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Abstract:

 Hyperbranched core-shell structure can be constructed by the modification of hyperbranched polyethylenimine (HPEI) with different amide shells. Functionalized HPEI with acetic amide (HPEI-ACAm), propionic amide (HPEI-PRAm), butyric amide (HPEI-BUAm) and isobutyric amide (HPEI-IBAm) shells have been successfully prepared and used as protectors for gold nanoparticles (AuNPs). Novel AuNP composites were obtained through the non-covalent interaction between HPEI-XXAm and gold nanoparticles (XXAm represents ACAm, PRAm, BUAm or IBAm). The resulted AuNP composites can catalyze the reduction reaction of 4-nitrophenol by NaBH4. Interestingly, the catalytic activity of the AuNPs mainly depends on the structure of protectors and the degree of carbon chain arrangement denseness, which should affect the diffusivity of the reactants. In addition, the order of reaction rate is HPEI10K-IBAm0.80 > HPEI10K-ACAm0.80 > HPEI10K-PRAm0.82 > HPEI10K-BUAm0.83. It was found that the increase of the concentrations of the capping HPEI-XXAm polymers can enhance both the reaction rate and the turnover frequency (TOF) values. Furthermore, the reaction rate was accelerated with increasing the reaction temperature for AuNPs-HPEI10K-ACAm0.80 and AuNPs-HPEI10K-PRAm0.82 systems. Interestingly, the reaction rate was accelerated with elevating reaction temperature at the beginning but reached a plateau or decreased sharply for AuNPs-HPEI10K-IBAm0.80 and AuNPs-HPEI10K-BUAm0.82 systems, owing to the thermoresponsivity of the corresponding AuNP composites. As a consequence, the catalytic activity could be controlled by adjusting the different shells of the hyperbranched polyethylenimine.
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1. Introduction

Recently, the synthesis and diverse applications of metal nanoparticles with different sizes and shapes have drawn considerable attention [1,2,3,4]. Nanoparticles are usually prepared by the reduction of metal ions in the presence of suitable stabilizer like hyperbranced polymers [5], dendrimers [6,7,8], microgels [9] and surfactants [10] which will prevent the nanoparticles from aggregation. These metal nanoparticles with an organic functional shell [11,12,13,14] have attracted much interest due to their functional applications as sensor [15,16,17,18], catalyst [19,20] and biological material. In particular, the catalysis is of core interest to chemists. Beyond the enhancement of solubility and the prevention of aggregation, the organic shell can also induce selectivity in catalytic reactions and compatibility in physiological systems [21].

Different kinds of capping agents were developed to stabilize the metal nanoparticles [22,23]. Utilization of multifunctional ligands is an effective approach to enhance the stability of stabilizer-protected metal nanoparticles [24,25]. The concept heavily relies on the understanding that, for a noble metal nanoparticle protected with a large number of binding groups, the chance of having all binding groups desorbed from the surface of metal nanoparticles simultaneously is definitely much lower than that with only one binding group. Therefore, the stabilization of metal nanoparticles is essential for improving their catalytic activity, especially the ones stabilized by the dendritic polymers (i.e., the dendrimers and hyperbranched polymers). Compared to the perfectly branched dendrimers (degree of branching, DB 100%), hyperbranched polymers possess a randomly branched topology (degree of branching, DB ca. 60%). In addition, unlike the tedious multistep syntheses of dendrimers, hyperbranched polymers can be obtained by single-step protocols, indicating attractive potential for applications. Despite the fact that they are not monodisperse like dendrimers, certain hyperbranched polymers can be prepared conveniently with narrow molecular weight distributions. Furthermore, hyperbranched polyethylenimine and polyglycerol are commercially available with narrow molecular weight distributions [5,12]. For the investigations of the solution structures of nanocomposites of highly branched polymers with metal particles, modified polyethylenimines are more suitable than polyglycerols, since the amine functions of the branched scaffold have stronger coordination with metal nanoparticles compared to the polyether-polyol scaffold of the polyglycerols.

