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Abstract

:

In this study, mesoporous and nonporous silica-supported Pd complexes were synthesized and characterized. Variable-temperature XAFS measurements and a curve-fitting analysis showed a slightly larger contribution of σ2static when the Pd complexes were on a nonporous support in comparison to a mesoporous support. In contrast, the catalytic performance of the attached Pd complex in the Suzuki-Miyaura cross-coupling reaction was not affected by such small differences in the static disorder of the Pd complex.






Keywords:


mesoporous silica; palladium complex; XAFS; Suzuki-Miyaura coupling reaction












1. Introduction


Mesoporous silica is an ideal support material for the preparation of highly active catalysts because of its high surface area, inert nature of silica, and functionalization ability [1,2,3,4,5,6,7,8,9,10]. Among various approaches to functionalizing mesoporous silica, silane-coupling reaction, a reaction between surface silanol and functional molecules containing a trialkoxy group, is one of the most common procedures for the preparation of a supported catalyst. Despite the frequent use of silane-coupling reactions in the functionalization of mesoporous silica materials, it is still a challenge to obtain a detailed analysis of the effect that the internal surface curvature of mesoporous silica has on the structure of the immobilized functionality. This difficulty is mainly due to the generally weak interaction between the silica surface and the immobilized function, as well as their remote location with reference to one another.



X-ray absorption fine structure (XAFS) analysis is a useful technique for determining the detailed local structure of functionalized materials. Recently, we reported a curve-fitting analysis of Pd K-edge extended X-ray absorption fine structure (EXAFS) spectra of SiO2-supported Pd complexes [11,12]. The study indicated that the Debye-Waller (DW) factors (σ2) become greater with an increase in the size of the co-immobilized organic molecules. Since the DW factor has contributions from both the static and dynamic disorders, i.e., σ2 = σ2static + σ2dynamic, the variable-temperature XAFS analysis of the supported Pd complex should reveal the contributions of these two functions. For example, static and dynamic disorders are derived from the distorted structure of metal complexes and the thermal vibration of chemical bonds, respectively. Especially at low temperatures (e.g., 20 K), the contribution from thermal disorder becomes negligible, suggesting that the DW value differences of samples is affected by static disorder, the distorted structure of metal complexes. Therefore, variable-temperature XAFS analysis possibly suggests a very small structure change in the Pd complex caused by the structure of the support material.



Herein, we examined the variable-temperature XAFS analysis of both the mesoporous and the nonporous silica-supported Pd-bisphosphine complexes. The study aimed to clarify not only the local structures of the Pd complexes, but also the small differences in their structure. In addition, the catalytic activities of the supported catalysts were evaluated using the Suzuki-Miyaura coupling reaction as a typical Pd-catalyzed reaction.




2. Results and Discussion


Mesoporous silica (MS) samples with different pore diameters were prepared via the sol-gel synthetic method using tetraethoxysilane (TEOS) and primary amines with C8 to C18 carbon chains [13]. The detailed analysis results of synthesized MS were reported previously [12]. The surface areas and average pore diameters of the synthesized MS structures are shown in Table 1. The MS supports using Cn primary amines were denoted as MS(Cn). Nonporous amorphous silica (SiO2, Aerosil300) was used as a reference material.



The procedure for the preparation of the MS-supported Pd complexes (MS/PP-Pd) is shown in Scheme 1A. The Pd-bisphosphine complex with triethoxysilyl group (PP-Pd) was synthesized by a simple complexation reaction between [Pd(η3-allyl)Cl]2 and a bisphosphine ligand (PP-Pd). The silane coupling reaction of PP-Pd to the respective MS afforded the desired MS/PP-Pd. Solid-state 13C and 31P MAS NMR analysis of the synthesized MS/PP-Pd and SiO2/PP-Pd complexes indicated the preservation of the carbon chain in the Pd complex and the coordination structure of the Pd bisphosphine complex, respectively [11,12]. Elemental analysis measurements of MS(C12)/PP-Pd indicated 0.26 mmol/g of Pd loading. SEM analysis of the MS-supported samples indicated that the PP-Pd complex was homogeneously dispersed into the mesopores (Figure S1, Supplementary Materials). Additionally, SiO2, without mesopores, was used as a support material for the PP-Pd immobilization (SiO2/PP-Pd) (Scheme 1B). The Pd-K edge XAFS analysis of the prepared samples strongly suggested the preservation of the PP-Pd complex structure after immobilization [12].



