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Abstract Pd single site catalysts (Pd SSCs) are recognized to be efficient for CO esterification to a valuable product, dime-
thyl carbonate (DMC), but the tendency of reduction to Pd nanoparticles in CO atmosphere under reaction process leads to a
reduced selectivity and limits the industrial application. Hence, the development of appropriate supports to stabilize Pd single
sites is of great importance. Metal-organic frameworks (MOFs) are expected to become one of the most ideal choices for
supporting SSCs due to their large specific surface area, good stability, and ease of modification. Herein, a stable and highly
modifiable MOF, UiO-66-NH>, has been selected as the support. The pyridine-2-formaldehyde is grafted to UiO-66-NHz by
post-synthetic modification, connecting to the skeleton of UiO-66-NH: via amine aldehyde condensation. In this way a pair
of adjacent N atom sites are created to jointly chelate Pd(Il) species, yielding Pd"-UiO-66-X%. The Pd SSCs exhibit high
DMC selectivity (>98%) in the CO esterification reaction. Moreover, Pd"-Ui0O-66-X% shows excellent stability and more
than 85% DMC selectivity can be maintained in 70 h continuous test, thanks to the good dispersion and strong interaction of
Pd(II) species and the MOF support. As a control, the Pd(II) species is supported on ZrO: to give Pd/ZrO,. Obviously, it is
difficult for ZrOxz to disperse Pd(II) species and to strongly interact with them due to the absence of binding groups. As a re-
sult, Pd"/ZrO; is rapidly reduced by CO during the reaction, resulting in decreased DMC selectivity. In addition, the signals
of key intermediates are detected and the reaction mechanism on Pd"-UiO-66-X% is proposed based on in-situ diffuse reflec-
tance infrared Fourier transform (in-situ DRIFT) spectra. The successful fabrication of Pd"-Ui0-66-X% with high selectivity
and stability provides great opportunity for CO esterification to DMC.

Keywords metal-organic framework; dimethyl carbonate; Pd single-site catalyst; post-synthetic modification; CO esterifi-
cation reaction
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Figure 2 Powder X-ray diffraction patterns of different samples
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Figure 4 SEM images of (a) UiO-66-NH, and (b) UiO-66-2N; TEM
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Figure 5 CO conversion, product selectivity in CO esterification reac-
tion of different samples. The selectivity and conversion were calculated
based on CO, without considering the decomposition of MN. Reaction
conditions: 180 mg catalyst, 120 C, 0.1 MPa, weight hour space velocity
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Figure 7 In-situ DRIFTS of Pd"-Ui0-66-2% at reaction conditions
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Pd"/ZrO, %1 T HARF=4) DMC IR KA AR e M
BZz, 1£ 6 h HPEZENNKH, CO RFALRA ik FE
BENMRK, #3530 T MOF M EME Ak I 4 )
LI Behh, I AT #) DRIFTS RS 1
SNLIHLER, 3 2 7 OCHE S N ] 4 PA-OCH; 5
Pd-COOCH; {5 %5, $eth TN MIHLEL. &R, %
TAEI# T — ke () MOF & Pd S0 S AL, wT LA
e R AL CO BRAL S N3 2 DMC,  [RII th i S W i
THE S E B Pd AL AL ISR A 1T R

4 LIERSY
UiO-66-NH2 B4 AR
T, fEAEN 250 mL R ERSR PRI 1.5
g WAL S (ZrCla), 1.17 g 2-ZH0S %8 — I (NH-BDC),
100 mL N,N-—F 2 B (DMF), 787> 43 £l 75 fi
W, REEU EWW P MA 4 mL K 4 ®
(CH;COOH)H 7.5 mL % &1 7K(H0) I 7R G35,
KR ARIEE TR 120 C, T 3EE FiR W
FI R BN A I IAREF, BL 500 r/min F38%K
PFE N 30 min. [RRNVEE R, BT EARFE & DMF
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g, BT 30 CHIEH, L300 r/min KR BRI R
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R 24 h. RN )G, Frfs e i oGRS b
BTG, T E T A EE R IR 3 IR(EFX 6 h), B
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FE .
4.3 Pd"-UiO-66-1%HIE& B
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References

[1] Tundo, P.; Musolino, M.; Arico, F. Green Chem. 2018, 20, 28.

