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中  文  摘  要

	将“主-客体”分子（离子）识别特性引入到温度响应型智能材料当中，可以构造出新型的智能高分子材料，更好地应用于药物可控释放、生物或化学传感器、记忆元件开关、生物及化学分离体系、酶和细胞的智能固定化等高新技术领域。由于金属离子对生物体各种复杂的新陈代谢活动起着核心的作用，如细胞内外存在明显的离子梯度差以维持细胞的膜电位，调解细胞的体积和保证正常的新陈代谢；此外，一些重金属离子（如Pb2+、Hg2+）在很低浓度时就对生物具有极强的毒性。因此，研究具有金属离子识别特性的智能高分子材料具有极其重要的理论价值和实用意义，在生物化工、医药以及环境等领域具有广阔的应用前景。本文将冠醚的离子识别特性与聚(N-异丙基丙烯酰胺)（PNIPAM）的温敏特性相结合，设计并成功制备了一系列新型离子识别型温敏智能材料（包括高分子、水凝胶及微球等智能材料），探明了其制备方法和工艺条件，系统研究了其离子识别及温度响应特性，并考察了其响应特性与微观结构之间的构效关系，取得了创新性的研究成果。

PNIPAM是一类具有低临界溶解温度（LCST）的温敏性聚合物，其均聚物的相变温度在30 ~ 34 ºC之间，比较接近人体温度，并且对温度感应非常灵敏，具有较快的温度响应速度。冠醚是第一代人工合成的主体化合物，其分子结构中具有大环空腔结构，能够选择性地络合金属离子，当金属离子与冠醚空腔尺寸相匹配时，冠醚作为主体分子，通过离子-偶极相互作用与特定的金属离子形成具有一定稳定性的“主-客体”配合物。本研究采用自由基引发共聚反应将冠醚分子引入到PNIPAM温敏智能材料中，从而制备了同时具有离子识别和温度响应特性的新型智能材料。本论文研究工作的主要内容和创新点表现在以下几个方面：
1  在国内外首次成功合成一种新的带有双键的冠醚单体——顺-二苯并-18-冠-6-丙烯酰胺（cis-DBCAm），并通过自由基共聚法成功制备了一种新型的离子识别型温敏共聚高分子——P(NIPAM-co-cis-DBCAm)。研究结果表明，该P(NIPAM-co-cis-DBCAm)高分子具有良好的离子识别响应特性，高分子主链上的cis-DBCAm选择性地络合K+或Cs+后，冠醚环由于参与配位作用发生构象反转，从而诱导高分子的LCST向更低温度方向迁移，这是一种完全不同于现存离子响应特性的新模式。相关研究成果参见：Ju XJ, et al, Macromol. Rapid Commun. (2008 Impact Factor: 3.907), 2006, 27: 2072-2077 (*该论文被选为当期杂志“封面文章(Front Cover Story)”发表，发表后连续两个月成为“访问次数最多的文章(Most-Accessed Articles)”（在两个月中分别排Most-Accessed Articles第六和第九）)。

2  通过改变合成温度，可控制备了具有不同内部微观结构的PNIPAM水凝胶，首次采用扫描电镜（SEM）对凝胶的不同微观结构进行了表征分析，研究发现，在25 ºC（低于LCST）下制备的PNIPAM水凝胶呈现出均质的网状微观结构；在60 ºC（高于LCST）时制备的PNIPAM水凝胶其微观结构是由大量亚微米级的凝胶微粒簇构成的非均质结构。水凝胶的平衡及动态温敏特性研究结果表明，微观结构不同的PNIPAM水凝胶在水中均表现出良好的温度响应特性，但温敏行为表现明显不同：具有均质网状结构的PNIPAM水凝胶，其响应温度的平衡体积相变程度较大；而具有非均质微观结构的PNIPAM水凝胶对环境温度变化的响应速率较快，能够迅速响应环境温度变化并快速释放内载的NaCl模拟药物，表现出更为灵敏的温敏控制释放特性。相关研究成果参见：Ju XJ, et al, Smart Mater. Struct., 2006, 15: 1767-1774; Li PF, Ju XJ, et al, Chem. Eng. Technol., 2006, 29: 1333-1339 (*该论文发表后立即成为“访问次数最多的文章(Most-Accessed Articles)” （在2007年12月排Most-Accessed Articles第四，在11/2007-10/2008和12/2007-11/2008两次年度Most-Accessed Articles排名中均排第五））.
