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Experimental 

 

Synthesis of Tetraethyl 1,4-benzenediphosphonate (TEtBDP) 

1,4-dibromo benzene 9.44 g (40 mmol) and anhydrous NiBr2 4.34 g (33 mmol) were dried with 

mild heating (50 °C) under vacuum in a two neck round bottom flask. The flask was backfilled 

with argon and 1,3-diisopropylbezene (100 ml) added. The solution was brought to reflux and 

P(OEt)3 (53.15 g, 320 mmol) in 1,3-diisopropylbezene (30 ml) was added dropwise over 10 

hours, followed by a further refluxing for 48 hours. After cooling the solvent was distilled off 

under vacuum at 30 °C to give a brown solid residue. The solid was washed with hexanes (2×100 

mL) before being dissolved in diethyl ether and filtered. The resulting yellow filtrate was taken to 

dryness to give pale yellow solid. Column chromatography of the residue on silica gel using ethyl 

estate-methanol-acetic acid (100:5:1) as eluent (Rf :0.38) gave TEtBDP as a crystalline white 

solid. Yield: 9.67g, 69%. Anal.  Calc. for TEtBDP: C, 48.00; H, 6.91. Found: 47.90; H, 

6.83; 1H NMR (400 MHz CDC13) δ (ppm): 1.32 (td, 12H, CH3 ); 4.13 (m, 8H, CH2); 7.89 (m, 

4H, CH); 31P NMR (400 MHz CDC13/(CH3O)3PO) δ (ppm): 16.87; 13C NMR (100 MHz CDC13) 

δ (ppm): 16.46 (CH3), 62.57 (CH2), 131.73 (CH), 133.96 (CP). 

 

Synthesis of Sodium diethyl 1,4-benzenediphosphonate (Na2DEtBDP) 

TEtBDP (5.95 g, 17 mmol) in a mixture of concentrated ammonia (30 %) solution (20 mL), and 

ethanol (10 mL) was refluxed for 16 h. The solvents were removed in vacuo to give white solid. 

This was dissolved in distilled water (5 mL) and passed through a 50W-X8 cation exchange 

column (Na+ form) using distilled water as eluent. The clear solution was collected and was taken 

to dryness in vacuo. The resulting white solid, was then recrystallized twice from an 

H2O/methanol mixture to yield Na2DEtBDP as a white crystalline solid. Yield: 4.73 g, 82%. 

Anal. Calc. for Na2DEtBDP.0.5H2O: C, 34.60; H, 4.36. Found: C, 34.31; H, 4.17.; 1H 

NMR (400 MHz D2O/(CH3)2CO) δ (ppm): 1.26 (td, 6H, CH3); 3.84 (m, 4H), 7.78 (m, 4H, CH). 
31P NMR (400 MHz D2O/(CH3O)3PO) δ (ppm): 15.61; 13C NMR (100 MHz D2O/(CH3)2CO) δ 

(ppm): 16.32 (CH3), 61.93 (CH2), 131.30 (CH), 136.51 (CP). 

 

Synthesis of ZnDEtBDP (1) 

Tetrahydrofuran was slowly diffused into a solution of Na2DEtBDP (0.200 g, 0.59 mmol) and 

Zn(NO3)2·6H2O (0.176 g, 0.59 mmol) in water (8 ml). Single crystals of ZnDEtBDP formed after 

the period of 1 week. The crystals were then filtered off and washed with 5×20 ml THF before 
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being dried in vacuo. Yield: 4.73 g, 53%. Anal. Calc. for ZnDEtBDP: C, 33.59; H, 3.95. Found: 

C, 33.73; H, 4.01. 

 

Single crystal data collection 

Single crystals were mounted by freezing to the tip of a glass loop using Paratone oil. 

Experiments were conducted at 173K on a Nonius kappa diffractometer with a graphite 

monochromated Mo K  radiation (  = 0.71073 Å) and equipped with a APEX II CCD detector. 

The intensity data collection was performed in the scanning mode with the goniometer and 

detector angular settings optimized using the program COSMOS. The unit cell and the orientation 

matrix were refined using the entire data set of reflections. The diffraction spots were measured in 

full with a high accuracy, scaled, corrected for Lorentz-polarization correction, and integrated 

using HKL Denzo and Scalepack (Otwinowski & Minor 1997). Absorption effects were 

empirically corrected by using SADABS (Sheldrick, G. M., SADABS; Universitat Gottingen, 

1997). Full-matrix least-squares refinement on F2 was carried out using SHELXL97. The 

crystallographic data and conditions for structure analysis are listed below. The solvent water 

molecules could not be located. All the hydrogens were fixed by placing them in a riding mode. 

Crystallographic data for 1: Crystal data for Zn(C6H4)(PO3C2H5)2,, 1: M = 357.57, orthorhombic, 

Ibam, a = 15.729(3), b = 23.170(5), c = 9.737(2) Å , V = 3548.6(12) Å 3, Z = 8, Dc = 1.391 g cm-3, 

T = 173(2) K,  μ (Mo Kα) = 1.581 mm-1, crystal size 0.09 x 0.05 x 0.03 mm. A total of 1612 

reflections were processed of which 1241 were unique and considered significant with Inet > 2.σ 

(Inet). Final residuals for Inet > 2.σ (Inet) were R = .0610 and Rw = .1555 (GoF = 0.977) for 107 

parameters. Final data are deposited with the Cambridge Structural Database with registry 

number CCDC 798055. 

