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Introduction

Microgels constitute a unique class of polymer materials, where cross-linked particles are swollen in a good solvent. 1 Since the discovery of temperature-induced volume transition in aqueous microgels based on poly(N-isopropylacrylamide) (PNIPAM), 2 one observes a rapidly growing interest in such colloidal materials, whose structure and properties change in response to surrounding conditions (e.g., temperature, pH, ionic strength, light, etc.). [3][4][5][START_REF]Chemical design of responsive microgels[END_REF][START_REF]Microgel suspensions : fundamentals and applications[END_REF][START_REF] Plamper | [END_REF] The interest explains by their high potential as smart materials for various applications such as controlled drug delivery, 9 catalysis, 10 on-demand stabilization and breakage of emulsions, 11 separation, 12 etc. The volume change of the aqueous microgel particles in response to different stimuli is mostly governed by hydrogen bonding, and hydrophobic as well as electrostatic interactions. For the most well-known thermal sensitive microgels based on PNIPAM and poly(N-vinylcaprolactam) (PVCL), which are usually prepared by precipitation polymerization of the corresponding monomers in water, their deswelling upon heating is caused by disruption of hydrogen bonding between polymer chains and water as well as polymer-polymer hydrophobic interactions. For encapsulation applications it is important to analyse their internal structure in order to establish the structure-property relationships. A number of techniques have been applied to characterize such microgels. Thus, measurements using emission of a fluorescent probe encapsulated in PNIPAM microgels provided evidence for a more hydrophobic environment in the collapsed gels. 13 The structural heterogeneity inside the microgel particles was also addressed by scattering techniques [14][15][16] and NMR. 17,18 To extend the field of applications of such materials we have modified via acid-base interaction the hydrophilic microgels based on PVCL containing basic imidazole groups with wedgeshaped amphiphilic sulfonic acid molecules, which can form hydrophobic nanodomains inside the microgel particles. 19,20 The modified microgels exhibit a significantly increased encapsulating capacity toward hydrophobic substances. After modification the thermal sensitivity of the microgels has been changed according to the chemical structure of the ligand molecules and degree of modification. Although a battery of experimental techniques such as light scattering, UV-Vis spectroscopy, transmission electron microscopy (TEM) were already used to study modified microgels, their internal structure has not been sufficiently elucidated. In this work, we use two wedge-shaped sulfonic acid molecules containing a photosensitive azo-group, which undergoes E/Z - Please do not adjust margins Please do not adjust margins photoisomerization, to modify the PVCL-based microgels. This research is motivated by the fact that the absorption maximum λmax and the thermal Z→E isomerization rate constants kiso of "push-pull" azobenzenes strongly depend on the solvent polarity. They were used as "spectroscopic" and "kinetic" probes to study aqueous microheterogeneous solutions of surfactants. [21][22][23] In our case, the azobenzene-containing wedgeshaped molecules can act as "self-reporting" probes to study the microenvironment inside the microgel particles. Furthermore, E/Z -photoisomerization may lead to the change of the shape of the molecules and, consequently, their selfassembling behaviour. 24 This opens the way to modulate photochemically the volume transition of the microgels. 25,26 Experimental Materials.

N-Vinylcaprolactam (VCL) (98%, Aldrich), acetoacetoxyethyl methacrylate (AAEM) (95%, Aldrich), and vinylimidazole (VIm) (≥ 99%, Aldrich) were purified by vacuum distillation. 2,2'-Azobis(2-methylpropyonamidine) dihydrochloride (AMPA) (97%, Aldrich), N,N'-methylenebis(acrylamide) (BIS) (99%, Aldrich), tetrahydrofuran (THF) (p.a., Aldrich), acetone (analytical, Aldrich) and diisopropyl ether (puriss. p.a., ≥98.5%, Sigma-Aldrich), Amberlyst® 15 hydrogen form (dry, Supelco) were used as received. Wedge-shaped amphiphilic sulfonate molecules, namely sodium 4-((4-((3,4,5-tris(octyloxy)benzoyl)oxy)phenyl)diazenyl) benzenesulfonate (C8AzoSO3Na) and sodium 4-((4-((3,4,5tris(dodecyloxy)benzoyl)oxy)phenyl)diazenyl)benzenesulfonate (C12AzoSO3Na) (Scheme 1) were synthesized according to a literature procedure. 27,28 Scheme 1. Chemical structure of wedge-shaped amphiphilic sulfonate molecules CnAzoSO3Na, n = 8 and 12.