Hyperbranched polymers capped metal nanoparticles exhibit high catalytic activity [5,12,13]. Inspired by these studies, we became interested in illustrating how a dendritic structure could affect the catalytic behavior of the metal nanoparticles. Herein, we developed the preparation of modified-hyperbranched polyethylenimine protected nanoparticles using a new set of ligands and compared their corresponding catalytic activity. The catalytic characteristics of the composites are tested on the reduction reaction of 4-nitrophenol with NaBH4, which is a well-known model reaction and has been extensively used to evaluate the catalytic rate of metal nanoparticles composites. We attempted to demonstrate the relationship between the stabilizer structure and catalytic activity. Importantly, the catalytic activity could be controlled by adjusting the shell size of the hyperbranched polyethylenimine. To the best of our knowledge, this is the first report about the effect of the structure of hyperbranched polymers on the catalytic behavior of gold nanoparticles.



2. Results and Discussion


2.1. Synthesis of Hyperbranched PEIs with Different Shells of Amide

In the following modified HPEI10K with different amide shells such as acetic amide, propionic amide, butyric amide and isobutyric amide are labeled as HPEI10K-ACAm, HPEI10K-PRAm, HPEI10K-BUAm and HPEI10K-IBAm, respectively. Based on the commercially available HPEIs with Mn = 104 g/mol, namely HPEI10K, four hyperbranched polymers having different end groups were synthesized according to the similar procedure reported previously [26] and their structural parameters are summarized in Table 1. HPEI10K was modified with a covalently attached hydrophobic shell to create amphiphilic core-shell architectures with HPEI10K as a core and the amide acting as a shell (Scheme 1).

Table 1. Structural parameters of modified hyperbranched polyethylenimine (HPEI)10K polymers.


	Polymer
	Mn of HPEI Core
	Degree of Functionalization a (%)
	Mn(NMR)b (×104)
	General Formula





	1
	10000
	80
	1.570
	HPEI10K-ACAm0.80



	2
	10000
	82
	1.785
	HPEI10K-PRAm0.82



	3
	10000
	83
	1.993
	HPEI10K-BUAm0.83



	4
	10000
	80
	1.950
	HPEI10K-IBAm0.80





a Degree of functionalization is the ratio of amide groups to the primary and secondary amines of HPEI, calculated from the 1H NMR spectrum of the corresponding polymer; b Molecular weights were calculated from the 1H NMR spectra.




HPEI10K-XXAmDF can be achieved via addition of anhydride to a solution of PEI10K in chloroform. The degree of functionalization (DF = number of shell molecules/number of the primary and secondary amines of HPEI, given in %) was determined via integration of the corresponding 1H NMR signals (Figure S1). In order to compare the difference of the HPEIs with different amide shells on the catalytic activity, the DF of every modified HPEI was almost the same (Table 1).
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Scheme 1. Structure of modified hyperbranched polymers. Functionalization of HPEI10K with (a) acetic anhydride; (b) propionic anhydride; (c) butyric anhydride; and (d) isobutyric anhydride. 






Scheme 1. Structure of modified hyperbranched polymers. Functionalization of HPEI10K with (a) acetic anhydride; (b) propionic anhydride; (c) butyric anhydride; and (d) isobutyric anhydride.
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2.2. Preparation of AuNPs and HPEI10K-XXAm Composites

In order to prepare AuNPs with a different stabilizer, the obtained HPEI-XXAm polymers were mixed together with the anionic citrate-protected average 14-nm diameter AuNPs in water [27]. After being mixed with the HPEI-XXAm polymers, the AuNPs were all monodisperse and uniform characterized by TEM without staining (Figure 1). Previous experiments revealed that the gold nanoparticles can interact with the thermoresponsive HPEI-IBAm polymers [5]. It was reported that amino groups are weak ligands for gold, which adsorb onto the surface of AuNPs due to the non-covalent interaction of amino groups with the anionic citrates capping on AuNPs, but not to the displacement of citrates by amino groups [28]. Thus, it can be deduced that two interaction modes may contribute to the formation of the AuNPs composites. One is the ionic interaction between the partially protonated amino groups of HPEI-IBAm polymers and the negatively charged surface of AuNPs. The other is the hydrogen-bonding interaction between the negatively charged surface of AuNPs and the hydrogen atoms of the secondary amide and unreacted secondary amine groups of HPEI-IBAm polymers. In this sense, the AuNPs could composite with modified HPEIs which have the different amide shells. To provide evidence for the formation of the polymer layer on the surface of the Au NPs, we used EDX and NMR to determine the composition of the precipitates, which were obtained by five cycles of centrifugation of a solution of HPEI-IBAm-AuNPs (the free HPEI-IBAm was removed). Based on the EDX (Figure S2) and NMR (Figure S3) analysis, the C, N, and O content in the precipitates strongly supports the idea that the HPEI-IBAm polymers are indeed adsorbed onto the surface of the citrate-capped AuNPs.

