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1. Diffusion NMR measurements 

Diffusion (PFGSE) experiments were performed at 298 K using the DOSY bipolar pulse pair 

stimulated echo with convention compensation (Dbppste_cc in the Varian DOSY package) sequence 

for the determination of the self-diffusion of complex 2 at different concentrations, with 11 

increments in the gradient strength, typically 64 averages per increment step (except 1024 averages 

per increment step for the 10mM sample concentration), and the duration of the magnetic field pulse 

gradient (δ) and the diffusion times (Δ) optimized for each sample as the gradient strength (G) 

increases to obtain 70% attenuation of the signal. Two different NMR experiments were performed 

on each sample, focusing on both the attenuation of the TMS signal (30% of signal remaining) and 

the same level of attenuation for the complex signal (30% of signal remaining). The same level of 

attenuation (30%) and the same gradient strength range (3000, 25000) were used for the calibration of 

the gradient strength. The Doneshot pulse sequence was used for the gradient calibration by means of 

the diffusion of HDO in D2O at 25 ºC. For complex 2, δ and Δ values depend on the concentration in 

order to reach 70% of the attenuation for all cases. To reach 70% attenuation of the TMS signal, 1 ms 

was used for the duration of the pulse gradient and 50 ms for the diffusion time. Pseudo-2D DOSY 

plots were processed with the DOSY Toolbox5 

(http://personalpages.manchester.ac.uk/staff/mathias.nilsson/software.htm) with reference 

deconvolution (using the TMS signal) performed to correct for systematic errors. 

 

2. Calculation of the solution viscosity, hydrodynamic radius and hydrodynamic volume  

 

Calculation of the solution viscosity () 

The modified Stokes–Einstein equation (3), which combines equations (1) and (2) is used  to obtain 

an accurate estimation of rH for medium- and small-sized molecules when the diffusion coeficient is 

obtained from PFGSE NMR experiments. These equations take into account the relative 

solute/solvent size [c (rsolv, rH)] and the shape of the molecules [f(a,b)] as an improvement of the 

original Stokes–Einstein equation.1 

 

Dt = KT / c (rsolv, rH) fs (a,b) 6 πηrH  (1) 

c = 6/[1 + 0.695 (rsolv/rH)2.234]   (2) 

Dt = KT [1 + 0.695 (rsolv/rH)2.234]  / 6ηπrH  (3) 

 

Where K is the Boltzmann constant, T is the temperature, η is the solution viscosity, fs(a,b) is a factor 

for non-spherical molecules, rH is the hydrodynamic radius of the molecule and rsolv is the solvent 
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radius. 

The concentration range for our samples is not within the low mM range and, as a result, the solution 

viscosity can not be assumed to be the same as that of the pure solvent.2 Several different approaches can 

be used to estimate the viscosity. For example, it can be calculated by considering the diffusion 

coefficient relative to the non-deuterated solvent residue in pure solvent and in the solution.1c Anomalous 

diffusion data were observed, giving a lower value than that expected for the non-deuterated benzene in 

every sample, presumably due to the fact that solvent molecules are trapped within the molecular 

structure. This finding ruled out the use of this first simplification.  

Another approach involves the use of an internal standard (a calibrant molecule of known hydrodynamic 

radius)3 assuming that the ratio of the diffusion of a particular solute (D) and the reference compound 

(Dref) is independent of the viscosity: D/Dref = rHref/rH. Considering that c(rsolv, rH) from equation 2 is 

related to molecular size, it is also assumed that the reference and the solute have similar sizes. In our 

experimental conditions, the use of this equation becomes problematic since the average dimensions of 

the species present in solution can easily change on varying concentration and, consequently, the standard 

would not be suitable for all conditions.  

As a consequence, equation 3 was used to estimate solution viscosity of the medium by means of the 

calculated diffusion coefficient of tetramethylsilane (TMS)4 since TMS is not expected to be involved 

in any kind of interaction, and therefore a constant value for its radius can be assumed. The relative 

small/medium size of TMS meant that equation 1 was used with a c factor value different of 6 or 4, 

resulting in equation 3.1c Computational calculations were performed with the Gaussian 09 Rev. C 

series of programs,5 to estimate the hydrodynamic radius of TMS in benzene (rH). The radius of TMS 

was computed on an optimized structure by means of density functional calculations at the B3LYP 

level of theory with the 6-31G* basic set. A radius of 3.26 Å was obtained, which does not 

correspond to either c = 6 or c = 4 as reported,1c thus confirming the need to use c(rsolvent, rH). In order 

to obtain the solution from equation 3, another factor must be calculated – namely the solvent radius 

(rsolv). This factor was experimentally calculated by measuring D (m2/s) for a sample of pure 

deuterated benzene in the presence of TMS, following the decrease of the signal due to the small 

percentage of nondeuterated solvent as a function of the gradient strength (G) increase.1c The 

viscosity (η) value for the deuterated solvent at 298 K is known from the literature, η(benzene-d) (298 K) 

= 6.878 × 10–4 Pa·s. A diffusion value of 22.6 × 10–10 m2/s was obtained for the residual proton signal 

of benzene. This resulted in a solvent radius of 2.53 × 10–10 m, which is consistent with values 

reported in the literature1c  with an error of only ~5% with respect to the reported data. This error is 

considered small and is comparable to the experimental error of the measurements. This fact also 

illustrates the good performance of the PFGSE measurement and the correct optimization of all the 

experimental NMR parameters. At this point, the solution viscosity for each sample was calculated 
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from equation 3 when performing a 1H PFGSE NMR experiment at 298 K on each sample to 

determine the diffusion constant of TMS, with the attenuation focused on the TMS signal.  

