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Gravimetric and volumetric measurements of MOF-177 skeleton density 
The skeleton densities of the MOF-177 powder and monoliths were determined using both gravimetric 

and volumetric techniques. For the gravimetric determination, the skeleton density, ρsk of the sample can be 
related to the measured mass according to the equation:  
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A representative plot of ms vs. ρHe is presented in the Fig.S1. The skeleton density is determined from the 

slope and intercept of the ms vs. ρHe. For measuring the skeleton density using volumetric method, the sample 
was loaded into a Sieverts equipment and was out-gassed under conditions mentioned previously. After 
attaining the desirable level of out-gassing, a pre-determined amount of ultra-pure helium gas was admitted into 
the gas reservoir of the system. Once the equilibrium is attained, the gas then vented into the sample cell. The 
skeleton density of the sample can be determined using:  
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where, Vs and Ve, respectively are the volume of the cell occupied by the helium gas with and without sample. 
The latter was obtained from the pressure and temperature of helium before and after expansion into the empty 
cell. Several measurements were performed and the average value of the skeleton density was finally obtained.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. S1. Plot of mass read as function of helium gas density for the determination of MOF-177 
skeleton density. 
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Void volume determination of MOF-177 

The sample void volume here is defined as the whole space that is accessible to a gas, such as He. This 
includes all inter-crystalline spaces, interiors of all MOF cages and any other open empty regions. Since, the 
volume of the sample skeleton is not accessible to a gas, the void volume can be obtained as the difference 
between the bulk volume of the sample and its skeleton volume. For a given mass of the sample, therefore, we 
have: 
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The sample void volumes of MOF-177 with different bulk densities were estimated from the skeleton density 
and the respective bulk densities. They are presented in Table S1 below: 
 
 
 

Table S1. Bulk densities and Total void volumes of MOF-177 
 

ρb (gcm-3) Vv(cm3g-1) 
0.207 4.19 
0.385 1.96 
0.420 1.74 
0.510 1.32 
0.580 1.08 
0.620 0.97 
0.725 0.74 
0.820 0.58 
0.890 0.48 
1.090 0.28 

 
 
Low-pressure nitrogen adsorption data 

Low-pressure nitrogen adsorption data of MOF-177s measured at 77K using micromeritics ASAP 
2020.  The data is used to obtain the specific surface area and micropore volume, using the BET and DR 
models. 

 
Table S2. Data of the volume of nitrogen adsorbed by MOF-177 as function of relative pressure.  
 
ρb = 0.58 g cm-3 ρb = 0.82 g cm-3 ρb = 0.89 g cm-3 ρb = 01.09 g cm-3 
P/P0 ml/g(STP) P/P0 ml/g(STP) P/P0 ml/g(STP) P/P0 ml/g(STP) 

0.010 367.33 0.010 219.35 0.010 192.79 0.010 115.11 
0.012 423.53 0.012 254.16 0.012 221.47 0.012 128.74 
0.014 474.52 0.014 283.07 0.014 244.74 0.014 142.50 
0.017 509.71 0.017 300.78 0.017 262.81 0.017 152.45 
0.020 534.53 0.021 317.56 0.020 275.74 0.020 158.30 
0.024 552.71 0.025 324.57 0.026 285.35 0.024 162.36 
0.030 566.82 0.031 333.14 0.030 291.06 0.029 165.91 
0.037 577.64 0.037 338.01 0.034 294.22 0.035 168.88 
0.041 581.70 0.041 340.80 0.042 298.92 0.042 171.18 
0.050 589.87 0.050 345.28 0.050 302.52 0.051 173.29 
0.061 596.59 0.060 349.13 0.060 305.94 0.060 175.28 
0.072 602.77 0.072 352.75 0.072 309.15 0.072 177.10 
0.087 608.27 0.087 356.20 0.087 312.10 0.086 178.65 
0.104 613.44 0.104 359.27 0.104 314.87 0.103 180.08 
0.124 618.06 0.124 362.28 0.124 317.48 0.123 181.47 
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0.148 622.44 0.148 365.14 0.148 319.87 0.147 182.78 
0.177 626.55 0.176 367.80 0.176 322.18 0.176 184.03 
0.211 630.36 0.211 370.37 0.211 324.35 0.210 185.17 
0.252 633.86 0.252 372.80 0.252 326.40 0.251 186.25 
0.301 637.19 0.301 375.21 0.301 328.33 0.301 187.15 

 
 

Powder X-ray Diffraction data of MOF-177. PXRD measurements were performed on pellets using a Bruker 
D8 Advance X-ray diffractometer enabled with Cu-Kα radiation. 
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Fig. S2. Powder X-ray diffraction pattern of MOF-177 samples with bulk density of 0.207, 0.38, 
0.51, 0.58, 0.72, 0.82, 0.89 and 1.09 g cm-3.  

