the anions used in this study: (a) 
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-hydroxycinnamate (
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-HCn), (b) 
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-hydroxycinnamate (
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-HCn) and (c) 
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-hydroxycinnamate (
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-HCn).


A summary of elemental analysis for the nanohybrids is shown in Table 1. From the formulae obtained from elemental analyses, the ratio of copper to zinc in the metal hydroxide layers of ZC-m-HCn (2.8) and ZC-p-HCn (2.5) is comparable to that of the precursor ZC-Ac (2.8) nanohybrid [21]. This may indicate that the exchange reaction in the formation of these compounds was topotactic. The ratio in ZC-o-HCn nanohybrid (3.5) is much higher than in the precursor material which may be an indication that ZC-o-HCn was formed via the dissolution-recrystallization mechanism. In this case, the nature of the cations and anions determines the ratio of the metal ions in the layers which may have resulted in the higher copper content [7, 22]. XRD profiles indicate that no crystalline copper hydroxide was detected in the material. The low amount of water in the gallery (from Table 1) is consistent with TGA results shown in Figure 
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 in supporting information; as an example, TGA results for the degradation of ZC-o-HCn indicate that there is 1.6% weight loss attributed to water loss, and the formula in Table 1 indicates 1.7% water content.
Table 1: Summary of elemental analysis.
	

	Nanohybrid	Elemental analysis (%): experimental (calculated)
	Zn	Cu	H	C
	

	ZnCu3.5(OH)6.8(o-HCn)2.2·0.8 H2O	8.41 (8.43)	28.69 (28.75)	3.07 (3.07)	30.52 (30.56)
	ZnCu2.8(OH)4.8(m-HCn)2.8·0.6H2O	8.35 (8.27)	22.84 (22.61)	3.28 (3.24)	38.4 (38.01)
	ZnCu2.5(OH)4.0(p-HCn)3.0·0.3H2O	8.27 (8.30)	20.03 (20.11)	3.32 (3.33)	40.58 (40.74)
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 Å [21] which is comparable to the literature value of 9.46 Å [19]. The PXRD patterns for ZC-Ac and exchange products are shown in Figure 2(a). All the materials show at least three equally spaced Bragg reflections at low 2 
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 is the angle between the incident ray and the scattering planes). The Bragg reflections from the precursor material are no longer present in the PXRD traces of the exchange products indicating that the exchange was complete. As revealed in Figure 2(a), there is an increase in the basal spacing as the acetate anion is replaced by n-HCn ions in the interlayer space. The increase in the basal space is consistent with a smaller anion (acetate ion chain length = 1.65 Å) being replaced by larger n-HCn anions (chain lengths = 8.63 Å for o-HCn; 8.64 Å for m-HCn, and 9.11 Å for p-HCn). Considering the chain lengths of the meta- and paraisomers and the size of the gallery height (about 16 Å if the layer thickness is approximated to be 5 Å as in copper hydroxide) [23], the anions are likely to be arranged in a slightly tilted bilayer orientation. The interlayer space observed in ZC-o-HCn is significantly smaller compared with the other nanohybrids. It was expected that the 
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-spacing in ZC-o-HCn might be a result of the orthoisomer being in a more tilted orientation as compared to the other isomers.
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Figure 2: (a) PXRD profiles for ZC-Ac and exchange products and (b) FTIR spectra for ZC-Ac and exchange products.