3  首次成功制备了苯并-18-冠-6-丙烯酰胺（BCAm）与NIPAM共聚的新型温敏的离子识别型交联水凝胶P(NIPAM-co-BCAm)。研究发现，P(NIPAM-co-BCAm)水凝胶具有良好的离子识别和温度响应特性：当BCAm识别特定的金属离子（Ba2+或Cs+）并形成稳定有效的“主-客体”配合物后，水凝胶的LCST会因该配位作用发生迁移：在Ba2+溶液中，BCAm与Ba2+形成稳定的配位化合物，由于配合物之间静电斥力以及凝胶中的渗透压作用，使水凝胶更加溶胀，并且呈现出LCST升高的现象；当溶液中加入Cs+后，Cs+与BCAm形成稳定的2:1“夹心”配位化合物，这种配位作用增加了凝胶网路结构中的弹性回复力，使LCST向低温迁移。研究还首次发现，P(NIPAM-co-BCAm)交联水凝胶对重金属Pb2+表现出“低温吸附-高温解吸”的特性，这主要是由于低温时聚合物链舒展，BCAm可以有效地包结Pb2+形成配位化合物，使更多的Pb2+被吸附，所以低温下P(NIPAM-co-BCAm)水凝胶表现出更强的吸附能力；但随着温度升高，聚合物链收缩，冠醚空腔彼此靠近，这时离子间的静电斥力影响了BCAm与Pb2+的配位作用，使Pb2+从BCAm受体中脱离，造成P(NIPAM-co-BCAm)水凝胶对Pb2+的吸附量减少。该离子响应型水凝胶为新型离子识别型智能控制释放载体系统的设计与制备提供了新材料，并为依靠控制温度实现重金属Pb2+的分离提供了一种新材料和新途径。相关研究成果参见：Ju XJ, et al, J. Phys. Chem. B (2008 Impact Factor: 4.189), 2008, 112: 1112-1118; Ju XJ, et al, J. Hazard. Mater. (2008 Impact Factor: 2.975), 2009, 167: 114-118; 国际会议: Ju XJ, et al, The 4th Joint China/Japan Chemical Engineering Symposium (CJCES), 2007, December 19-21, 2007, Chengdu, China.
4  在国内外首次成功制备了单分散离子识别型温敏P(NIPAM-co-BCAm)凝胶微球，通过改变制备时的试剂配比可以控制共聚微球的粒径大小：增大单体NIPAM或BCAm的浓度，P(NIPAM-co-BCAm)微球的粒径随之增大，但微球球形度相应变差。利用动态光散射（DLS）对该微球的温敏及离子响应行为以及微球内部不均一的交联程度对其离子识别特性的影响作用进行了系统研究，结果表明，P(NIPAM-co-BCAm)微球具有良好的温度响应特性，微球随环境温度升高表现出体积突变，其水化动力学直径（DH）在34 ºC附近迅速减小；在K+等特定的离子溶液中，P(NIPAM-co-BCAm)微球表现出良好的离子响应特性：在K+溶液中，由于BCAm与K+的配位作用，提高了微球在K+溶液中具有较好的胶体稳定性；在33 ºC下，由于BCAm与特定金属离子（Ba2+或K+）的配位作用，凝胶微球可以响应K+或Ba2+刺激发生等温地体积溶胀变化。该研究结果为新型智能化控制释放载体、传感器、激励器等智能材料系统的设计和制备提供了重要依据。相关研究成果参见：Ju XJ, et al, Polymer (2008 Impact Factor: 3.331), 2009, 50: 922-929; 国际会议: Ju XJ, et al, The 2nd Asian Symposium on Emulsion Polymerization and Functional Polymeric Microspheres, September 9-14, 2007, Beijing, China; Ju XJ, et al, International Symposium on New Cosmetic Formulations -- “Pioneering Functional Materials in Cosmetic Industry”, July 8, 2008, Amore-Pacific R&D Center, Korea (*邀请报告).