Figure 1. TEM images of composites of AuNPs with (a) HPEI10K-ACAm; (b) HPEI10K-PRAm; (c) HPEI10K-BUAm and (d) HPEI10K-IBAm.
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2.3. Comparison of the Catalytic Activity of AuNPs Capping with Different Protectors HPEI10K-XXAm

After the discussion of the synthesis and the morphology of the gold nanopartices, the catalytic properties of these AuNPs composites were then investigated. The reduction of 4-nitrophenol with an excess of NaBH4 was used as a model reaction, of which the kinetics could be monitored by UV-VIS spectroscopy (Figure S4). After mixing 4-nitrophenol with NaBH4 in water, a yellow solution was obtained, and the UV-VIS spectrum showed a maximum absorbance peak centered at 400 nm due to the formation of 4-nitrophenolate ions [5]. The rates of reduction were assumed to be independent of the concentration of the NaBH4 since the reagent was used in large excess compared to 4-nitrophenol. Thus, the kinetic data was fitted with a first-order rate law. The ratio of absorbance At of 4-nitrophenolate at time t to its value A0 at t = 0 (i.e. At/A0) can be directly interpreted as the ratio of the respective concentrations Ct/C0. Therefore, the reaction conversion at time t can be calculated according to Equation (1).



Conversion (%) = (1 − Ct/C0) × 100 = (1 − At/A0) × 100



(1)




At the same time, the reduction rate kinetics can be treated as a pseudo-first-order in the concentration of 4-nitrophenolate [29,30] according to Equation (2).



dCt/dt = −kappCt or ln(Ct/C0) = ln(At/A0) = −kappt



(2)




where kapp is the apparent rate constant and the Ct is the 4-nitrophenol concentration of at time t. This allows us to compare systems with different kinds of AuNPs composites. Firstly, the effect of HPEI-XXAm polymers on the AuNPs catalyzed reduction reaction was studied at 25 °C. From Figure 2, it is clear that capping the AuNPs with HPEI-IBAm polymers having DF = 80% (HPEI10K-IBAm0.80) catalyzed the reactions (Δ curves in Figure 2) about 32 min. When capping the AuNPs with HPEI-ACAm0.80 (■ curves in Figure 2) and HPEI-PRAm0.82 (○ curves in Figure 2) polymers, which have a similar DF, catalyzed the reactions at about 72 min and 136 min, respectively. However, the conversion of the reaction in the presence of HEPI10K-BUAm0.83 polymers remained unchanged after two days, indicating that it could not catalyze the reaction.