Variable-temperature XAFS measurements were carried out in order to elucidate in detail the effect that the morphology of the silica support has on the PP-Pd complex local structure. Figure 1 presents Pd K-edge X-ray absorption near edge structure (XANES) spectra of MS(C8)/PP-Pd measured from 300 to 20 K, as well as MS/PP-Pd and SiO2/PP-Pd measured at 20 K. No significant change of the spectra was observed when the temperature was lowered from room temperature to 20 K, which implied that the structure of the Pd complex was preserved during the variable-temperature measurement. The Fourier transforms (FTs) of the k3-weighted Pd K-edge EXAFS spectra of the samples are summarized in Figure 2. A strong peak at around 1.8 Å that was observed in all the spectra of the samples measured at 20 K was assigned to the Pd-P and Pd-Cl bonds (Figure 2D–G). Table 2 summarizes the results of the curve-fitting analysis of the FT EXAFS spectra of SiO2/PP-Pd, MS(C18)/PP-Pd, and MS(C8)/PP-Pd at variable temperatures by using Pd-P/Cl parameter. The coordination number (N) was set at 3 due to the two P and one Cl coordination structure of the PP-Pd complex (Scheme 1). The bond distances (r) in all samples were in the range of 2.27 ± 0.01 Å, which is a suitable value for the Pd-P/Cl bonding [14]. The Debye-Waller (DW) factors (σ2) decreased when the measurement temperature was lowered, indicating that the differences in the contribution of σ2static to each sample can be evaluated through low temperature measurement (σ2 = σ2static + σ2dynamic).



Figure 3 shows plots of the DW factors against the respective measurement temperature for each sample. Considering the mesoporous silica-supported complexes [(□) MS(C8)PP-Pd and (△) MS(C18)/PP-Pd], the σ2 value decreased linearly with the decreasing measurement temperature (dotted line). In contrast, for (○) SiO2/PP-Pd, the σ2 value first decreased from 300 to 200 K, and then became almost constant from 200 to 20 K (red solid line). We found a larger DW factor value for SiO2/PP-Pd compared to MS/PP-Pd in the range from 100 to 20 K. These results indicate that the contribution of σdynamic to SiO2/PP-Pd is smaller than that to MS/PP-Pd. Also, the highest σ2 value at 20 K suggests that σ2static of SiO2/PP-Pd was larger than that of MS/PP-Pd. In the case of MS(C12)/PP-Pd, similar trend to MS(C8)PP-Pd and MS(C18)/PP-Pd was observed, as shown in Table S1, Supplementary Materials.



This implies that the Pd complex on a nonporous SiO2 surface enhanced the static disorder of the local structure of Pd more than the complex on a mesoporous surface. A possible reason for this is the steric stress that was exhibited by the support surface from only one direction (Figure 4A). X-ray reflectivity (XRR) measurements of the metal complex anchored by an alkyl chain to the flat SiO2 surface indicated the titled structure of a carbon linker, which resulted in the close proximity of the metal complex and support surface [15]. The relatively homogeneous stress from the mesoporous wall resulted in small σ2static contribution to MS/PP-Pd (Figure 4B). Interestingly, an effect of the pore size on σ2static was not observed, suggesting that the effect of pore size on the Pd complex structure is very small in this type of Pd complex.



The effect of the support morphology on the catalytic activity was evaluated using the Suzuki-Miyaura cross-coupling reaction of phenylboronic acid and bromobenzene (Table 3). The results showed that the catalytic activity was not affected by the support structure, and both the nonporous and mesoporous catalysts showed similar product yields (82–90%) and TONs (126–138). This indicates that the differences in the local structure affected by the silica support surface were small, and that they do not influence the catalytic activity of the Pd complex itself. In contrast, the supported catalysts showed much higher product yield than their homogeneous precursor (PP-Pd), which indicates that the Pd complex was stabilized when immobilized on the solid surface.




3. Experimental


3.1. Preparation of Mesoporous Silica (MS)


All the chemicals were purchased from TCI, WAKO, Aldrich, or Kanto Chemical Co. Ltd., Tokyo, Japan. MS(C8, C12, C18) supports with different pore diameters were prepared following a modified version of a previously reported method using primary amines with C8 to C18 alkyl chains as template molecules [13]. An example preparation procedure for MS(C12) is described herein, although a similar procedure was employed for all MS(Cn). Dodecylamine (C12, 53.8 mmol) was dissolved in deionized water (100 g) and ethanol (82 g) at room temperature. Then, tetraethoxysilane (TEOS, 200 mmol) was added and the solution was vigorously stirred for 30 min at room temperature. The reaction mixture was aged at room temperature for 30 h and the obtained solid was filtered, washed with deionized water, and air-dried. The template amine was removed by mixing with 200 mL of ethanol solution containing 0.1 N HCl for 2 h at 60 °C, and the resulting slurry was filtered. This extraction procedure was performed three times. After that, the obtained solid was mixed with pure ethanol (200 mL) for 2 h at 60 °C, filtered, and dried at 80 °C for 12 h, generating MS(C12).