综上所述，本研究成功地制备出同时具有温度敏感和离子识别响应特性的一系列智能高分子材料，均具有良好的离子识别能力和响应特性。将BCAm引入到PNIPAM凝胶载体材料中，利用分子识别主体BCAm作为传感器识别特定的离子信号，PNIPAM作为执行器，可以较好的实现对特定金属离子的识别并以此来控制凝胶材料的膨胀-收缩行为。该类智能材料有望为研发细胞坏死信号感应型靶向给药系统、传感细胞坏死信号的细胞培养基质以及重金属离子温控吸附剂等提供新的途径和手段，具有广阔的应用前景。该研究工作所取得的上述创新性研究成果受到了国际同行的关注和重视，论文作者被邀请为国际学术期刊Expert Opinion on Therapeutic Patents撰写相关内容综述性论文两篇（参见：Ju XJ, et al, Expert Opin. Ther. Patents, 2009, 19: 493-507; Ju XJ, et al, Expert Opin. Ther. Patents, 2009, 19: 683-696），并受美国Nova Science出版社邀请，撰写相关内容的学术著作章节（参见：Ju XJ, Chu LY. “Temperature-Sensitive Hydrogels with Molecule-Recognition Properties”. In “Handbook of Hydrogels: Properties, Preparation & Applications”(ISBN: 978-1-60741-702-6, Edited by Prof. David B. Stein). Nova Science Publishers, NY 11788, USA, 2009, Chapter 25.）
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Study on preparation and structure-function relationship of thermo-responsive and ion-recognition smart materials
Ju Xiaojie
ABSTRACT
	Novel smart polymeric materials could be fabricated by incorporating the “host-guest” molecular-/ion-recognition property into the thermo-sensitive polymers. Such smart polymers would have more favorable applications in various hi-tech fields, including controlled drug delivery systems, biological or chemical sensors, memory switching elements, biological or chemical separation systems, and immobilizations of enzymes or cells. Metal ions play important roles in the life activities. There are obvious ion concentration gradients between the intracellular and extracellular fluids of the cells in the body, which maintain the osmotic pressure of the cells and guarantee the normal metabolism physiologic function. On the other hand, some heavy metal ions (such as Pb2+ and Hg2+) have high toxicity to the organisms even in the low concentration. Therefore, it is of important theoretical significance and great practical interest to study on the smart materials with metal ion-recognition properties. In this study, we design and successfully prepare a series of novel stimuli-responsive materials that simultaneously exhibit ion-recognition property based on the supramolecular “host-guest” complexation of crown ether receptors with specific metal ions and thermo-sensitivity based on the phase transition of poly(N-isopropylacrylamide) (PNIPAM). The preparation methods and technologic procedures, the ion-recognition and thermo-responsive properties, and the structure-function relationship between microstructure and responsive characteristics of the proposed smart materials are investigated systematically, and some innovative results are presented in this thesis.
PNIPAM is a thermo-responsive polymer which has a lower critical solution temperature (LCST) around 30 ~ 34 ºC and exhibits fast thermo-responsiveness. Crown ethers as the first generation of synthetic host compounds have remarkable recognition ability towards specific mental ions. When the ion diameter fits the cavity size of the crown ether, the ion could be captured by the crown ether receptor and form stable “host-guest” complex. In this study, the crown ether groups are introduced into the thermo-sensitive PNIPAM polymers via free-radical copolymerization, and from which novel smart materials possessing both thermo-responsive and ion-recognition characteristics are resulted.