IR spectra presented in Figure 2(b) show that when acetate ions were replaced by n-HCn ions, the peaks due to C=O vibrations of acetate ions in ZC-Ac (
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 = 1410 cm−1) [21] were replaced by a series of peaks (1637–1642 cm−1, C=C; 1540–1551 cm−1, 
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 C=O). The disappearance of vibration peaks from acetate ions is consistent with results inferred from PXRD analysis. The absence of the C=O stretching vibration of protonated carboxylic groups which is around 1700 cm−1 confirms that the isomers are present in the ionized form. The full assignment of the IR peaks is found in Table S2 in supplementary information [24].
The hydroxyl stretching vibrational modes (in the region 3000 cm−1–3600 cm−1) provide information about the interactions in the interlayer space [25]. The structural properties of hydroxyl groups within the interlayer space can be correlated to the OH vibrational modes. Broad absorption bands are associated with stretching modes of hydrogen bonded hydroxyl groups, and sharp bands associated with free hydroxyl groups [26]. The FTIR profiles of the hydroxyl stretching region of ZC-Ac and the exchange products are shown in Figure 3. ZC-Ac has extensive interlayer hydrogen bonding due to intercalated water molecules as reported in our earlier publication [21]. Figure 3 shows that when acetate ions were replaced by m-HCn ions in ZC-m-HCn, the broad peak (FWHM = 359 cm−1) centered at 3450 cm−1 in ZC-Ac was replaced by 2 sharp peaks, a strong peak at 3513 cm−1 (FWHM = 14.8 cm−1) and a weak peak at 3574 cm−1 (FWHM = 16.3 cm−1). The two sharp peaks are due to layer (3574 cm−1) and m-HCn (3513 cm−1) hydroxyl groups which are not involved in substantial hydrogen bonding [25]. This assignment is based on our previous results which showed that the peak at 3513 cm−1 was absent in HDSs containing cinnamate anions (no OH substitution on the benzene ring) [21]. The shift of the peaks to higher wavenumbers is also indicative of hydroxyl groups which are not substantially involved in hydrogen bonding. ZC-o-HCn has a very weak peak around 3600 cm−1 and 2 broad peaks centered at 3489 cm−1 (FWHM = 88.0 cm−1) and 3131 cm−1 (FWHM = 376 cm−1). The broadening of peaks and the shift to lower wavenumbers, as compared to vibrations in ZC-m-HCn and free OH stretching vibrations, is consistent with hydrogen bonded hydroxyl groups [27]. The low intensity of the sharp band at 3600 cm−1 is indicative of extensive hydrogen bonding between layer OH groups and o-HCn hydroxyl groups resulting in low density of free layer OH groups. In ZC-p-HCn, there is a strong sharp peak at 3574 cm−1 (FWHM = 7.2 cm−1) which is due to layer OH groups which are not involved in significant hydrogen bonding and a broad peak at 3497 cm−1 (FWHM = 119 cm−1) due to p-HCn hydroxyl groups involved in hydrogen bonding.
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(d)
Figure 3: FTIR spectra for ZC-Ac and exchange products showing the hydroxyl stretching region.


The absence of strong sharp peaks in ZC-o-HCn, compared with those observed for ZC-m-HCn and ZC-p-HCn, indicates that there is high level of hydrogen bonding in ZC-o-HCn relative to the other nanohybrids. Since hydrogen bonding is directional, the m-HCn anions are not oriented in a way that the OH groups are able to interact with either the layer OH groups or groups from other anions. The amount of water in the nanohybrids is low, as indicated from thermogravimetry and elemental analyses. Therefore, having eliminated interlayer water as a likely hydrogen bonding participant, the significant hydrogen bonding observed in ZC-o-HCn and ZC-p-HCn is most likely intermolecular or between anion and layer hydroxyl groups. In ZC-o-HCn, the o-HCn hydroxyl group may be in an orientation such that they are close to the layers enabling formation of hydrogen bonds with the layer OH groups [28]. The interaction between o-HCn and layer hydroxyl groups may have resulted in the o-HCn anion being tilted closer to the layers, which may explain the smaller gallery height (as compared to that in ZC-m-HCn and ZC-p-HCn) observed from PXRD analysis. In ZC-p-HCn, OH groups may be oriented in a way so as to participate in intermolecular H-bonding between anions.
3.2. Kinetic Analysis
The release of n-HCn from nanohybrids was achieved by ion exchange using Cl− as exchange anions. After specified times, supernatants were collected and analyzed for released anions, and the residues were analyzed for solid state transformations using PXRD. Analysis of the solid samples recovered from the reaction mixtures after each contact time indicated that the same chloride phase was obtained for all the nanohybrids. A representative PXRD profile for the zinc copper chloride (ZC-Cl) obtained from exchange reactions is shown in Figure 4. The chloride phase has a 
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 Å which is in close agreement with the literature value of 5.73 Å [29] and has been indexed as kapellasite Cu3Zn(OH)6Cl2 (PDF no. 56–71) [28, 30]. The decrease of the interlayer space as the isomers are released is consistent with large anions being replaced by smaller ions.


	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
		
			
		
			
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
	
	
	
	
	
		
	
	
		


	
		
		
	
	
		
		
		
		
		
	

Figure 4: PXRD profile of a representative ZC-Cl (kapellasite) obtained from exchange reactions (ZC-o-HCn/Cl− reaction); Miller hkl indices for selected Cl− reflections are given; PDF no. 56–71.