[2] Tan, H.-Z.; Wang, Z.-Q.; Xu, Z.-N.; Sun, J.; Xu, Y.-P.; Chen, Q.-S.;
Chen, Y.; Guo, G.-C. Catal. Today 2018, 316, 2.

[3] Tan, H.-Z.; Chen, Z.-N.; Xu, Z.-N.; Sun, J.; Wang, Z.-Q.; Si, R;
Zhuang, W.; Guo, G.-C. ACS Catal. 2019, 9, 3595.

[4] Ji, S.; Chen, Y.; Zhao, G.; Wang, Y.; Sun, W.; Zhang, Z.; Lu, Y;
Wang, D. Appl. Catal., B 2022, 304, 120922.

[5] Tan, H.-Z.; Wang, Z.-Q.; Xu, Z.-N.; Sun, J.; Chen, Z.-N.; Chen,
Q.-S.; Chen, Y.; Guo, G.-C. Catal. Sci. Technol. 2017, 7, 3785.

[6] Wang, Z.-Q.; Sun, J.; Xu, Z.-N.; Guo, G.-C. Nanoscale 2020, 12,
20131.

[71 Wei, Y.-S.; Zhang, M.; Zou, R.; Xu, Q. Chem. Rev. 2020, 120,
12089.

[8] Qi, Z.; Chen, L.; Zhang, S.; Su, J.; Somorjai, G. A. J. Am. Chem.
Soc. 2021, 143, 60.

[9] Zhang, Z.; Chen, Y.; Zhou, L.; Chen, C.; Han, Z.; Zhang, B.; Wu, Q.;
Yang, L.; Du, L.; Bu, Y.; Wang, P.; Wang, X.; Yang, H.; Hu, Z. Nat.
Commun. 2019, 10, 1657.

[10] Shi, W.; Quan, Y.; Lan, G;; Ni, K.; Song, Y.; Jiang, X.; Wang, C.;
Lin, W. J. Am. Chem. Soc. 2021, 143, 16718.

Acta Chim. Sinica 2022, 80, 867—3873

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

[11] Zhang, Y.; Dong, L.-Z.; Li, S.; Huang, X.; Chang, J.-N.; Wang,
J.-H.; Zhou, J.; Li, S.-L.; Lan, Y.-Q. Nat. Commun. 2021, 12, 6390.

[12] Jiao, L.; Wang, J.; Jiang, H.-L. Acc. Mater. Res. 2021, 2, 327.

[13] Huang, G;; Chen, Y.; Jiang, H. Acta Chim. Sinica 2016, 74, 113 (in
Chinese). (35 [l, FRE 0T, TR, 544k, 2016, 74, 113.)

[14] Zhang, J.-P.; Zhang, Y.-B.; Lin, J.-B.; Chen, X.-M. Chem. Rev. 2012,
112,1001.

[15] Lu, L.; Zhao, Y.; Wei, Y.; Wang, H. Acta Chim. Sinica 2021, 79, 869
(in Chinese). (£ &6, BXUEMH, MG, T, L 5R,
2021, 79, 869.)

[16] Furukawa, H.; Cordova, K. E.; O'Keeffe, M.; Yaghi, O. M. Science
2013, 341, 1230444.

[17] Li, H.; Li, L.; Lin, R.-B.; Zhou, W.; Zhang, Z.; Xiang, S.; Chen, B.
EnergyChem 2019, 1, 100006.

[18] Liu, D.; Wan, J.; Pang, G.; Tang, Z. Adv. Mater. 2019, 31, 1803291.

[19] Wu, G; Huang, J.; Zang, Y.; He, J.; Xu, G. J. Am. Chem. Soc. 2017,
139, 1360.

[20] Li, B.; Ju, Z.; Zhou, M.; Su, K.; Yuan, D. Angew. Chem., Int. Ed.
2019, 58, 7687.

[21] Pang, J.; Di, Z.; Qin, J.-S.; Yuan, S.; Lollar, C. T.; Li, J.; Zhang, P.;
Wu, M.; Yuan, D.; Hong, M.; Zhou, H.-C. J. Am. Chem. Soc. 2020,
142, 15020.

[22] Qiu, X.; Zhong, W.; Bai, C.; Li, Y. J. Am. Chem. Soc. 2016, 138,
1138.