Calculation of the hydrodynamic radius (rH) and hydrodynamic volume (VH). The hydrodynamic 

radius was extracted from equation 3 by performing concentration-dependent 1H PFGSE NMR 

experiments at 298 K on each sample to determine the diffusion constant of complex 2, with the 

attenuation focused on protons H4,4' of the complex, i.e. those involved in the CHπ interactions. The 

value considered for benzene as a solvent was calculated experimentally as explained above and is 

assumed to be constant. The solution viscosity value was calculated for each sample as explained 

previously. For the calculation of the hydrodynamic volume the supramolecular system and the single 

molecule are considered to be spherical. 

The uncertainty in measurements was calculated by the estimation of the standard deviation of the 

diffusion coefficient by performing experiments with different delay between gradients, . The 

standard deviation observed for the hydrodynamic radius was about 4–6%. 

 

3. X-ray crystallographic structure determination 

CCDC- 756898   933659 – 933660 – 933662 contains the supplementary crystallographic data for 2, 6, 

8 and 16 respectively. These data can be obtained free of charge from The Cambridge Crystallographic 

Data Centre via. Data were collected on a Bruker X8 APEX II CCD-based diffractometer equipped with a 

graphite monochromated MoK radiation source ( = 0.71073 Å). The crystal data, data collection, 

structural solution and refinement parameters are summarized in Table 1. Data were integrated using 

SAINT6 and an absorption correction was performed with the program SADABS.7 The structure was 

solved by direct methods using the SHELXTL package8 and was refined by full-matrix least-squares 

methods based on F2. Complexes 6, 8 and 16 show high disorder in the ethyl groups and toluene solvate 

and these atoms were refined with many restrictions. For 6, the Flack parameter could not be determined 

due to poor diffraction. All non-hydrogen atoms were refined with anisotropic thermal parameters except 

those of the disordered groups and the hydrogen atoms, which were geometrically situated. 
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Table S1. Selected Bond Distances (Å) and Angles (deg) for compounds 2, 6, 8 and 16. 
 

2 
Bond Distances  Angles 

Al(1)–S(1) 2.2858(8) N(4)–Al(1)–S(1) 94.92(6) 
Al(1)–N(4) 1.970(2) N(4)–Al(1)–C(22) 105.10(9) 
Al(1)–C(20) 1.966(2) C(22)–Al(1)–N(4) 105.10(9) 
Al(1)–C(22) 1.962(2) C(22)–Al(1)–C(20) 120.8(1) 
Al(2)–N(2) 1.966(2) N(5)–Al(2)–N(2) 94.15(8) 
Al(2)–N(5) 1.891(2) C(26)–Al(2)–N(2) 107.95(9) 
Al(2)–C(24) 1.974(2) C(26)–Al(2)–N(5) 112.3(1) 
Al(2)–C(26) 1.962(2) C(26)–Al(2)–C(22) 120.2(1) 
S(1)–C(12) 1.766(2) N(5)–C(12)–S(1) 119.4(1) 
N(5)–C(12) 1.374(3) N(5)–C(12)–C(11) 119.5(2) 

6 
Bond Distances  Angles 

Al(1)–O(1)  1.796(5) N(3)–Al(1)–O(1)  94.5(3) 
Al(1)–N(3)  1.947(6) N(3)–Al(1)–C(17)  112.2(7) 
Al(1)–C(17)  1.96(1) C(17)–Al(1)–C(19)  121.3(2) 
Al(1)–C(19)  1.98(1) C(19)–Al(1)–N(3)  107(1) 
Al(2)–N(1)  1.965(6) N(5)–Al(2)–N(1)  95.5(3) 
Al(2)–N(5)  1.882(6) C(21)–Al(2)–N(1)  117(1) 
Al(2)–C(21)  1.94(2) C(21)–Al(2)–N(5)  122.8(9) 
Al(2)–C(23)  1.971(9) C(23)–Al(2)–C(21)  101(1) 
O(1)–C(12)  1.343(8) N(5)–C(12)–O(1)  122.0(6) 
N(5)–C(12)  1.336(8) N(5)–C(12)–C(11)  119.9(7) 
C(11)–C(12)  1.397(9) C(11)–C(12)–O(1)  117.8(6) 

