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Preparation of {NBu2(CH,COOH):}[MnCr(0x)3] (dic-MnCr)

A mixture of (NH4)3[Cr(ox)3]-:3H20 (215 mg), MnCl2:4H20 (100 mg) and
{NBuz(CH2COOH)2}Br (170 mg) in methanol (15 cm?) was stirred at ambient
temperature to form bluish purple microcrystals. The obtained microcrystals were
separated and washed with a small amount of methanol. The yield was 165 mg after dried
in air. Anal. Calcd for {NBux(CH2COOH):2}[MnCr(0x)3] (CisH24CrMnNOi6) (%): C,
35.02: H, 3.92; N, 2.27. Found (%): C, 35.30; H, 4.16; N, 2.34. Mn/Cr = 1.04 from X-ray
fluorescence spectroscopy (Rigaku, ZSX Primus IV).

Physical Measurements

X-ray powder diffraction (XRPD) pattern was measured using Bruker D8
ADVANCE diffractometer. Fourier transform infrared (FTIR) spectra were collected
from KBr pellets using Thermo Fisher NEXUS 670 FTIR spectrometer.
Thermogravimetric analysis (TGA) was performed using Bruker TG-DTA 2000SA with
heating rate of 5 °C/min under N2 gas flow (100 mL/min). Proton conductivity
measurements on compacted pellets (~10 mg, ~0.8 mm thickness x 2.5 mm ¢) were
carried out using a Solartron 1260 Impedance/Gain—Phase Analyzer and 1296 Dielectric
Interface in the frequency range 1 Hz—1 MHz. Relative humidity was controlled using an
Espec Corp. SH-221. Water adsorption isotherm was collected at 298 K with BELSORP-
max (BEL JAPAN). Samples (~100 mg) were thoroughly dehydrated prior to the
measurement by heating at 373 K for 24 h under vacuum.

X-ray powder diffraction analysis for dic-MnCr

Fig. S1 shows XRPD patterns of dic-MnCr and moc-MnCr. As clearly observed,

dic-MnCr shows poor crystallinity, but its diffraction pattern is very similar to that of

previously reported moc-MnCrS' indicating that dic-MnCr is composed of two-



dimensional (2D) MnCr bimetallic (anionic) frameworks and organic cations (AcBu:-
stratum). Le Bail fitting on the experimental XRPD pattern (Fig. S2) led to similar lattice
constants (Trigonal, R3¢, a = 9.273(5)A, ¢ = 50.98(3) A and V' =13796(4) A%) to those of
moc-MnCr. To obtain further information on the crystal structure of dic-MnCr, ab initio
structure solution was carried out by simulated annealing method installed on
EXP0O2014% program. In this analysis, 2D MnCr bimetallic (anionic) framework with
one AcBu:z-stratum unit was used as initial structure model. A total of 30 cycles
calculation which consists of each ~5 x 10° Monte Carlo moves of AcBu>-stratum unit
gave good structural model shown in Fig. 1. In this structural solution in simulated
annealing method, carboxylate- and butyl-groups are disordered (see Fig. 1 in the main
text). Rietveld refinement using this structural model was not successful because of poor

crystallinity.
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Fig. S1 XRPD patterns (Cu Ka radiation) of dic-MnCr (red) and moc-MnCr (blue) at
room temperature (RT).
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Fig. S2 Le Bail fitting result on dic-MnCr. Blue crosses, red line, and thin green line

denote experimental, calculated, and difference profiles, respectively.

FTIR spectra

Fig. S3 shows FTIR spectrum of dic-MnCr. For comparison, FTIR spectra of
(NBu4)[MnCr(ox)3]> and (NH4)2(adp)[Zn(0x)3]>* having M2(ox)3 (M: metal ion) 2D
honeycomb layer structure are also shown. For dic-MnCr, typical v(C=0) mode of the
ox ligand in 2D ox-bridged networks was observed at 1632 cm™!. Weak peak at 1743
cm™! can be assigned to the v(C=0) mode of the AcBuz-stratum unit. In addition, the
8(CH2) and y(CH2) modes of the n-butyl group of the AcBuz-stratum unit were observed
around 1400 cm™'. The v(C-H) stretching mode of the n-butyl group could be observed
as broad and weak band around 3000 cm™!. The similarity of the spectral feature to those
of reference compounds clearly indicates that dic-MnCr is composed of 2D MnCr

bimetallic (anionic) framework.
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Fig. S3 FTIR spectra of dic-MnCr, (NBus)[MnCr(ox)3]%* and (NHa4)2(adp)[Zn(0x)3]3* at
RT.