Synthesis of microgel.

Poly(N-vinylcaprolactam-co-acetoacetylethyl methacrylate)-based microgel functionalized with 5 wt.-% vinylimidazole units (PVCL/AAEM/VIm) was synthesized using a literature procedure. 29 VCL (1.783 g, 12.8 mmol), AAEM (0.321 g, 1.5 mmol), VIm (0.071 g, 0.075 mmol) and BIS (0.06 g, 0.39 mmol) were dissolved in deionizer water (150 g), and the resulting solution was placed into a double-wall glass reactor equipped with a stirrer and a reflux condenser. The solution was stirred for 1 h at 70 °C under continuous purging with nitrogen. Afterwards, AMPA (0.05 g, 0.18 mmol) dissolved in 5 mL water was added under continuous stirring. The reaction was continued for another 8 h.

Modification of microgels with wedge-shaped sulfonic acid molecules. C12AzoSO3Na or C8AzoSO3Na (0.02 mmol) was dissolved in diisopropyl ether (2 mL). To the resulting solution Amberlyst® 15 ion-exchange resin (0.2 g) was added. The flask was shaken overnight. The diisopropyl ether solution of the corresponding sulfonic acid was obtained by filtering through a glass filter (pore size 4). VCL/AAEM/Vim microgel particles were isolated from the aqueous dispersion by centrifugation (10000 rpm, 10 min) and re-dispersed in THF. The solution of C12AzoSO3H or C8AzoSO3H was added dropwise to the well stirred dispersion of the microgel in THF containing 0.02 mmol imidazole units. The resulting dispersion was stirred overnight at room temperature to ensure the complete incorporation of the wedge-shape molecules into the microgel. Subsequently, the modified microgels with 100% neutralized imidazole units PVCL/AAEM/VIm/(C12AzoSO3H)100% and PVCL/AAEM/VIm/(C8AzoSO3H)100% were isolated by centrifugation and re-dispersed in water. Microgels of different neutralization degrees (DN) were synthesized by the same means.

Dynamic light scattering (DLS) measuments. Hydrodynamic diameter (Dh) of microgels was measured with the Zetasizer Nano Series (Malvern Instruments) with noninvasive backscatter (NIBS) technology at a scattering angle of 173°. The pH value of the aqueous medium was adjusted by addition of 0.01 M NaOH or 0.01 M HCl.

UV-Vis spectroscopy. UV-Vis spectra of microgel dispersions were recorded on Jasco V-630 spectrophotometer in the range of wavelength from 800 to 200 nm. Band width was 1.5 nm and scan speed was 1000 nm/min. UV-irradiation was carried out using a UV-lamp of 6 W (Netz-Handlampe UVA/C, Dr. Gröbel UV-Elektronik GmbH) at 365 nm placed at a distance of 1 cm from the dispersion sample.

Transmission electron microscopy (TEM).

A drop of the aqueous dispersion of microgel was placed on a lacey TEM grid, where most of the liquid was removed with blotting paper, leaving a thin film stretched over the lace. The rest of water was removed by drying overnight at room temperature. The specimen was further transferred to a Zeiss Libra 120 transmission electron microscope. The acceleration voltage was set at 120 kV.

Grazing-incidence wide-angle X-ray scattering (GIWAXS).

GIWAXS measurements were performed at the ID10 beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France). The measurements were performed on drops of aqueous dispersions of microgels deposited on Si substrates. The wavelength of X-ray was 1.24 Å (E=10 keV). Two-dimensional diffraction patterns were recorded using Pilatus 300K detector (Dectris) with a pixel size 172x172 μm 2 .