The concentrations of released anions were evaluated using UV-Vis spectroscopy. The fractions of released isomers as a function of time (release profiles) at 40°C are shown in Figures 5(a)–5(c) for m-HCn, o-HCn, and p-HCn, respectively. The release profiles at other temperatures show the same general trend and are presented in Figure S2 in the supporting information. Although the chemical structures of the isomers are similar and the release medium is the same, the release profiles and hence release properties are significantly different (Figure 5). The equilibrium amounts released at 40°C, together with calculated dipole moments and selected atomic charges, are shown in Table 2. As indicated in Table 2, the equilibrium amounts released from the nanohybrids were significantly different. ZC-o-HCn released 100% of the intercalated ions while ZC-m-HCn released about 40% and ZC-p-HCn released about 22%. While ZC-o-HCn showed complete release at all temperatures, the extent of reaction for the release of m-HCn and p-HCn showed temperature dependence (increasing with temperature as shown in Figure 
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				2
			

		
	
). The extents of reactions at 40°C are confirmed by XRD data in Figure S3 in supporting information.
Table 2: Summary of dipole moments and release data.
	

	Anion	Equilibrium isomer released at 40°C (%)	Dipole moment	Calculated charges
	Carbon	Oxygen 1	Oxygen 2
	

	o-HCn	100	13.7 D	+0.036	−0.460	−0.455
	m-HCn	40	14.9 D	−0.003	−0.431	−0.457
	p-HCn	22	16.7 D	−0.005	−0.461	−0.434
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(c)
Figure 5: Release profiles for (a) ZC-m-HCn, (b) ZC-o-HCn, and (c) ZC-p-HCn at 40°C.


The differences in the extent of reaction may indicate differences in the affinity of the HDS for the isomers and differences in the thermodynamic equilibrium constants of the systems. The extent of anion exchange depends on several factors which include the solvation enthalpy of the isomers (in the bulk liquid and in the gallery), the binding enthalpy (between the metal hydroxide layers and the isomers), and the inter-/intramolecular interactions of the anions within the layers [4, 28, 31]. The major contributing factor is expected to be the electrostatic interaction between the positively charged metal hydroxide layers and the negatively charged anions, with the carboxylate group of the isomers being in close contact with the layers. Since the isomers have the same charge and comparable size, differences in dipole moments (an indicator of the charge distribution) could have more influence on the thermodynamics of the release process. The magnitude of dipole moments has been shown to be correlated with selectivity in intercalation reactions of layered double hydroxides [4, 28, 31]. The affinity of the metal hydroxide layer is higher for the isomer with the highest dipole moment [13]; therefore, this isomer is expected to be retained within the layers more than the other isomers.
The equilibrium amounts of anion released from the nanohybrids follow the following order, o-HCn > m-HCn > p-HCn, which is opposite to that of the magnitude of dipole moments as shown in Table 2. The order of isomer selectivity in intercalation reactions is, as expected, the reverse of the order of equilibrium amount release observed here. Since p-HCn has the highest dipole moments, the metal hydroxide layers are expected to have the greatest affinity for p-HCn as compared to the other isomers [13]; this could explain the order observed here. Although factors which influence the extent of release are expected to be complex due to the processes involved in anion exchange reactions [32], the results obtained here infer that the magnitude of dipole moments plays a significant role in determining the equilibrium constant and hence the amount released at equilibrium. The complex nature of the exchange reactions is highlighted when our previous results for the release of cinnamate anion are considered [21]. Cinnamate anion has a dipole moment of 14.6 D which is lower than that of m-HCn, but there was only 31% Cn released at equilibrium. This indicates a complex interplay of the involved factors as it has been shown that highly hydrophobic anions are easy to intercalate into the layers. Due to the absence of hydroxyl group on the benzene ring of Cn anion, this isomer is more hydrophobic than the others and is therefore not readily deintercalated into the polar aqueous solvent environment.
From Figure 5, it can qualitatively be observed that the release rates and the release profiles of the isomers are significantly different. While the profiles for o-HCn release are sigmoidal, those for the meta- and paraisomers are deceleratory. Reaction rates can be quantified by fitting experimental data to reaction models which best describe (reproduce) the experimental data in the so-called model fitting procedure. This procedure is applicable to single mechanism reactions in which the mechanism does not change as the reaction progresses [33]. We have shown previously that isoconversional methods can be extended to anion exchange reactions in layered metal hydroxide as a strategy to identify when using model based approaches are appropriate [21]. A constant 
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 as a function of extent of reaction indicates that the reaction may effectively be characterized with a single mechanism and in these cases model based procedures are applicable [33]. The integral isoconversional method, (2), was applied to the kinetic data obtained here: 
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In (2), 
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 is the activation energy, 
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 is the extent of reaction, 
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 is the preexponential factor, 
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 is the time, 
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 the temperature, 
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 is the molar gas constant, and 
	