From Figure 2A, it can be further interpreted that the rate was decreased with the increase of end alkyl chain length (not including the one ended branched chain structure). The kapp values of HEPI10K-IBAm0.80, HPEI10K-ACAm0.80 and HPEI10K-PRAm0.82 are 1.49 × 10−3, 0.69 × 10−3 and 0.37 × 10−3, respectively, according to Equation (2) and Figure 2B. It has been known that the reduction rate was usually controlled by the diffusion of 4-nitrophenolate to the surface of AuNPs [31,32]; thus, it was supposed that the presence of HPEI-XXAm polymers on the surface of AuNPs might change the diffusion speed of reactant 4-nitrophenolate ions due to the steric hindrance effect. The longer the carbon chain of the shell is, the stronger the steric hindrance is, causing 4-nitrophenolate ions to diffuse to the surface of AuNPs more slowly. The above shows that the catalytic activities depend on the length and structure of the carbon chain. It was found that the order of reactivity is HEPI10K-IBAm0.80 > HPEI10K-ACAm0.80 > HPEI10K-PRAm0.82 > HPEI10K-BUAm0.83. It is easy to understand that the rate is HPEI-ACAm0.80 > HPEI-PRAm0.82 > HPEI-BUAm0.83 because of the reverse steric effect HPEI-ACAm0.80 < HPEI-PRAm0.82 < HPEI-BUAm0.83. However, it is interesting that although HPEI modified with isobutyl has large steric hindrance, its catalytic rate is faster than that of ethyl. The surface of gold nanoparticles can only be capped with less HPEI-IBAm, owing to the isobutyl branched structure having large space volume. To prove the assumption, we analyzed the elemental composition of the precipitates obtained by five cycles of centrifugation of a solution of AuNPs-HPEI10K-IBAm0.80 and AuNPs-HPEI10K-ACAm0.80 using elemental analyses. Based on the nitrogen content of the composites in Table S1, the weights of nitrogen in AuNPs-HPEI10K-IBAm0.80 and AuNPs-HPEI10K-ACAm0.80 are 16.24% and 23.31%, respectively. This result indicates that the surface of AuNPs can be capped with less HPEI10K-IBAm0.80 than HPEI10K-ACAm0.80. Therefore, it is beneficial for the diffusion of 4-nitrophenolate ions to the surface of AuNPs because of the lower polymer density on the periphery of gold nanoparticles. On the other hand, the space volume of the straight-chain alkyls is relatively small. Thus, the more modified polymers will act on the AuNPs surface, which will make the carbon chain arrangement be more compact and the reactant diffusion be difficult. The significant phenomenon of the reduction reaction rate is explained tentatively as follows: the steric hindrance effect of slowing the diffusion rate of 4-nitrophenolate by HPEI-XXAm polymers still existed in the system; however, large end group density also reduces the effective collision chance of AuNPs with 4-nitrophenolate. HPEI-IBAm polymers contain isobutyl branched structure having large space volume, thus the end group density is low, enhancing the collision chance of AuNPs with 4-nitrophenolate anions, resulting in the higher reaction rate.



Figure 2. The AuNPs catalyzed reduction of 4-nitrophenol by NaBH4 in the presence of different polymers at 25 °C (A) plots of conversion vs. time; (B) plots of ln(Ct/C0) vs. time. ([4-nitrophenol] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M, [Au] = 1.42 × 10−5 M, [HPEI-XXAm] = 2.83 × 10−6 M).
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2.4. Effect of Temperature on the Catalytic Activity of the Reduction of 4-Nitrophenolate

Figure 3 shows the dependence of the rate of reaction on temperature. Obviously, the change of temperature can change the catalytic activity of the gold nanparticles. From Figure 3, it can be seen that raising the reaction temperature can effectively accelerate the reaction at the beginning; however, when the reaction temperature arrives at close to 30 °C, the reaction rate of the AuNPs-HPEI10K-IBAm0.80 catalysts starts to decrease sharply with the further raising of the reaction temperature. From the classical Arrhenius equation, it can be learned that kapp values usually increase with raising the reaction temperature, which has been observed in the reduction of 4-nitrophenol catalyzed by other AuNPs systems [30]. This abnormal phenomenon observed by us can be ascribed to the thermoresponsive property of the employed AuNP composites. Obviously, the change of temperature not only changes the catalytic activity of the gold nanoparticles but also leads to a shrinking of the HPEI10K-IBAm0.80 network, which is in consistent with the results in our previous research [5]. Figure 3 also displays that the kapp values of HPEI-ACAm0.80 and HPEI-PRAm0.82 system increase with increasing the reaction temperature. As a consequence of this, the change of the rate constant is similar to the classical laws. Raising the reaction temperature, both HPEI-ACAm0.80 and HPEI-PRAm0.82 systems have higher catalytic performance. From the classical Arrhenius equation, it can be known that kapp values usually increase with raising the reaction temperature, which has been observed in the reduction of 4-nitrophenol in other AuNP systems [5,30]. However, the conversion of the reaction in the presence of HEPI10K-BUAm0.83 polymers remained unchanged until 35 °C, meaning that it could not catalyze the reaction even at higher temperature. It can be explained that although high temperature usually can accelerate the reaction, the hydrophobic interaction is also strengthened due to the longer carbon chain of the shell. We found that the HEPI10K-BUAm0.83 solution had become turbid at 35 °C, further indicating that the obtained AuNPs composites were thermoresponsive. Both the hydrophobic interaction and thermoresponsive property could decelerate the diffusion rate of the reactants onto the surface of AuNPs and counteract the acceleration by the temperature increase.