Results and discussion

The aqueous dispersions of PVCL/AAEM/VIm microgels modified with wedge-shaped sulfonic acid molecules have high colloidal stability. The hydrodynamic diameters (Dh) and Please do not adjust margins Please do not adjust margins polydispersity indices (PDI) of these particles measured by DLS at neutral pH and room temperature are summarized in Table 1. The modified microgels exhibit a significantly reduced particle size, and the size decreases with the increase of DN. This can be attributed to the strong hydrophobic attractive force between the wedge-shaped molecules that leads to the particle shrinkage. Figure 1 displays two representative TEM micrographs of the modified microgels. In agreement with the DLS data, they show very narrow size distribution. The mean particle size obtained from these images is 203 nm for PVCL/AAEM/VIm/(C8AzoSO3H)50% and 195 nm for PVCL/AAEM/VIm/(C12AzoSO3H)50%. As compared with the Dh values measured by DLS in the aqueous dispersions (Table 1), the size of the dried particles is much smaller. As shown in previous reports, the VCL/AAEM/Vim microgel exhibits both thermal and pH sensitivity. 19,20,29 In this work the dependence of Dh on both temperature and pH of the aqueous medium was studied. As can be seen in Figure 2, a significant change in the temperature dependence of the particle size in the aqueous media is observed after substitution with the wedge-shaped molecules, and it depends on the DN value as well as the alkyl chain length. The PVCL/AAEM/VIm/(C8AzoSO3H)DN microgels remain thermally sensitive, and they reach almost the same size at elevated temperature. For the microgel with DN = 25 %, the temperature dependence of the size is very similar to that of the unmodified one. At DN = 50 % and 100 %, the shrinkage of the particles upon heating becomes less significant. Moreover, in comparison with the original microgels the volume transition temperature is decreased for DN = 50 %, but increased again for DN = 100 %. The wedge-shaped molecules with longer alkyl chains have a bigger influence on the swelling properties of the microgel especially at higher DN. At DN = 25 %, the particles shrink with the increase of temperature following almost the same trend as the PVCL/AAEM/VIm/(C8AzoSO3H)25% microgel. When DN is increased to 50 %, the volume transition temperature increases by more than 10 °C. At DN = 100 %, the microgel size is almost independent on temperature. For other wedge-shaped molecules it was shown previously that the hydrophobicity of octyl-substituted molecules was not high enough for them to associate; meanwhile dodecyl-substituted molecules formed aggregated hydrophobic nanodomains, which acted as physical cross-linking points to hinder the collapse of the PVCL chains. 20 Although a similar effect is observed for the azo-containing wedge-shaped molecules, the different chemical structure is reflected in the details of their thermal behaviour especially at higher DN values. The characterisation of the microgels' local structure was carried out by the GIWAXS technique. In the small-angle region of the diffractograms measured on droplets of the microgels suspensions on Si substrates one can observe a peak with the dspacing varying between 22 and 20Å (cf. Fig. 3). The presence of the peak for the samples with moderate DNs indicates formation of columnar liquid crystalline (LC) phase, similar to that found for the complexes of C8AzoSO3H with P4VP. 28 It is logical to assume that the nanodomains of the ligand are characterized by weakly ordered LC phase disturbed by the solvent molecules. At high DN-values, the reflection in the small-angle region becomes significantly weakened (cf. green curve in Fig. 3). At the same time, in the wide-angle region a narrow reflection corresponding to d-spacing of 4.82 Å becomes clearly observable. One can assume that this peak originates from packing of the linear alkyl chains of the wedge-shaped mesogens. [30][31] The formation of the alkyl sub-lattice can explain hardening of hydrophobic nanodomains and a decrease of the hydrodynamic diameter for sample PVCL/AAEM/VIm/(C8AzoSO3H)100%. The pH dependence of the microgel size is presented in Fig. 4. Due to the presence of basic imidazole groups, the VCL/AAEM/Vim microgel is pH sensitive. Indeed, it exhibits the maximum size at pH = 3, which corresponds the maximum ionization degree of the imidazole groups (cf. Fig. 4). This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins On the contrary, for all modified microgels the pH sensitivity is significantly reduced. We attribute this phenomenon to the interplay between the hydrophobic and electrostatic interactions. In our previous studies Nile Red was used as a polarity probe to analyse the internal structure change of the PVCL/AAEM/VIm microgels modified with wedge-shaped molecules upon heating. 19,20 The increase of hydrophobicity was evidenced by the blue shift of its absorption maximum. The UV-Vis spectra of the microgels modified with the azobenzene-containing wedgeshaped molecules were recorded at different temperatures in the range from 25 to 60 °C. Interestingly, the absorption (extinction coefficient) of the chromophores in the microgels increases significantly upon heating (Fig. 6); meanwhile the UV-Vis spectra of the wedge-shaped sulfonate molecules C8AzoSO3Na and C12AzoSO3Na hardly undergo any change by increasing the temperature from 25 to 60 °C. This so called hyperchromic effect, which is a well-known phenomenon occurring during denaturation of DNA, 32 is most probably related to the increase of hydrophobicity of the microgel interior. The increase of maximum absorbance upon heating is demonstrated in Fig. 7 for both series of modified microgels.
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The relation between the volume change and hyperchromicity still remains an open question. The azobenzene groups in the microgels undergo E/Zphotoisomerization upon UV irradiation as shown by the decrease of absorbance of the π→π* transition and slight increase of absorbance of the n→π* transition peak at ca. 450 nm (Fig. 8). The presence of an isosbestic point indicates that only two species that vary in concentration contribute to the absorption, i.e. no processes other than the E/Z -isomerization are induced by the irradiation. A photostationary state is reached after UV-irradiation for certain time (Fig. 8). Upon heating the Z-isomer of the azobenzene group transforms to the E-form. In order to study the kinetics of this process, the aqueous dispersions of the modified microgels were irradiated by UV light (365 nm) till the photostationary state. Afterwards, the irradiated samples were kept at different temperatures and the spectra were registered as a function of time. The sequence between E/Z photochemical and thermal Z/E isomerization is completely reversible for several cycles. Fig. 9 demonstrates the dependence of relative absorbance at 320 nm on the time of thermal treatment at different temperatures. It can be clearly seen that the rate of the Z→E -isomerization of the azobenzene group increases with the increase of temperature. The curves shown in Fig. 9 can be described by a mono-exponential function: A* = (A∞-At)/(A∞-A0) = exp(-kisot). The rate constants kiso can therefore be calculated. The dependence of kiso on temperature can be used to determine the activation energy Ea of the process using Arrhenius equation (Fig. 10). The Ea values obtained for all modified microgels are summarized in Table 2.

