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Diffusion-Ordered NMR Spectroscopy (DOSY) experiments 

 

In Diffusion-Ordered NMR Spectroscopy (DOSY) experiments, a series of 

pulsed field gradient (PFG) stimulated echo experiments is performed and the results 

allow to generate a two dimensional spectrum where signals are dispersed depending on 

their diffusion coefficients.1  

The diffusion coefficient (D) of a molecule is inversely proportional to its 

hydrodynamic radius as given in the Stokes-Einstein equation: D = kT/(6πηrH), from 

where the relation between the diffusion coefficient of a molecule, D, and its volume, V, 

can be easily linearized by taking the logarithm of both sides: log D = A·log V + B. In 

previous studies,2 we have observed that, for these kind of heterometallic aryloxide 

derivatives, the results were equivalents when plotting D vs V and D vs FW. Hence, 

considering the approximation that the FW is proportional to the volume for this kind of 

derivatives, we used the equation log D = A’·log FW + B’ to calculate the FW of  3b 

and 3c in solution. 

The DOSY experiments are very sensitive to experimental conditions and 

temperature fluctuation, convention and viscosity change produce variations on the 

diffusion coefficient value from one experiment to another for the same particle.3,4 This 

problem can be overcome by using internal standards of known size. As such, by 
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measuring their diffusion coefficients in the same experiment as the compound we are 

interested in, it will be possible to generate a calibration curve giving information on the 

size of the compound in solution.4,5 It has been generally accepted that when the r2 

value for the calibration curve is higher than 0.97, the typical error between the 

experimental FW and the theoretical one would be from ‐10% to +10%.6  

 
1H DOSY of 3b and 3c in the presence of internal standards: 

All NMR experiments were carried out on a Bruker AV400 spectrometer 

equipped with a probe PABBO BB-1H/D Z-GRD. 2D DOSY experiments were 

recorded under routine conditions at 298K with the bipolar-gradient LED (BPLED)7 

pulse sequence using a diffusion time of 100 ms and a LED delay of 5 ms. For each 

experiment, sine-shaped PFGs, with a duration of 1.5 ms followed by a recovery delay 

of 100 µs were incremented from 2% to 95% of the maximum strength in 16 equally 

spaced steps.  

Diffusion coefficients were calculated by fitting intensity data to the Stejskal-

Tanner expression with estimates of errors taken from the variability in the calculated 

diffusion coefficients by consideration of different NMR responses for the same 

molecules of interest.  

In our case, the internal standards chosen were the compounds: 1,2,3,4-

tetraphenylnaphthlene-TPhN (432.55 g mol-1); 1-phenylnaphthalene-PhN (204.27 g 

mol-1) and tetramethylsilane-TMS (82.22 g mol-1).  

 

Figures S1 and S2 show the DOSY experiment of the mixture of compounds 3b 

and 3c, respectively, with the internal standards that allow the determination of the 

translational self-diffusion coefficients (D) for all species in solution. Figures S3 and S4 

show the correlation diagrams between log D and log FW for the internal standard, and 

as we can observe, r2 values are higher than 0.98, so we can apply these calibration 

curves in order to obtain the average size of each compound. 



Figu

C6D6

diffu

Figu

THF

diffu

ure S1. 2D D

6. The x- 

usion rate, re

ure S2. 2D D

-d8. The x-

usion rate, re

DOSY NM

and y-axis 

espectively.

DOSY NM

- and y-axi

espectively.

MR experime

represent 

. 

MR experime

is represent

. 

ent of the m

the regular

ent of the m

t the regul

mixture of T

r 1H chem

mixture of T

ar 1H chem

TMS, PhN, 

mical shift a

TMS, PhN, 

mical shift 

TPhN and 

and the re

TPhN and 

and the re

 

3b in 

lative 

 

3c in 

lative 



 

Figure S3. Log D – log FW representation from the 1H-DOSY data obtained for the 

mixture of 3b, TPhN, PhN and TMS in C6D6 (data for 3b is not included) 

 

 

Figure S4. Log D – log FW representation from the 1H-DOSY data obtained for the 

mixture of 3c, TPhN, PhN and TMS in C6D6 (data for 3c is not included) 

 

Table S1. D-FW analysis of 1H DOSY data for 3b and 3c. 

Compound FW (g mol-1) log D Predicted FW 
(g mol-1) 

% error 

3b·C7H8 470 - 9.103 478.29 1.7% 
3c 400 - 9.143 402.40 0.6% 

 

As shown in table S1, the 1H DOSY data indicates that compounds 3b and 3c 

are heterobimetallic in solution [AlMMe2(OR)2] (M = Na, K; R = 2,6-(MeO)2C6H3O), 

being 3b solvated by a toluene molecule. Previous studies for the lithium-aluminium 

counterpart gave a tetrametallic structure [AlLiMe2(OR)2]2 in solution.2  
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Figure S5. Vista scatterogram plot of Al-O distance (DIST2) vs dihedral angle between 

the Al2O2 plane and a phenyl ring (ANG2). CSD search performed for (AlOAr)2 

derivatives, 106 observations. 

 

 

 

Study of the reactivity of [AlMMe2{2,6-(MeO)2C6H3O}2]2 (M = Li, Na (3b), K (3c)) 

compounds towards [ZrCp2Cl2]. 