		
			
				𝑔
				(
				𝛼
				)
			

		
	
 is the integral reaction model. The isoconversional analysis data for all the nanohybrids is shown in Figure 6 in which the 
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 values remains constant, within experimental error, over the entire conversion range for ZC-m-HCn and ZC-p-HCn.
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(c)
Figure 6: Variation of effective 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 with α for ZC-m-HCn, ZC-o-HCn, and ZC-p-HCn.


The 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 values for ZC-o-HCn are within 10% although the changes at higher conversion appear significant compared with experimental uncertainty. The linear decrease of the 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 at higher conversion, above α = 0.5, has been attributed to weakening of the electrostatic attraction between the anions and the layers as the anions are progressively exchanged from layer to layer [34]. The constant 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 at low conversion may be due to some solid state transformations occurring, which might be responsible for the induction period observed in the PXRD analysis (Figure 
	
		
			
				S
				3
			

		
	
). Although the induction period is short, the process might still be governing the energetics of the reaction even during the exchange period resulting in the constant energy being observed up to extent of reaction of 0.5. Since 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 values for exchange reactions at the anion binding sites have been shown to range from 30 to 70 kJ mol−1 depending on the nature and size of the guest anions [31, 32, 35], the reaction may be controlled by chemical reaction at the exchange site. It is also important to note that diffusion of anions in a dense organic matrix can have high 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 values sometimes being more than 100 kJ mol−1 [36]; as such diffusion limited process cannot be ruled out if the anions are closely packed in the gallery.
The 
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 values for the release of m-HCn and p-HCn are in the range of both reaction controlled process and diffusion controlled processes [21]. The fact that the 
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				𝑎
			

		
	
 does not significantly change over the entire reaction may indicate that the reaction is diffusion controlled. The differences in the mechanism between o-HCn release and the other two systems may be due to different strength of interactions with the layers. The presence of H-bonding between the layers and the o-HCn anions may bring the anions closer to the layers resulting in an increased electrostatic attraction resulting in the process being controlled by reaction at the exchange site. Since there was no significant variation of the 
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 with conversion for m-HCn and p-HCn release, and the energy difference for o-HCn release is too low to reflect a change in mechanism, model based approach was used to obtain rate constants for the exchange reactions. The Avrami-Erofe’ev nucleation-growth model [37, 38] was used here since it has the advantage that it can be used to describe reactions occurring via different mechanisms making comparison of the processes possible since the order of reactions will be the same. In the model, the extent of reaction (
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) depends on the rate constant, 
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, and a coefficient, 
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, as shown in the following equation: 
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The coefficient 
	
		
			

				𝑛
			

		
	
 (Avrami exponent) potentially contains information about the mechanism of the reaction [39]. The Avrami-Erofe’ev model has been applied successfully to solution phase anion exchange reactions in layered materials, and other fluid phase reactions [2, 10, 40, 41]; we have also shown that values of parameters obtained from analysis of both solid state transformations and solution phase processes, employing the Avrami model, are comparable indicating that there is correlation between solid state transformation and fluid phase processes [21]. The Avrami exponent is usually obtained by taking double logarithm of the Avrami-Erofe’ev equation obtaining (4), which was popularized by Sharp and Hancock in 1972 [42]. Consider
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 as a function of ln 
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 (double logarithmic plot) gives a linear plot in which the value of 
	
		
			

				𝑛
			

		
	
 is obtained from the slope and the value of 
	
		
			

				𝑘
			

		
	
 is evaluated from the intercept.
The extent of reaction versus time plots obtained for the ZC-o-HCn/Cl− exchange reactions at different temperatures is shown in Figure 7(a). The Avrami-Erofe’ev model was applied and correctly described the obtained experimental data within the 
	
		
			

				𝛼
			

		
	
 range of 0.15–1.0. The validity of the Avrami-Erofe’ev model can be confirmed by the corresponding double logarithmic plots in Figure 7(b), where straight lines were obtained with 
	
		
			

				𝑅
			

			

				2
			

		
	
 values ranging from 0.996 to 0.999. The double logarithmic plots are almost parallel indicating that the reaction proceeds with the same mechanism over the temperature range used here. The obtained 
	
		
			

				𝑛
			

		
	
 value was close to 1.0 consistent with a nucleation controlled mechanism, which agrees well with the activation energies obtained from isoconversional methods and discussed before.
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(b)
Figure 7: Extent of reaction as a function of time (a) and double logarithmic plots (b), for the exchange reaction of Cl− anion and ZC-o-HCn at various temperatures: 60°C (□), 50°C (♦), 40°C (▲), and 30°C (●).