8 
Bond Distances  Angles 

Al(1)–N(4)  1.987(3) N(5)–Al(1)–N(4)  94.1(1) 
Al(1)–N(5)  1.889(3) N(5)–Al(1)–C(23)  112.3(1) 
Al(1)–C(21)  1.966(4) C(23)–Al(1)–N(4)  106.6(1) 
Al(1)–C(23)  1.964(4) C(23)–Al(1)–C(21)  116.6(2) 
Al(2)–O(1)  1.785(3) C(27)–Al(2)–N(2)  107.1(3) 
Al(2)–N(2)  1.956(3) C(27)–Al(2)–C(25)  125.6(4) 
Al(2)–C(25)  1.951(4) O(1)–Al(2)–N(2)  95.4(1) 
Al(2)–C(27)  1.93(1) C(25)–Al(2)–N(2)  112.0(2) 
O(1)–C(12)  1.322(4) N(5)–C(12)–O(1)  121.1(3) 
N(5)–C(12)  1.352(4) N(5)–C(12)–C(11)  119.8(3) 
C(11)–C(12)  1.365(5) C(11)–C(12)–O(1)  119.1(3) 

 16  
Bond Distances Angles 

Al(1)–N(3)  1.970(3) N(3)–Al(1)–C(23)  107.7(2) 
Al(1)–N(5)  1.913(3) N(5)–Al(1)–N(3)  95.9(1) 
Al(1)–C(21)  1.979(4) C(21)–Al(1)–N(5)  113.2(2) 
Al(1)–C(23)  1.976(5) C(23)–Al(1)–C(21)  118.1(2) 
Al(3)–N(1)  1.972(4) O(1)–Al(3)–N(1)  89.9(1) 
Al(3)–O(1)  1.886(3) C(31)–Al(3)–O(1)  113.5(2) 
Al(3)–C(31)  1.945(6) C(31)–Al(3)–C(33)  117.8(3) 
Al(3)–C(33)  1.954(5) C(33)–Al(3)–N(1)  114.8(2) 
Al(2)–O(1)  1.985(2) Al(3)–O(1)–Al(2)  123.7(1) 
N(5)–C(12)  1.340(4) N(5)–C(12)–O(1)  120.9(3) 
O(1)–C(12)  1.383(4) N(5)–C(12)–C(11)  124.3(3) 
C(11)–C(12)  1.371(5) C(11)–C(12)–O(1)  114.8(3) 
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Figure S1. (a) Ball-and-stick view (down the b axis) of the intermolecular interactions in complex 2. The 

CH interactions that give rise to single-stranded helicates are marked as red dashed lines and the 

CH� interactions that give rise to a sheet are marked as green dashed lines. The hydrogen atoms and 

the ethyl groups on aluminium atoms are omitted for clarity. (b) Space-filling view of the two adjacent M 

(left) and P (right) helicates for 2. 

 
 

(a) 

(b) 
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4. Structure Determination of 1 and 13. Data were collected on a Bruker X8 APEX II CCD-based 

diffractometer, equipped with a graphite monochromated MoK radiation source ( = 0.71073 Å). Data 

were integrated using SAINT6 and an absorption correction was performed with the program SADABS.7 

The structure was solved by direct methods using SHELXTL package,8 and refined by full-matrix least-

squares methods based on F2.   

The available crystals of 1 systematically exhibited poor crystallinity, which was ultimately reflected in 

weak diffraction intensity, especially at higher diffraction angles, and with rather broad reflections. OMIT 

-2 46 instruction has been used to improved the value of R indices. The crystals for 13 show 

decomposition during the experiment and despite several crystals are measurements, the spectra of them 

resulting very poor. 

For 1 and 13 the squeeze utility9 has been necessary. All non-hydrogen atoms were refined with 

anisotropic thermal parameters except those the disordered groups and the hydrogen atoms were 

geometrically situated. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. ORTEP drawings of compounds 1 and 13.  
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Table S2.  Crystal data and structure refinement for 1 and 13. 

 
 1 13 

Empirical formula C22 H31 Al2 N5 S C23 H44 Al3 N5 O 
Formula weight 451.54 487.57 
Temperature (K) 230(2) 230(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system Monoclinic Monoclinic 
Space group C2/c P21/n 

a(Å) 15.387(8) 9.725(8) 
b(Å) 19.980(8) 34.833(5) 
c(Å) 18.787(8) 10.122(9) 
   
 97.84(1) 102.84(2) 
   

Volume(Å3) 5721(4) 3343(4) 
Z 8 4 

Density (calculated) (g/cm3) 1.048 0.969 

Absorption coefficient (mm-1) 0.190 0.133 
F(000) 1920 1056 

Crystal size (mm3) 0.12 x 0.11 x 0.07 0.42 x 0.38 x 0.28 

Index ranges 
-16≤h≤16 
-21≤k≤21 
-20≤l≤20 

-9≤h≤5 
-32≤k≤31 

-9≤l≤9 
Reflections collected 13309 6190 

Independent reflections 3962 [R(int) = 0.1886] 2961 [R(int) = 0.0622] 
Data / restr / param 3962 / 0 / 279 2961 / 0 / 304 

Goodness-of-fit on F2 0.792 0.952 

Final R indices [I>2I)] R1 = 0.0774 
wR2 = 0.1586 

R1 = 0.0618 
wR2 = 0.1471 

Larg. diff. peak/hole, e.Å-3 0.251 and -0.241 0.243 and -0.192 
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