Figure 3. The plots of kapp vs. time of the AuNPs catalyzed reduction of 4-nitrophenol by NaBH4 in the presence of different polymers at different temperature. ([4-nitrophenol] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M, [HPEI-IBAm] = 2.83 × 10−6 M [Au] = 1.42 × 10−5 M).
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2.5. Effect of Gold Composites Concentration on the Catalytic Activity of the Reduction of 4-Nitrophenolate

The catalytic activities of different composites concentration obtained from our study are summarized in Figure 4. Figure 4A shows the typical plots of conversion versus time with different concentrations of AuNPs-HPEI10K-IBAm0.80. It is clear that the higher composite concentration leads the reaction to reach more than 95% conversion in a shorter time. The reaction kinetic curves of ln(Ct/C0) versus time are shown in Figure 4B. The reaction with high composite concentration is fast and the corresponding kinetic plots can be obtained according to Equation (2), and the results are shown in Figure 4C. From Figure 4C, it is clear that kapp value decreases with lowering the composite concentration, and the kapp of AuNPs-HPEI10K-IBAm0.80 system is higher than HPEI10K-ACAm0.80, HPEI10K-PRAm0.82 and HPEI10K-BUAm0.83. The turnover frequency (TOF) values of the corresponding reactions were also calculated according to Equation (3):

Figure 4. The reduction reaction of 4-nitrophenol by NaBH4 catalyzed by the composites of AuNPs with different amounts of HPEI-XXAm polymers at 25 °C. (A) plots of conversion vs. time; (B) plots of ln(Ct/C0) vs. time; (C) plots of kapp vs. concentration of polymer; (D) plots of TOF vs. concentration of polymer. ([4-nitrophenol] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M, [Au]:[HPEI-IBAm] = 1.34).
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TOF= [4-nitrophenolate] × conversion/([Au] × t)



(3)




Here, the concentration of 4-nitrophenolate was fixed to be 1.0 × 10−4 M, and the conversion at time t can be read from the plots of conversion vs. time. We estimated the TOF values for all the runs with the conversion of 4-nitrophenolate at 95% and the results were plotted in Figure 4D. It is obvious that the TOF values of AuNPs-HPEI10K-IBAm0.80 and AuNPs-HPEI10K-ACAm0.80 system increase nearly linearly with raising the composite concentrations in the studied range and the maximum TOF is about 90 h−1 at 25 °C, much superior to the 15.5 h−1 at 25 °C showed by another type of thermoresponsive AuNPs formed by the block copolymer poly(N-isopropylacrylamide)-b-poly(4-vinyl pyridine) self-assembled micelle with 2–4 nm diameter AuNPs [29]. The TOF values of our system are also comparable or even superior to the catalysts of gold dendrimer nanocomposites [31,32] and AuNPs immobilized with anion exchange resin [30] reported by Esumi et al. and Pal et al, respectively.





2.6. Effect of HPEI10K-XXAm Polymers Concentration on the Catalytic Activity of the Reduction of 4-Nitrophenolate

Further study on the concentration effect of HPEI-XXAm polymers on the reduction rate was performed. Table 2 shows the kapp and TOF with different concentrations of HPEI-XXAm polymers. It is clear that kapp value and TOF can increase significantly with the rising of the polymer concentration.


Table 2. Results concerning the reduction of 4-nitrophenolate by gold nanoparticles (AuNPs)-HPEI-XXAm at 25 °C (XXAm means ACAm, PRAm, BUAm or IBAm).