One can see that Ea increases with the increase of DN. Furthermore, Ea of the PVCL/AAEM/VIm/(C12AzoSO3H)DN microgels lies above that of the PVCL/AAEM/VIm/(C8AzoSO3H)DN microgels with the same DN. These results can be accounted for by the fact that the polarity of the microgel interior is reduced with the increase of DN as well as the alkyl chain length. [33][34] The very low rate constant at room temperature and very high Ea observed for the PVCL/AAEM/VIm/(C12AzoSO3H)100% microgel suggests the selfassembly of the wedge-shaped molecules to hydrophobic nanodomains, which was also demonstrated by pH and temperature dependent DLS measurements. The aqueous dispersions of the modified microgels were also studied by DLS during the UV irradiation. The change of Dh was not observed in this case. We have used X-ray scattering technique to study the microgel dispersions, and only scattering from the solvent and glass capillary was recorded, indicating no formation of ordered structures in the dispersions of the modified microgels. This might be the reason for the insensibility of the microgel size toward E/Z isomerization of the azobenzene groups induced by UV irradiation. The increase of dipole moment of the ligand molecules during this process apparently cannot result in the size change of the microgel particles. Please do not adjust margins Please do not adjust margins interaction. It is shown that the modified microgels can be well dispersed in water. Although they retain environmental sensitivity, the temperature and pH dependence of the particle size has been significantly changed. The azobenzene group was used as a "spectroscopic" and "kinetic" probe to study the microenvironment inside the microgels with regard to temperature and hydrophobicity. Upon heating the modified microgels show a strong increase of molar absorption of the azobenzene group, i.e. a hyperchromic effect. This can be attributed to the increase of hydrophobicity of the microgel interior. The thermal Z/E isomerization of UV-irradiated microgels was studied at different temperatures, and activation energy Ea of the process was determined. It is shown that Ea increased with the increase of neutralization degree, indicating a reduction of polarity after modification with the wedgeshaped molecules. The very low rate constant at room temperature and very high Ea observed for the PVCL/AAEM/VIm/(C12AzoSO3H)100% microgel suggests the selfassembly of the wedge-shaped molecules into hydrophobic nanodomains inside the microgel. The formation of the alkyl sub-lattice is likely responsible for hardening of hydrophobic nanodomains and a decrease of the hydrodynamic diameter for sample PVCL/AAEM/VIm/(C8AzoSO3H)100%.