[23] Li, J.; Huang, H.; Xue, W.; Sun, K.; Song, X.; Wu, C.; Nie, L.; Li,
Y.; Liu, C.; Pan, Y.; Jiang, H.-L.; Mei, D.; Zhong, C. Nat. Catal.
2021, 4, 719.

[24] Cai, G; Jiang, H.-L. Angew. Chem., Int. Ed. 2017, 56, 563.

[25] Bai, X.-J.; Lu, X.-Y.; Ju, R.; Chen, H.; Shao, L.; Zhai, X.; Li, Y.-N.;
Fan, F.-Q.; Fu, Y.; Qi, W. Angew. Chem., Int. Ed. 2021, 60, 701.

[26] Yu, E; Jing, X.; Wang, Y.; Sun, M.; Duan, C. Angew. Chem., Int. Ed.
2021, 60, 24849.

[27] Feng, L.; Li, J.-L.; Day, G. S.; Lv, X.-L.; Zhou, H.-C. Chem 2019, 5,
1265.

[28] Cai, G; Yan, P.; Zhang, L.; Zhou, H.-C.; Jiang, H.-L. Chem. Rev.
2021, /21, 12278.

[29] Xiao, J.-D.; Li, D.-D.; Jiang, H.-L. Sci. Sin. Chim. 2018, 48, 1058
(in Chinese). (HUaE, ZEfHT, T, FEAF: L5, 2018,
48,1058.)

[30] Zhang, Y.; Chu, Q.; Shi, Y.; Gao, J.; Xiong, W.; Huang, L.; Ding, Y.
Acta Chim. Sinica 2021, 79, 361 (in Chinese). (GKEHE, #7,
B, MmAeR, B, B, T, PR, 2021, 79,361.)

[31] Li, L.; Li, Z.; Yang, W.; Huang, Y.; Huang, G;; Guan, Q.; Dong, Y.;
Lu, J.; Yu, S.-H.; Jiang, H.-L. Chem 2021, 7, 686.

[32] Jiao, L.; Wang, Y.; Jiang, H.-L.; Xu, Q. Adv. Mater. 2018, 30,
1703663.

[33] Guan, J.; Hu, Y.; Wang, Y.; Li, H.; Xu, Z.; Zhang, T.; Wu, P.; Zhang,
S.; Xiao, G; Ji, W.; Li, L.; Zhang, M.; Fan, Y.; Li, L.; Zheng, B.;
Zhang, W.; Huang, W.; Huo, F. Adv. Mater. 2017, 29, 1606290.

[34] Feng, R.; Jia, Y.-Y.; Li, Z.-Y.; Chang, Z.; Bu, X.-H. Chem. Sci. 2018,
9, 950.

[35] Yang, Q.; Jiang, H.-L. Small Methods 2018, 2, 1800216.

[36] Zhang, K.; Xi, Z.; Wu, Z.; Lu, G.; Huang, X. ACS Sustainable Chem.
Eng. 2021, 9, 12623.

[37] Dong, Y.; Li, W.-H.; Dong, Y.-B. J. Org. Chem. 2021, 86, 1818.

[38] Sun, R.; Liu, B.; Li, B.-G,; Jie, S. ChemCatChem 2016, 8, 3261.

[39] Chen, L.; Rangan, S.; Li, J.; Jiang, H.; Li, Y. Green Chem. 2014, 16,
3978.

[40] Jung, K. T.; Bell, A. T. J. Catal. 2001, 204, 339.

[41] Chen, L.; Chen, X.; Liu, H.; Bai, C.; Li, Y. J. Mater. Chem. A 2015,
3, 15259.

[42] Lv, D.-M.; Xu, Z.-N.; Peng, S.-Y.; Wang, Z.-Q.; Chen, Q.-S.; Chen,
Y.; Guo, G.-C. Catal. Sci. Technol. 2015, 5, 3333.

[43] Tereshchenko, A.; Guda, A.; Polyakov, V.; Rusalev, Y.; Butova, V,;
Soldatov, A. Analyst 2020, 145, 7534.

[44] Wang, C.; Jia, Y.; Zhang, Z.; Zhao, G.; Liu, Y.; Lu, Y. Appl. Surf. Sci.
2019, 478, 840.

(Lu, Y)

http://sioc-journal.cn 873




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