3.2. Preparation of MS/PP-Pd


All the chemicals were purchased from TCI, WAKO, Aldrich, or Kanto Chemical Co. Ltd., Tokyo, Japan. Treatment of the diphosphine ligand (0.50 mmol) with a solution of [PdCl(η3-allyl)]2 (Pd: 0.50 mmol) in THF (4 mL) for 4 h at room temperature resulted in the desired Pd-bisphosphine complex (PP-Pd) [11]. For detailed characterization of PP-Pd, see ref. [11].



An MS support was pretreated by drying at 120 °C for 3 h under vacuum. The dried MS (0.50 g) was treated with a solution of PP-Pd (0.27 mmol) in toluene (10 mL) at 50 °C for 20 h. After removing the solvent by vacuum evaporation and subsequent drying under vacuum, the desired MS/PP-Pd was generated.




3.3. Variable-Temperature XAFS Measurements


XAFS was measured in transmission mode at Spring-8, BL14B1 (Hyogo, Japan) at 300, 200, 100, 50, and 20 K. The synchrotron radiation from the storage ring was monochromatized with a Si(311) double crystal monochrometer. Ionization chambers filled with Ar gas were used as detectors for monitoring incident (I0) and transmitted X-rays (I). The angle of the monochromator was calibrated using Pd foil, with the inflection point at the edge set to 24352.6 eV.



XAFS spectra were analyzed using REX2000 (for curve-fitting analysis, Rigaku. Co., Tokyo, Japan). The backscattering amplitude and phase shift of Pd-P/Cl were extracted from the PdCl2(PPh3)2 complex.



A goodness of curve fit was estimated using the following equation.


    R  f a c t o r   =      k n   χ  e x p    ( k )  −  k n   χ  c f    ( k )     k n   χ  e x p    ( k )        








where     χ  e x p    ( k )  ,  χ  c f    ( k )     are the experimental data and theoretical curve-fitted data, respectively.




3.4. Suzuki-Miyaura Cross Coupling Reaction


All the chemicals were purchased from TCI, WAKO, Aldrich, or Kanto Chemical Co. Ltd., Tokyo, Japan. The prepared MS-supported Pd catalyst (1.3 μmol), toluene (1.0 mL), K2CO3 (0.40 mmol), bromobenzene (0.30 mmol), and phenylboronic acid (0.20 mmol) were placed in a Pyrex glass reactor (Tokyo Kasei, Tokyo, Japan). The resulting mixture was stirred vigorously for 2 h at 80 °C under Ar. The formation of biphenyl was confirmed by GC-MS (QP202SE, Shimadzu, Kyoto, Japan). The yield and conversion were determined by GC analysis of a reaction mixture using the internal standard technique.





4. Conclusions


The effect of the support morphology on the attached Pd complex was evaluated by variable-temperature XAFS analysis. The nonporous SiO2 support showed a relatively larger contribution of σ2static than the mesoporous support. This result suggests that the Pd complex has a slightly disordered structure due to the steric stress applied by the support surface. However, this small difference in the Pd complex structure did not affect its catalytic activity in the Suzuki-Miyaura cross-coupling reaction. This study proved that variable-temperature XAFS analysis could successfully elucidate long-range interactions between a metal complex and its support surface.