Conclusions

  /VIm/(C8AzoSO3H)50%, (b) PVCL/AAEM/VIm/(C12AzoSO3H)50%.

Fig. 2

 2 Fig. 2 Hydrodynamic diameter (Dh) of the microgels as a function of temperature.

Fig. 3

 3 Fig.3 GIWAXS curves of PVCL/AAEM/VIm/(C8AzoSO3H) microgels with DN=25 (red), 50 (green) and 100% (black).

Fig. 4

 4 Fig.4 Hydrodynamic diameter (Dh) of microgels as a function of pH value of aqueous media.

Fig. 7

 7 Increase of maximum absorbance in comparison to that at 25 °C for (a) PVCL/AAEM/VIm/(C8AzoSO3H)100% and (b) PVCL/AAEM/VIm/(C8AzoSO3H)100% in water upon heating from 25 to 60 °C.

  Fig. 8 Change of UV-Vis spectrum of PVCL/AAEM/VIm/(C12AzoSO3H)100% microgel in water during UV irradiation (365 nm).

Fig. 9

 9 Fig.9 Time dependence of relative absorbance at 320 nm A* of irradiated PVCL/AAEM/VIm/(C12AzoSO3H)50% microgel in water at different temperatures. A*=(A∞-At)/(A∞-A0) (At -absorbance after thermal treatment for time t, A0 -absorbance at photostationary state, A ∞ -absorbance after complete Z/E isomerization).

  Two wedge-shaped sulfonic acid molecules with different alkyl chain lengths and a photosensitive azobenzene group, namely 4-((4-((3,4,5-tris(octyloxy)benzoyl)oxy)phenyl)diazenyl)benzenesulfonaic acid and 4-((4-((3,4,5-tris(dodecyloxy)benzoyl)oxy)phenyl)diazenyl)benzenesulfonic acid have been incorporated into poly(N-vinylcaprolactam-co-acetoacetylethyl methacrylate-co-vinylimidazole) microgels via acid-base This journal is © The Royal Society of Chemistry 20xx

Table 1

 1 Dynamic light scattering results obtained at 25 °C and pH 6.5 from VCL/AAEM/Vim microgels before and after modification with wedge-shaped sulfonic acid molecules presented in Scheme 1. Dh -hydrodynamic diameter, PDIpolydispersity index

	Sample	Dh (nm)	PDI
	PVCL/AAEM/VIm	900	0.05
	PVCL/AAEM/VIm/(C8AzoSO3H)25%	750	0.07
	PVCL/AAEM/VIm/(C8AzoSO3H)50%	540	0.03
	PVCL/AAEM/VIm/(C8AzoSO3H)100%	490	0.10
	PVCL/AAEM/VIm/(C12AzoSO3H)25%	770	0.10
	PVCL/AAEM/VIm/(C12AzoSO3H)50%	575	0.08
	PVCL/AAEM/VIm/(C12AzoSO3H)100% 400	0.10

Table 1

 1 Arrhenius activation energy Ea of thermal Z→E process of azobenzene groups in modified microgels
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	Fig. 10 Arrhenius plots for temperature dependence of rate
	constant k of thermal Z→E process of azobenzene groups in
	modified microgels.	
	Sample				Ea (kJ/mol)
	C12AzoSO3Na			56
	PVCL/AAEM/VIm/(C8AzoSO3H)25%	28
	PVCL/AAEM/VIm/(C8AzoSO3H)50%	30
	PVCL/AAEM/VIm/(C8AzoSO3H)100%	47
	PVCL/AAEM/VIm/(C12AzoSO3H)25%	28
	PVCL/AAEM/VIm/(C12AzoSO3H)50%	44
	PVCL/AAEM/VIm/(C12AzoSO3H)100% 75
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