The main research contents and innovative points of our studies are summarized as follows:
1. A novel crown monomer which has polymerizable end groups, named cis-dibenzo-18-crown-6-diacrylamide (cis-DBCAm), is successfully synthesized for the first time. A series of P(NIPAM-co-cis-DBCAm) copolymers with different molar ratios of the monomers are synthesized by free-radical copolymerization, and the ion-recognition and thermo-sensitive behaviors of the prepared copolymers are experimentally studied. The results show that the P(NIPAM-co-cis-DBCAm) copolymer exhibits well ion-recognition and thermo-sensitive properties. When crown ether units capture K+ or Cs+ ions in their cavities, the LCST of the respective copolymer further decrease due to the structural rearrangement of cavities. Such new ion-responsive property is completely different from the currently existed ion-responsive behavior. The research results are published as: Ju XJ, et al, Macromol. Rapid Commun. (2008 Impact Factor: 3.907), 2006, 27: 2072-2077 (*The paper is selected as the “Front Cover Story”, and ranked No.6 and No.9 the “Most-Accessed Articles” in the next two months).
2. PNIPAM hydrogels with two distinctly different internal microstructures are prepared at different temperatures. The internal microstructures of the prepared PNIPAM hydrogels are characterized by scanning electron microscopy (SEM) for the first time. The results show that the PNIPAM hydrogels prepared at 25 ºC (below the LCST) have a homogeneous netlike microstructure, and the PNIPAM hydrogels prepared at 60 ºC (above the LCST) show a heterogeneous microstructure composed of numerous microgel clusters. The equilibrium and dynamic thermo-responsive behaviors of the PNIPAM hydrogels indicate that both types of hydrogels show satisfactory thermo-responsiveness, but the responsive behaviors are different. The PNIPAM hydrogel with a homogeneous internal microstructure shows a remarkably greater equilibrium volume-change. On the other hand, the hydrogel with a heterogeneous internal microstructure shows a more rapid response to the ambient temperature and correspondingly has a more sensitive thermo-responsive controlled-release property. The research results are published as: Ju XJ, et al, Smart Mater. Struct., 2006, 15: 1767-1774; Li PF, Ju XJ, et al, Chem. Eng. Technol., 2006, 29: 1333-1339 (*The paper is ranked No.4 the “Most-Accessed Articles” in 12/2007, and No.5 the “Most-Accessed Articles” during 11/2007-10/2008 and 12/2007-11/2008 in succession).
3. Poly(N-isopropylacrylamide-co-benzo-18-crown-6-acrylamide) P(NIPAM-co-BCAm) cross-linked hydrogels are prepared for the first time via free-radical cross-linking copolymerization using azo compounds as the thermo-initiator. The results show that P(NIPAM-co-BCAm) hydrogels demonstrate well ion-recognition and thermo-responsive properties. When BCAm receptors in the P(NIPAM-co-BCAm) hydrogel capture special ions such as Ba2+ or Cs+ and form stable “host-guest” complexes, the LCST of the P(NIPAM-co-BCAm) hydrogel shifts. In Ba2+ solution, the P(NIPAM-co-BCAm) hydrogel swells more and has a higher LCST than that in other solutions, due to the repulsion among charged BCAm/Ba2+ complexes and the osmotic pressure within the hydrogel. In Cs+ solution, the LCST of P(NIPAM-co-BCAm) hydrogel shifts to a lower temperature because of the formation of 2:1 sandwich complexes. The results of using P(NIPAM-co-BCAm) hydrogels for Pb2+ adsorption show that such hydrogels exhibit “adsorption at temperature lower than the LCST and desorption at temperature higher than the LCST”. This is mainly due to the “swollen-shrunken” configuration change of P(NIPAM-co-BCAm) chains triggered by environmental temperature. At temperature lower than the LCST, the copolymer chains stretch, guest ions can easily be captured into the cavities of crown ethers, so that the P(NIPAM-co-BCAm) hydrogel exhibits a higher adsorption capacity. On the other hand, at temperature higher than the LCST, the P(NIPAM-co-BCAm) copolymer chains shrink and the cavities of crown ethers are close to each other, as a result the electrostatic repulsions among the ions affect the formation of stable BCAm/Pb2+ complexes inside the hydrogel, which leads to a smaller adsorption amount of Pb2+. This kind of ion-recognition hydrogel would serve as a materials candidate for development of controlled–release systems and as a novel adsorption material for Pb2+ ion adsorption and separation simply by changing the environmental temperature. The research results are published as: Ju XJ, et al, J. Phys. Chem. B (2008 Impact Factor: 4.189), 2008, 112: 1112-1118; Ju XJ, et al, J. Hazard. Mater. (2008 Impact Factor: 2.975), 2009, 167: 114-118; International Conference: Ju XJ, et al, The 4th Joint China/Japan Chemical Engineering Symposium (CJCES), 2007, December 19-21, 2007, Chengdu, China.