 
Measurement of excess gravimetric hydrogen uptake 

Hydrogen storage measurement was performed gravimetrically using the microbalance and 
volumetrically using a High Pressure Adsorption Characterization (HPAC) system based on Sieverts volumetric 
technique. The amount of hydrogen adsorbed in the sample in the gravimetric setup is determined from the data 
using:  
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where, mr, mv and ρH2 are the mass of the sample measured at hydrogen pressure P, mass measured in vacuum 
and gas density of hydrogen at given pressure and temperature. Once the adsorption was measured up to 13 
MPa, the hydrogen was vented in steps to measure the desorption curve. The mass of hydrogen adsorbed was 
expressed in units of mol kg-1 employing the molar mass of hydrogen. The volumetric excess adsorption was 
obtained by multiplying the gravimetric excess uptake data with the respective sample bulk density. The total 
volumetric and gravimetric hydrogen uptake of the sample are calculated by  
 

vgextot Vnn ρ+=                                                                          (5) 
 
 

where, ρg is the gas phase density and Vv is the sample void volume.  
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FT-IR Assignment 
 
 

ν     
Tentative  

ν *2 
Tentative

ν *3  
3340       
3228 Overtones or combination bands     
3131       

        
3054 Aromatic C-H Stretch     

        
        

2765       
2665       
2568 Overtones or combination bands     

        
2464       
2364 Overtones or combination bands     
2337 Overtones or combination bands     

        
2121 Overtones or combination bands     
2009 Overtones or combination bands     
1936 Overtones or combination bands     
1862 Overtones or combination bands     
1809 Overtones or combination bands     
1758 Overtones or combination bands     
1700 Overtones or combination bands     
1612 Strong assymetric stretching of carboxylate/C=C ring stretch 3224  
1558 C=C aromatic stretching/Overtones or combination bands 3116  
1515 C=C aromatic stretching/Overtones or combination bands 3030  

        
1407 Weak symmetric stretching of carboxylate  2814  
1307 In-plane C-H bending of aromatic/C-O stretching of carboxylic group 2614  
1284 In-plane C-H bending of aromatic   2568  

        
1184 In-plane C-H bending of aromatic/C-O stretch of -COO  2368  
1149 In-plane C-H bending of aromatic   2298 3447  
1106 In-plane C-H bending of aromatic   2212 3318  

        
1018 In plane C-H bending of aromatic   2036 3054  

        
898 C-H out of plane bending of aromatics  1796 2694  
860 C-H out of plane bending of aromatics  1720 2580  
809 C-H out of plane bending of aromatics  1618 2427  
779 C-H out of plane bending of aromatics  1558 2337  
707 C-H out of plane bending of aromatics  1414 2121  

 
 
2*ν and 3*ν are tentative positions of first and second overtones from different IR vibrations. 
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XPS Data 
 
Fig. S3 gives survey scans of powder and monolith with density = 1.09 g/ml 
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Fig. S3. XPS Survey Scans of powder and monoliths with bulk density1.09 g cm-3.  
 
 
 
Determination of the fraction of crystalline phase. 

The sample gas-phase volume, Vg is defined as the volume of the region where the density of the 
adsorbent is same as the bulk-phase hydrogen. Since Vv gives the total sample void volume, the Vg = Vv-Va 
where Va is the adsorption volume. Vg can be approximated as the volume of the sample not occupied by the 
solid phase. For samples with bulk density of 0.207 g cm-3, the volume occupied by the solid phase is equivalent 
to the crystal volume. For higher density samples, the volume occupied by the solid phase has contributions 
from the crystalline and amorphous phases, VC and VA. Accordingly Vg is given as: 

 
[ ]ACbg VaaVVV )1( −+−=                                                        (6) 

Here, Vb represents the specific volume of sample. The fraction of the crystalline phase a in the 
samples is determine by normalizing the micropore volume data with the data corresponding to the sample with 
bulk density 0.207 g cm-3. This assumes that only crystalline phase contributes to the micropore volume. The 
Table S3 gives the fraction of crystals in the sample as a function of the bulk density. 
 

Table S3. The fraction of crystalline phase in the MOF-177 samples and the gas-phase volumes. 
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ρg(g cm-3) a 1-a 
0.207 1 0 
0.28 0.964 0.036 
0.38 0.941 0.059 
0.42 0.848 0.152 
0.51 0.755 0.245 
0.53 0.679 0.321 
0.58 0.581 0.419 
0.72 0.464 0.536 
0.82 0.343 0.657 
0.89 0.302 0.698 
1.09 0.168 0.832 

 
Fit using Modified Dubinin-Ashtakov Model  

The modified Dubinin-Ashtakov fit was carried using the following global fit function which returns the nex 
as function of three independent variables: pressure, gas-phase density and bulk density. 
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Since the specific volume of the amorphous phase, VA is unknown it is kept as a fit parameter. Also ρmax, ε and 
P0 are kept as fit parameters. In the original five parameter model the temperature dependence of ε was 
explicitly given as ε = α + βT, where α and β are the enthalpic and entropic contributions to the characteristic 
free energy of adsorption. Here, since the isotherms were collected only at 77 K, α and β were not used 
explicitly. ε was assumed to be constant for all samples. The minimized standard error of estimate is 0.27. Table 
S5 gives the fit parameter. The data was fitted also with samples with density up to 0.53 g cm-3, when the 
fraction of crystalline phase in the sample is high. This was done in order to check if the ε varies with the bulk 
density. The standard error of estimate was found to be 0.32. The fit parameters are appended in the Table S4. It 
can be seen that ε does not vary significantly with bulk density. 
  

Table S4. The fit parameters for the modified Dubinin-Astakhov for densified MOF-177 samples 
 

Parameters All Data Data up to 0.532 g cm-3 
ρmax (g L-1) 78.6 ± 1.2 38.7 ± 0.6 
ε (J mol-1) 2702 ± 45 2678 ± 48 
P0 (MPa) 55 ± 6 54 ± 6 
VA (cm3 g-1) 0.68 ± 0.01 0.84 ± 0.03 
χ2 0.27 0.14 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