 

Powder X-ray data collection 

To study the pore stability, samples were heated, in air for 1 hr and 24 hrs at 120°C and 24 hrs at 

200 ˚C. In the absence of a VT-PXRD, the samples were heated in the Al PXRD sample holder 

and rapidly transferred from the oven to the adjacent PXRD. An infrared thermal sensor measured 

the temperature of the sample holder as 80˚C after 2 min and 50˚C after 6 min. The scan rate 

for the PXRD was 5 deg/min so the major peaks (below 15 deg in 2 theta) were scanned 

while the temperature was above 80 C. Also, the relative humidity in our Calgary lab is 

~10% which, coupled with the heat of the holder, gives us high confidence no water 

vapour sorbed into the hydrophobic pores of 1 prior to measurement. 
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Figure S1. TGA of ZnDEtBDP·THF. Thermal analysis (TGA-DSC) data were recorded on a 

Netzsch STA 449C apparatus with a heating rate of 2oC /min in the temperature range of 25 to 

450oC under N2 atmosphere. 
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Figure S2. PXRD of the as made ZnDEtBDP·THF and post adsorption in comparison to the 

simulated pattern. 
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Adsorption Measurements 

The adsorption isotherms for CO2 (99.998%), N2 (99.999%) and H2 (99.999%) were conducted 

using an Accelerated Surface Area & Porosimetry System (ASAP) 2020 supplied by 

Micromeritics Instruments Inc. In a general procedure, the dry sample (~100 mg) was loaded into 

the glass analysis tube. The sample was heated under vacuum (~10-3 mbar) 40 °C for 18 hrs. No 

increase in surface area was observed at higher activation temperatures. After this the outgas rate 

was less than 1 μbar hr-1. The sample was then backfilled with N2 before being transferred to the 

analysis port where it was evacuated for at least a further 240 min before the analysis was started. 
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Figure S3.Gas sorption isotherms for 1: CO2 at 195, 263, 273 K and N2 and H2 at 77 and 195 K. 

 

 

 Amount of gas adsorbed [cm3(STP)/g] 
Temperature 

(K) 
N2 H2 CO2 

77 4.52† 3.24 - 
195 14.35 3.36 63.98 
263 - - 32.41 
273 - - 25.89 

†Taken at 0.77 P/P0 to avoid contributions from condensation between particles. 
 
Table S1. Summary of gas adsorption of ZnBDPEt. 
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                      Langmuir Surface Area Report 

 

           Langmuir Surface Area:    312.1122 ± 1.5846 m²/g          

                           Slope:    0.018080 ± 0.000092 g/cm³ STP   

                     Y-Intercept:    0.161086 ± 0.007230 g/cm³ STP   

                               b:    0.112239 1/mbar                 

                              Qm:    55.3093 cm³/g STP               

         Correlation Coefficient:    0.999871                        

  Molecular Cross-Sectional Area:    0.2100 nm²                      

 

Figure S4. Langmuir Surface area analysis of CO2 adsorption at 195 K in ZnDEtBDP 
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                      BET Surface Area Report 

 

                BET Surface Area:    264.7848 ± 1.6342 m²/g          

                           Slope:    0.021234 ± 0.000131 g/cm³ STP   

                     Y-Intercept:    0.000078 ± 0.000010 g/cm³ STP   

                               C:    272.327150                      

                              Qm:    46.9224 cm³/g STP               

         Correlation Coefficient:    0.9998093                       

  Molecular Cross-Sectional Area:    0.2100 nm²                      

 

Figure S5. BET Surface area analysis of CO2 adsorption at 195 K in ZnDEtBDP 
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Determining the Enthalpy of Adsorption 

To allow extrapolation between adsorption points the adsorption branches of the 273.37 and 

293.46 K CO2 isotherms were fitted via least-squares regression to the Virial model (equation 

1).1-7 

.....)/ln( 2
210 nAnAApn ++=  (equation 1) 

Only equivalent adsorption values were fitted on both isotherms. The Virial plot and parameters 

are shown in figure S7 and table S1 respectively. The isosteric enthalpies of adsorption at zero 

loading were calculated from the A0 parameters determined using equation 1 for adsorption data 

at 273.37 and 263.37 K. The enthalpies of adsorption of CO2 for specific surface coverage’s were 

calculated using the van’t Hoff isochore. 
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Figure S6. Virial plots 

 

Table S2: Summary of the fitted Virial parameters 
Virial 

Parameter 

263 K 273 K 

A0 -6.56446 -6.22155 

A1 -0.04679 0.07484 

A2 -0.16571 -0.27189 
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Figure S7. CO2 sorption isotherms for 263 and 273 K showing the data and fit from the Virial 

model. 

 

 

 
 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2011



11 
 

References 

 

(1) Zhao, X.; Villar-Rodil, S.; Fletcher, A. J.; Thomas, K. M. J. Phys. Chem. B 2006, 110, 9947–

9955.  

(2) Zhao, X. B.; Xiao, B.; Fletcher, A. J.; Thomas, K. M. J. Phys. Chem. 

B 2005, 109, 8880–8888. 

(3) Cole, J. H.; Everett, D. H.; Marshall, C. T.; Paniego, A. R.; Powl, J. C.; Rodriguez-Reinoso, F. 

J. Chem. Soc., Faraday Trans 1974, 70, 2154–2169. 

(4) O’koye; I. P.; Benham, M.; Thomas, K. M. Langmuir 1997, 13, 4054– 

4059. 

(5) Reid, C. R.; O’koye, I. P.; Thomas, K. M. Langmuir 1998, 14, 2415– 

2425. 

(6) Reid, C. R.; Thomas, K. M. Langmuir 1999, 15, 3206–3218. 

(7) Reid, C. R.; Thomas, K. M. J. Phys. Chem. B 2001, 105, 10619– 

10629 

 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2011



<<
  /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 false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /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