4. Monodisperse ion-recognition P(NIPAM-co-BCAm) microspheres have been successfully fabricated via precipitation copolymerization of NIPAM with BCAm for the first time. The size of P(NIPAM-co-BCAm) microspheres can be controlled by altering the recipe for preparation. Increasing the content of NIPAM or BCAm monomer results in P(NIPAM-co-BCAm) microspheres with larger sizes, but larger size would cause worse spherical shape due to the soft matter property of the microspheres. The dynamic light scattering (DLS) results show that the P(NIPAM-co-BCAm) microspheres exhibit satisfactory thermo-responsive characteristics. The hydrodynamic diameters (DH) of P(NIPAM-co-BCAm) microspheres decrease dramatically as the environmental temperature increases across the LCST (around 34 ºC). In K+ solutions, the P(NIPAM-co-BCAm) microspheres exhibit good ion-responsive property. The P(NIPAM-co-BCAm) microspheres exhibit higher colloidal stability in K+ solution than PNIPAM microspheres. Besides, the P(NIPAM-co-BCAm) microspheres swell more due to the complexation of BCAm with specific metal ion such as Ba2+ or K+ at 33 ºC. The results of this work provide valuable information and guidance for designing and fabricating new intelligent sensors, controlled drug delivery systems and possibly new biomaterials. The research results are published as: Ju XJ, et al, Polymer (2008 Impact Factor: 3.331), 2009, 50: 922-929; International Conference: Ju XJ, et al, The 2nd Asian Symposium on Emulsion Polymerization and Functional Polymeric Microspheres, September 9-14, 2007, Beijing, China; Ju XJ, et al, International Symposium on New Cosmetic Formulations -- “Pioneering Functional Materials in Cosmetic Industry”, July 8, 2008, Amore-Pacific R&D Center, Korea (*Invited Lecture).
In summary, a series of novel thermo-responsive polymer materials with good ion-recognition properties are designed and successfully prepared. By incorporating the BCAm groups into the PNIPAM-based materials, in which PNIPAM acts as an actuator and the BCAm receptor acts as the ion-signal sensor, the isothermal “swelling-deswelling” behaviors of smart materials triggered by specific ion-signal recognition are achieved. The results in this study provide valuable guidance for designing promising ion-responsive systems, such as new targeting drug delivery systems, cell culture systems and heavy metal ions adsorbents. The above-mentioned innovative results have attracted much attention and interest from international scientific and technological community. The author has been invited to write two review articles on relevant contents for international academic journal Expert Opinion on Therapeutic Patents (see: Ju XJ, et al, Expert Opin. Ther. Patents, 2009, 19: 493-507; Ju XJ, et al, Expert Opin. Ther. Patents, 2009, 19: 683-696), and has been invited to write book chapter on relevant contents for a Handbook of Hydrogels by a US academic publisher Nova Science Publishers (see: Ju XJ, Chu LY. “Temperature-Sensitive Hydrogels with Molecule-Recognition Properties”. In “Handbook of Hydrogels: Properties, Preparation & Applications”(ISBN: 978-1-60741-702-6, Edited by Prof. David B. Stein). Nova Science Publishers, NY 11788, USA, 2009, Chapter 25).
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