The release profiles together with the double logarithmic plots for the release of m-HCn and p-HCn are shown in the supporting information, Figures S4 and S5, respectively. The kinetics of m-HCn release also follows the Avrami-Erofe’ev model; the data provided a good fit within the range 
	
		
			
				0
				.
				1
				5
				<
				𝛼
				<
				0
				.
				8
				5
			

		
	
; the fit to limited range of 
	
		
			

				𝛼
			

		
	
 has been observed in other intercalation reactions. Anomalously low values of the Avrami exponent observed here (shown in Table 3) have been reported in polymer and alloy crystallization and do not have physical mechanistic meaning [43, 44]. The Avrami exponent values obtained for the release of p-HCn are close to 0.5 which is consistent with diffusion controlled reactions [10]. Diffusion control of such a high 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 highlights two issues; (a) the interlayer space is densely packed and the diffusional resistance within the interlayer space approaches that in polymers in which 
	
		
			

				𝐸
			

			

				𝑎
			

		
	
 values can be above 100 kJ mol−1 depending on the diffusing molecule [36] and (b) Kinetic ambiguity is common in model based approaches; in this case, the mechanistic interpretation from the model is not in line with the kinetic parameters obtained.
Table 3: A summary of kinetic parameters obtained at different temperatures.
	

	Nanohybrid	Temperature (°C)	
	
		
			

				𝑛
			

		
	
	
	
		
			

				𝑘
			

		
	
 s−1 (*10−3)
	

	ZC-o-HCn	60.0	
	
		
			
				0
				.
				8
				2
				±
				0
				.
				0
				2
			

		
	
	
	
		
			
				1
				.
				7
				±
				0
				.
				3
			

		
	

	50.0	
	
		
			
				0
				.
				9
				0
				±
				0
				.
				0
				2
			

		
	
	
	
		
			
				0
				.
				7
				±
				0
				.
				1
			

		
	

	40.0	
	
		
			
				0
				.
				8
				8
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				0
				.
				2
				9
				±
				0
				.
				0
				5
			

		
	

	30.0	
	
		
			
				1
				.
				0
				2
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				0
				.
				1
				0
				±
				0
				.
				0
				1
			

		
	

	

	ZC-m-HCn	60.0	
	
		
			
				0
				.
				2
				4
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				3
				1
				±
				9
			

		
	

	50.0	
	
		
			
				0
				.
				2
				4
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				2
				0
				±
				7
			

		
	

	40.0	
	
		
			
				0
				.
				2
				1
				±
				0
				.
				0
				2
			

		
	
	
	
		
			
				7
				±
				2
			

		
	

	30.0	
	
		
			
				0
				.
				2
				2
				5
				±
				0
				.
				0
				0
				7
			

		
	
	
	
		
			
				3
				.
				5
				±
				0
				.
				8
			

		
	

	

	ZC-p-HCn	60.0	
	
		
			
				0
				.
				4
				1
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				2
				.
				9
				±
				0
				.
				5
			

		
	

	50.0	
	
		
			
				0
				.
				4
				5
				±
				0
				.
				0
				2
			

		
	
	
	
		
			
				1
				.
				6
				±
				0
				.
				4
			

		
	

	40.0	
	
		
			
				0
				.
				4
				6
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				1
				.
				0
				±
				0
				.
				2
			

		
	

	30.0	
	
		
			
				0
				.
				3
				9
				±
				0
				.
				0
				1
			

		
	
	
	
		
			
				0
				.
				5
				±
				0
				.
				1
			

		
	

	



From Table 3, it can be concluded that the rate of release of m-HCn from the nanohybrids is much faster compared with the other isomers. As an example, the rate constants at 40°C were (
	
		
			
				7
				±
				2
			

		
	
) × 10−3 s−1 for m-HCn, (
	
		
			
				1
				.
				0
				±
				0
				.
				2
			

		
	
) × 10−3 s−1 for p-HCn, and (
	
		
			