In a typical procedure [ZrCp2Cl2] (0.02 g, 68.42 μmol) and an equimolecular amount of 

the heterometallic derivative (0.025 g, 68.42 μmol for [AlLiMe2{2,6-(MeO)2C6H3O}2]2; 

0.026 g, 68.42 μmol for 3b;0.028 g, 68.42 μmol for 3c) were dissolved in 0.5 mL of 

deuterated benzene in a Teflon valvulated NMR tube. The reaction progress was 

followed at various times (figures S7-S9). In figure S6 an expansion of the area for the 

hydrogen atoms from the Cp rings for [ZrCp2Cl2] and [ZrCp2Cl(OAr)], that include the 

integral values, is shown for the comparison of the reaction progress for the three 

heterometallic compounds.  



 

Spectroscopic data  

Table S2. 1H NMR data for 2, 3, [ZrCp2Cl(OAr)] and [ZrCp2Cl2] in C6D6. δ (ppm), J 
(Hz). 

 

 

 

a)         b)      c). 

Figure S6. Expansion of the area for the hydrogen atoms from the Cp rings for 

[ZrCp2Cl2] and [ZrCp2Cl(OAr)]. Integral values are included for the comparison of the 

reaction progress. a) [AlLiMe2{2,6-(MeO)2C6H3O}2]2; b) 3b; c) 3c. 

 

 2 [LiAlMe2{OAr}2]2 3b 3c [ZrCp2Cl(OAr)] [ZrCp2Cl2] 

Cp     6.19 (s, 10H) 5.90 (s, 10H) 

AlCH3 -0.27 (s, 6H) -0.50 (s, 3H) -0.49 (s, 3H) -0.50 (s, 3H)   

OCH3 3.38 (s, 6H) 3.36 (s, 6H) 3.40 (s, 6H) 3.35 (s, 6H) 3.45 (s, 6H)  

m-OAr,  6.24 (d, 2H, J = 8) 6.31 (d, 2H, J = 8) 6.29 (d, 2H, J = 8) 6.30 (d, 2H) 6.40 (d, 2H, J = 8)  

p-OAr,  6.65 (t, 1H, J = 8) 6.64 (t, 1H, J = 8) 6.56 (t, 1H, J = 8) 6.48 (t, 1H) 6.72 (t, 1H, J = 8)  



 

 

 

Figure S7. 1H NMR spectra of the evolution of the reaction of [AlLiMe2{2,6-

(MeO)2C6H3O}2]2 with [ZrCp2Cl2]. The resonances for the OMe, Cp and Al-Me groups 

have been marked with the following code: Blue triangle: [ZrCp2Cl2], Blue star: 

[ZrCp2Cl(OAr)], red dot: [AlLiMe2{2,6-(MeO)2C6H3O}2]2; Violet square: 2. 

[ZrCp2Cl2] + [AlLiMe2{2,6-(MeO)2C6H3O}2]2 

after 5 min at RT 

[ZrCp2Cl2] 

[ZrCp2Cl2] + [AlLiMe2{2,6-(MeO)2C6H3O}2]2 

after 1 day at RT 



 

 

 

Figure S8. 1H NMR spectra of the evolution of the reaction of [AlNaMe2{2,6-

(MeO)2C6H3O}2]2 (3b) with [ZrCp2Cl2]. The resonances for the OMe, Cp and Al-Me 

groups have been marked with the following code: Blue triangle: [ZrCp2Cl2], Blue star: 

[ZrCp2Cl(OAr)], red dot: 3b; Violet square: 2. 

[ZrCp2Cl2] 

[ZrCp2Cl2] + 3b 

after 5 min at RT 

[ZrCp2Cl2] + 3b 

after 1 day at RT 



 

 

 

Figure S9. 1H NMR spectra of the evolution of the reaction of [AlKMe2{2,6-

(MeO)2C6H3O}2]2 (3c) with [ZrCp2Cl2]. The resonances for the OMe, Cp and Al-Me 

groups have been marked with the following code: Blue triangle: [ZrCp2Cl2], Blue star: 

[ZrCp2Cl(OAr)], red dot: 3c; Violet square: 2. 

[ZrCp2Cl2] + 3c 

after 1 day at RT 

[ZrCp2Cl2] + 3c 

after 5 min at RT 

[ZrCp2Cl2]  



 

References. 

1. G.A. Morris, Diffusion-Ordered Spectroscopy, in Encyclopedia of Magnetic 

Resonance, ed. R. K. Harris and R. E. Wasylishen, John Wiley & Sons, Ltd., 

Chichester, UK, 2009; B. Antalek, Concepts Magn. Reson., 2002, 14, 225; A. K. 

Rogerson, J. A. Aguilar, M. Nilsson and G. A. Morris, Chem. Commun., 2011, 47, 

7063. 

2. M. T. Muñoz, C. Urbaneja, M. Temprado, M. E. G. Mosquera and T. Cuenca, Chem. 

Commun., 2011, 47, 11757. 

3. A. Macchioni, G. Ciancaleoni, C. Zuccaccia and D. Zuccaccia, Chem. Soc. Rev. 

2008, 37, 479; G. H. Sorland, D. Aksnes, Magn. Reson. Chem., 2001, 39, S142. 

4. D. Li, I. Keresztes, R. Hopson and P. G. Williard, Acc. Chem. Res., 2009, 42, 270. 

5. D. Li, G. Kagan, R. Hopson and P. Williard, J. Am. Chem. Soc. 2009, 131, 5627. 

6. W. Li, G. Kagan, H. Yang, C. Cai, R. Hopson, W. Dai, D. A. Sweigart and P. G. 

Williard, Organometallics, 2010, 29, 1309. 

7. D. Wu, A. Chen and C. S. Johnson, Jr., J. Magn. Reson. A 1995, 115, 260. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /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
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /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 <<
    /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 [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