	
Concentration of AuNPs (×10−6 M)

	
Concentration of Polymer (×10−6 M) a

	
k (×10−3)

	
TOF




	
kACb

	
kIBc

	
TOFACd

	
TOFIBe






	
5.69

	
4.26

	
0.760

	
1.80

	
14.7

	
35.8




	
8.50

	
1.98

	
2.80

	
38.5

	
55.6




	
12.2

	
6.07

	
2.60

	
5.10

	
24.6

	
46.7




	
9.10

	
4.20

	
9.60

	
38.9

	
90.0






a Concentration of corresponding polymer; bkAC: rate constant of AuNPs-HPEI10K-ACAm0.80 system; ckIB: rate constant of AuNPs-HPEI10K-IBAm0.80 system; d TOFAC: the TOF value of AuNPs-HPEI10K-ACAm0.80 system; e TOFIB: the TOF value of AuNPs-HPEI10K-IBAm0.80 system. (all concentrations are fixed: [4-nitrophenolate] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M).






The effect of HPEI10K-XXAm polymer concentration on the catalytic activity of the reduction of 4-nitrophenolate agrees with our previous work [5]. Briefly, higher amounts of HPEI-XXAm polymers can neutralize more negative charges of AuNPs surface, enhancing the collision chance of AuNPs with 4-nitrophenolate anions. The other factors such as the more electrostatic interaction and hydrogen-bonding interaction between HPEI-XXAm polymers and 4-nitrophenolate anions are also convenient for 4-nitrophenolate anions to diffuse to the surface of AuNPs. These factors might be dominant in controlling the reduction reaction rate, resulting in higher catalytic activity shown by system with higher polymer concentration.



2.7. Effect of HPEI10K-XXAm Polymers Concentration on the Catalytic Activity of the Reduction of 4-Nitrophenolate by 8-nm Gold Nanoparticles

Further study on the concentration effect of HPEI-XXAm polymers on the reduction rate by 8-nm gold nanoparticle was performed. Figure 5 shows the kappversus time with different concentrations of AuNPs-HPEI10K-XXAm. It has been known that catalytic activity is better with decrease in nanoparticle size. As expected, significant catalytic activity change was observed in AuNPs-HPEI10K-BUAm0.83 system. Although reaction can be catalyzed by the AuNPs-HPEI10K-BUAm0.83 system, the kapp is relatively small. As shown in Figure 5, the order of reaction rate is still AuNPs-HEPI10K-IBAm0.80 > AuNPs-HPEI10K-ACAm0.80 > AuNPs-HPEI10K-PRAm0.82 > AuNPs-HPEI10K-BUAm0.83, which is not dependent on the nanoparticle size but on the steric effect. In other words, the catalytic activity can be controlled by adjusting the different shells of the hyperbranched polyethylenimine.

Figure 5. The plots of kapp vs. time vs. time of the AuNPs catalyzed reduction of 4-nitrophenol by NaBH4 in the presence of different AuNPs-polymer concentration at 25 °C. ([4-nitrophenolate] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M, [Au]:[HPEI-IBAm] = 5).
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2.8. Effect of Temperature on the Catalytic Activity of the Reduction of 4-Nitrophenolate by 8-nm Gold Nanoparticles

The influence of reaction temperature on the reaction rate was also studied in smaller-size gold nanoparticle systems. From Figure 6, it can be seen that raising the reaction temperature can effectively accelerate the reaction rate for AuNPs-HPEI10K-ACAm0.80 and AuNPs-HPEI10K-PRAm0.82 systems. For AuNPs-HEPI10K-IBAm0.80, raising the reaction temperature can efficiently accelerate the reaction at first, however, when the reaction temperature arrives at 25 °C, the kapp has not obviously changed with the further raising of the reaction temperature. About the AuNPs-HPEI10K-BUAm0.83 system, when the reaction temperature increases, the reaction accelerates at first. When the reaction temperature arrives at 30 °C, the reaction rate begins to decrease sharply with the further raising the reaction temperature. Likewise, HPEI10K-BUAm0.83 has thermoresponsive property that can decelerate the diffusion rate of the reactants onto the surface of AuNPs and counteract the acceleration by the temperature increase.