TGA analysis

TGA curve of dic-MnCr (powder sample, 5.44 mg) is shown in Fig. S4. Previously,
the thermal decomposition of analogue compound, (NBu4)[MnCr(ox)3] was examined
in detail.5® According to this report, thermal conversion of (NBus)[MnCr(0x)3] occurs at
about 400 °C in one step providing the bimetallic oxide, Mni.5Cr1.504. As clearly seen
in Fig. S4, similar one-step thermal decomposition was observed above 300 °C. At
400 °C, observed weight loss reached about 67% (~3.64 mg), which is consistent with
the calculated weight loss (64%, ~3.48 mg) in the formation of Mni1.5Cr1.50a4. This result

supports the purity of the dic-MnCr sample obtained.
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Fig. S4 Thermogravimetric analysis of dic-MnCr.
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Fig. S5 Selected Nyquist plots in the complex plane of dic-MnCr at 55% RH at 25 °C.
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Fig. S6 Selected Nyquist plots in the complex plane of dic-MnCr at 75% RH at 25 °C.
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Fig. S7 Selected Nyquist plots in the complex plane of dic-MnCr at 85% RH at 25 °C.
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Fig. S8 Selected Nyquist plots in the complex plane of dic-MnCr at 95% RH at 25 °C.
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Fig. S9 Temperature dependence of Nyquist plots of dic-MnCr at 95% RH.




Structure under humidified condition

To obtain the structural information of fully hydrated form of dic-MnCr, XRPD
pattern was collected on the sample humidified at 97% RH (Fig. S10). As clearly
observed, hydrated dic-MnCr showed similar XRPD pattern to that of non-hydrated
form, but the several diffraction peaks were shifted to lower angle side. Especially, the
006 diffraction peak (corresponding to the MnCr 2D layer stacking direction) was
largely shifted, which suggests intercalation of water molecules between the layers.
From the shift of 006 peak, the expansion of interlayer spacing can be estimated to be
~1.4%. Besides, several additional diffraction peaks were observed in hydrated form.
Due to poor crystallinity of the sample, few diffraction peaks could be detected.
Although further structural analyses on hydrated form were not successful at present
stage, these results implied water vapour induced structural transition (such as disorder

<> order transition).
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Fig. S10 XRPD patterns (Cu Ka radiation) of dic-MnCr in different states at RT.




References for ESI

(S1) (a) M. Sadakiyo, H. Okawa, A. Shigematsu, M. Ohba, T. Yamada and H. Kitagawa,
J. Am. Chem. Soc.,2012, 134, 5472; (b) H. Okawa, M. Sadakiyo, T. Yamada, M. Maesato,
M. Ohba and H. Kitagawa, J. Am. Chem. Soc., 2013, 135, 2256.

(S2) A. Altomare, C. Cuocci, C. Giacovazzo, A. Moliterni, R. Rizzi, N. Corriero and A.
Falcicchio, J. Appl. Cryst. 2013, 46, 1231.

(S3) H. Tamaki, Z. J. Zhong, N. Matsumoto, S. Kida, M. Koikawa, N. Achiwa, Y.
Hashimoto and H. Okawa, J. Am. Chem. Soc., 1992, 114, 6974.

(S4) M. Sadakiyo, T. Yamada and H. Kitagawa, J. Am. Chem. Soc., 2009, 131, 9906.
(S5) K. E. Neo, Y. Y. Ong, H. V. Huynh and T. S. A. Hor, J. Mater. Chem., 2007, 17,

1002.




<<
  /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