Supplementary Materials


The following are available online at http://www.mdpi.com/2073-4344/8/3/106/s1, Figure S1: SEM image of MS(C8)/PP-Pd and line analysis results for Si, P, and Pd elements, and Table S1: Parameters determined by the curve-fitting analysis of variable-temperature EXAFS spectra of MS(C12)/PP-Pd.
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Scheme 1. Synthetic route to catalysts (A) MS(Cn)/PP-Pd and (B) SiO2/PP-Pd. 
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Figure 1. Pd K-edge XANES spectra of MS(C8)/PP-Pd measured at (A) 300 K; (B) 200 K; (C) 100 K; and (D) 20 K; (E) MS(C12)/PP-Pd measured at 20 K; (F) MS(C18)/PP-Pd measured at 20 K; (G) SiO2/PP-Pd measured at 20 K. 
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Figure 2. Fourier Transforms of the k3-weighted Pd K-edge EXAFS spectra of MS(C8)/PP-Pd measured at (A) 300 K; (B) 200 K; (C) 100 K; and (D) 20 K; (E) MS(C12)/PP-Pd measured at 20 K; (F) MS(C18)/PP-Pd measured at 20 K; (G) SiO2/PP-Pd measured at 20 K. The k range for the FT was k = 1.3–13 Å−1. 
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Figure 3. Plots of the DW factors (σ2) against the measurement temperature for (□) MS(C8)PP-Pd, (△) MS(C18)/PP-Pd, and (○) SiO2/PP-Pd. 
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Figure 4. Proposed steric stress mode between the Pd complex and support surface in (A) SiO2/PP-Pd and (B) MS(Cn)/PP-Pd. 
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Table 1. Physicochemical properties of the silica support.
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	Support
	Surface Area [m2/g]
	Pore Size [Å]





	MS(C8)
	1865
	16



	MS(C12)
	1175
	23



	MS(C18)
	876
	31



	SiO2 a
	300 ± 30
	-







a Nonporous SiO2 (Aerosil300).
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Table 2. Parameters determined by the curve-fitting analysis of variable-temperature EXAFS spectra of SiO2/PP-Pd and MS(Cn)/PP-Pd [a].
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Temperature [K]

	
N [b]

	
r [c] [Å]

	
σ2 [d] [Å2 × 10−3]

	
∆E [e] [eV]

	
Rf [f] [%]






	
SiO2/PP-Pd

	

	

	

	

	




	
300

	
3

	
2.27 ± 0.01

	
3.97 ± 0.05

	
–10.69 ± 2.05

	
1.72




	
200

	
2.27 ± 0.01

	
2.64 ± 0.05

	
–9.94 ± 2.02

	
3.37




	
100

	
2.27 ± 0.01

	
2.48 ± 0.05

	
–11.49 ± 2.08

	
1.90




	
20

	
2.28 ± 0.01

	
2.80 ± 0.05

	
–9.71 ± 2.09

	
2.16




	
MS(C18)/PP-Pd

	

	

	

	

	




	
300

	
3

	
2.27 ± 0.01

	
3.29 ± 0.05

	
–11.46 ± 2.05

	
1.99




	
200

	
2.27 ± 0.01

	
2.64 ± 0.05

	
–10.79 ± 2.07

	
1.58




	
100

	
2.26 ± 0.01

	
1.88 ± 0.05

	
–11.04 ± 2.09

	
1.91




	
20

	
2.27 ± 0.01

	
1.58 ± 0.05

	
–10.11 ± 2.09

	
3.56




	
MS(C8)/PP-Pd

	

	

	

	

	




	
300

	
3

	
2.27 ± 0.01

	
3.29 ± 0.05

	
–11.14 ± 2.05

	
1.96




	
200

	
2.27 ± 0.01

	
2.33 ± 0.05

	
–10.85 ± 2.06

	
2.11




	
100

	
2.27 ± 0.01

	
2.03 ± 0.05

	
–9.67 ± 2.08

	
1.53




	
20

	
2.27 ± 0.01

	
1.73 ± 0.05

	
–11.14 ± 2.09

	
2.00








[a] Fourier transform and Fourier-filtering regions were limited, where ∆k = 2.3~13.0 Å−1. and ∆r = 1.0~2.2 Å, respectively. Curve-fitting analysis was performed for the Pd-P/Cl shell. [b] Coordination number was fixed to 3 (two Pd-P and one Pd-Cl bonds). [c] Bond distance between absorber and backscatter atoms. [d] The Debye-Waller factor (DW) accounts for the difference between the sample and reference. [e] The inner potential correction accounts for the difference in the inner potential between the sample and reference. [f] The goodness of curve fit.
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Table 3. Suzuki-Miyaura coupling reaction of bromobenzene and phenylboronic acid.
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	Catalyst
	Conv. of Bromobenzene [%]
	Yield [%]
	TON [Pd−1]





	MS(C8)/PP-Pd
	91
	82
	126



	MS(C12)/PP-Pd
	86
	86
	132



	MS(C18)/PP-Pd
	93
	90
	138



	SiO2/PP-Pd
	87
	83
	128



	PP-Pd
	82
	47
	72







Reaction conditions: bromobenznene (0.30 mmol), phenylboronic acid (0.20 mmol), Pd catalyst (Pd: 1.3 μmol), K2CO3 (0.40 mmol), toluene (1.0 mL), 80 °C, 2 h.














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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