Figure 6. The plots of kapp vs. time of the AuNPs catalyzed reduction of 4-nitrophenol by NaBH4 in the presence of different polymers at different temperature. ([4-nitrophenolate] = 1.0 × 10−4 M, [NaBH4] = 1.0 × 10−2 M, [HPEI-XXAm] = 2.83 × 10−6 M [Au] = 1.42 × 10−5 M).
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3. Experimental Section


3.1. Chemicals

Acetic anhydride, propionic anhydride, butyric anhydride, isobutyric anhydride (98%, Alfa Aesar, Haverhill, MA, USA) were used without further purification. Hyperbranched polyethylenimines, HPEI10K (Sigma-Aldrich, St. Louis, MO, USA, Mn = 10000 g/mol, Mw/Mn = 2.5) were dried under vacuum prior to use. Benzoylated cellulose tubing (Molecular Weight Cut Off 1000, Sigma-Aldrich, St. Louis, MO, USA), HAuCl4 (Tianjin Yinda Chemical company, Tianjin, China) and Sodium citrate (Tianjin Chemical Reagent Plant, Tianjin, China) wereused directly. De-ionized water was double-distilled before use. Triethylamine (TEA), sodium hydroxide, 4-nitrophenol, NaBH4 and potassium carbonate (Tianjin University Kewei Chemical Company, Tianjin, China) were used as received.



3.2. Nomenclature

XXAm represents ACAm, PRAm, BUAm or IBAm. ACAm, PRAm, BUAm and IBAm represent acetamide, propionamide, butyramide and isobutyramide, respectively. HPEI-XXAmDF represents HPEI terminated with plenty of amide groups, DF means the degree of amidation relative to the total reactive primary and secondary amines of HPEI.



3.3. Synthesis of HPEIs with Different Shells

The preparation of HPEIs with different shells is similar to the previous report [26]. It is exemplified for HPEI10K-ACAm0.80: Under nitrogen atmosphere, acetic anhydride (2.11 g, 20.7 mmol) was added dropwise to the mixture of HPEI10K (1.52 g, 25.8 mmol of terminal groups) and triethyl amine (2.30 g, 22.7 mmol) in 20 mL of chloroform at 0 °C with vigorous stirring. Subsequently, the reaction mixture was kept and carried out at room temperature for 24 h. Then the reaction temperature was raised to 65 °C for 2 h. After cooling down to room temperature, the produced solide was filtered off. Volatiles in the filtrate were removed under vacuum and the residue was dissolved in 40 mL of methanol. About 1 g of potassium carbonate was added to the solution and the mixture was stirred at room temperature for 4 h. After filtration, the solution was concentrated to ca. 10 mL and then purified by dialysis against methanol using a benzoylated cellulose membrane (MWCO 1000 g/mol) for two days. Finally, the methanol solvent was removed, and the product was dried in vacuum for 24 h. The preparation of HPEIs with other anhydride is similar to the procedure of HPEI10K-ACAm0.80, only with different amount of substance. The corresponding quantity was as follows: propionic anhydride (2.85 g, 21.9 mmol), HPEI10K (1.61 g, 27.3 mmol of terminal groups) and triethyl amine (2.44 g, 24.1 mmol); butyric anhydride (3.43 g, 21.7 mmol), HPEI10K (1.55 g, 26.4 mmol of terminal groups) and triethyl amine (2.42 g, 23.9 mmol); isobutyric anhydride (2.85 g, 18.0 mmol), HPEI10K (1.37 g, 23.2 mmol of terminal groups) and triethyl amine (2.07 g, 20.5 mmol).



3.4. Preparation of Citrate Protected AuNPs

Gold nanoparticles (AuNPs) were synthesized using the classical citrate reduction method [31]. The aqueous solution of HAuCl4 (4.27 × 10−4 M) was boiled gently under reflux. Sodium citrate (1.34 × 10−3 M) was added under vigorous stirring to this solution. Within 4 min, the solution turned out wine-red, indicating the formation of AuNPs. After 10 min, the reaction vessel was removed from the heating element and allowed to cool to room temperature.



3.5. Preparation of AuNPs Coated with Polymers

HPEI-ACAm (1.4 mg), HPEI-PRAm (1.5 mg), HPEI-BUAm (1.6 mg) or HPEI-IBAm (1.6 mg) were dissolved in 5 mL of de-ionized water respectively. After adjusting the pH of the solution to the aimed one, 1 mL of the AuNPs solution was added dropwise to the polymer solution. The mixture was kept at room temperature for at least a half day before measurement.