				0
				.
				2
				9
				±
				0
				.
				0
				5
			

		
	
) × 10−3 s−1 for o-HCn. The rate of release follows the following order: 
	
		
			
				𝑚
				-
				-
				H
				C
				n
				>
				𝑝
				-
				H
				C
				n
				>
				𝑜
				-
				H
				C
				n
			

		
	
.
The release profile for m-HCn at 40°C (Figure 5(a)) shows that there is a burst and rapid release of the intercalated anion in the first 10 minutes followed by a more sustained release with equilibrium being attained after 3 hours. This burst release is observed for all the temperatures used here (Figure 
	
		
			
				S
				2
				a
			

		
	
 in supporting information) and has been observed before in anion exchange reactions in LDHs [10]. The burst release observed here is due to anion exchange as confirmed by PXRD results in Figure 
	
		
			
				S
				3
			

		
	
. The chloride phase, represented by an asterisk in Figure 
	
		
			
				S
				3
			

		
	
, was significant at 30 seconds (the earliest we could sample) of ZC-m-HCn being in contact with the chloride solution. The initial slow and linear release in ZC-o-HCn indicated in Figure 5(b) and confirmed by XRD profiles in Figure 
	
		
			
				S
				3
			

		
	
 may be due to the increased stability of the HDS structure due to extensive hydrogen bonding as indicated by FTIR data in Figure 3 and the close arrangement of the anions implied by XRD profiles in Figure 2(a). This first stage of release has a strong temperature dependence being more pronounced at low temperature and almost absent at higher temperatures (Figure 
	
		
			
				S
				2
			

		
	
b in supporting information).
Factors which may influence the rates of release include interactions between the metal hydroxide layers and the anions, anion-anion interactions within the layers and in the exchange medium, and solvent-anion interaction [10]. It is expected that these factors will have a complex effect on the reaction rates since they affect each isomer differently. The complex interplay of the above mentioned factors often make it difficult to come up with a simple relationship between the rate of release and the aforementioned factors [10]. It is important to note that these factors are expected to depend on the types and positions of chemical groups on the anion. The presence of hydrogen bonding within the interlayer space reduces the Gibbs free energy of formation of the nanohybrids and stabilizes the system [45]. The rate of release of ions then depends on the differences in the energy of nanohybrid and the barrier to reaction. As indicated in Figure 3, there is significant level of hydrogen bonding in ZC-o-HCn which then resulted in a close interaction with the layers. The hydrogen bond network in the nanohybrid and the close interaction of the anions with the layers stabilized the system as compared to the other nanohybrids. The nanohybrid in which these interactions are low is relatively less stable and is expected to proceed faster to equilibrium; this is consistent with results obtained here. The anions in the unstable/less stable nanohybrid prefer bulk solution (in which there is stabilization by solvation with water molecules) to gallery space which may result in the burst and fast release observed in ZC-m-HCn. The modification of bioactive molecules with groups capable of hydrogen bonding, for example, hydroxyl groups, especially at positions which allow interactions with the layers, may enable tuning of the release behavior of these molecules from layered materials. It is important to note that the modification should be at positions which do not affect the bioactivity of the molecules. Additional experiments, including studies on other isomeric anions with groups capable of forming hydrogen bonds and effect of metal layer composition, will be helpful in further elucidating how the position of substituents control the rate as well as the extent of reaction.
4. Conclusions
Anion exchange reactions in hydroxy double salts are affected by the structure of the intercalated anions, and there is a strong interplay between thermodynamics and kinetics of the release reactions. In the present study, we have shown that there is a significant effect of the position of substituent groups on the rate and extent of release of isomers of hydroxycinnamate. While the release of the metaisomer was instantaneous and fast, the orthoisomer release exhibited a slower, more sustained, and complete release; the order of reaction rates was m-HCn 
	
		
			

				>
			

		
	
  p-HCn 
	
		
			

				>
			

		
	
  o-HCn, with the o-HCn nanohybrid showing an induction period. The position of the hydroxyl groups resulted in differences in the interlayer interactions of the anions with presence of interlayer hydrogen bonds affecting the rates of the reaction. The formation of hydrogen bonds between the layers and the intercalated orthoisomer resulted in greater stabilization of the nanohybrid and resulted in the observed induction period and slow release. The extent of reaction was correlated with the magnitude of dipole moments. These results highlight the potential of tuning the release behavior of intercalated bioactive compounds which bring control into both the amount released per given time and the period for total release.
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