3.6. Preparation of Small Particle Size AuNPs Coated with Polymers

HPEI-ACAm (9.08 mg), HPEI-PRAm (9.48 mg), HPEI-BUAm (10.58 mg) or HPEI-IBAm (10 mg) was dissolved in 2 mL of de-ionized water respectively. Then, the aqueous solution of HAuCl4 (30.4 mL, 8.75 × 10−5 M) and NaBH4 (5 mL, 5.32 × 10−3 M) were added into the polymer solution. Immediately, the solution turned out yellowish-brown, indicating the formation of the small particle size AuNPs.



3.7. Catalytic Reduction of 4-Nitrophenol by NaBH4

The catalytic reduction was conducted in a standard quartz cuvette with a 1-cm path length. The aqueous solution of NaBH4 with a concentration of 0.30 M (0.1 mL) was mixed together with 2.7 mL of 4-nitrophenol aqueous solution (1.1 × 10−4 M) and then the mixture was fixed to a preset temperature. Then 0.2 mL of the aqueous solution of the modified hyperbranched polyethylenimines-AuNPs composites with the same temperature was added immediately. The initial concentrations of 4-nitrophenol and NaBH4 were kept to be 1.0 × 10−4 M and 0.01 M, respectively, while the concentrations of Au and polymers were varied. The absorption spectra were recorded every 2 min in the range of 250 to 600 nm.



3.8. Characterization of AuNPs and Its Composites

The AuNPs and AuNPs-composites were characterized by dynamic light scattering, UV-VIS spectroscopy and TEM. Dynamic light scattering was made on Zetasizer Nano-ZS90 (Malvern, London, UK). UV-VIS spectra were obtained from T6 UV-VIS Spectrophotometer (Beijing Purkinje General Instrument Co., Ltd. Beijing, China). TEM observation was made on a TECNAI G2 F20 (Philips, Amsterdam Holland) operated at 200 kV. 1H NMR spectra were recorded on a INOVA 500 MHz spectrometer (Varian, California, USA), operated at 500 MHz. The chemical shifts are given in parts per million (ppm).




4. Conclusions

In summary, we have reported on a simple protocol to prepare hyperbranched core-shell architectures with different shells of amide. Functionalized HPEI-XXAm molecules have been used as protectors for gold nanoparticles. Novel AuNP composites were prepared through the non-covalent interaction between HPEI-XXAm polymers and AuNPs. The catalytic activity of the AuNPs composites was monitored in different systems by the reduction of 4-nitrophenolate with NaBH4. The analysis of the kinetic data obtained herein together with data finished in the literature shows the following features: (i) the catalytic activity of the AuNPs mainly depends on the type of protector system used; (ii) the difference in catalytic activity of the AuNPs composites is due to the limitation of diffusion and the degree of carbon chain arrangement denseness; (iii) the order of reactivity is HEPI10K-IBAm0.80 > HPEI10K-ACAm0.80 > HPEI10K-PRAm0.82 > HPEI10K-BUAm0.83; (iv) raising the AuNPs-HPEI-XXAm concentration can increase both the reaction rate and TOF values for HEPI10K-IBAm0.80 > HPEI10K-ACAm0.80 systems, but the TOF values of AuNPs-HPEI10K-PRAm0.82 system do not change obviously; raising the concentrations of the capping HPEI-XXAm polymers can also increase both the reaction rate and TOF values; (v) increasing the reaction temperature accelerates the reaction rate for AuNPs-HPEI10K-ACAm0.80 and AuNPs-HPEI10K-PRAm0.82 systems; increasing the reaction temperature accelerates the reaction rate at the beginning but reached a plateau or decreased sharply for AuNPs-HPEI10K-IBAm0.80 and AuNPs-HPEI10K-BUAm0.82 systems because their corresponding AuNPs composites were thermoresponsive. As such, the catalysis experiments demonstrate the catalytic activity can be controlled by adjusting the different shell structures. Moreover, this work also exhibits potential for how carrier systems for AuNPs could be designed to adjust the catalytic activity.
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