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 1 Introduction 

 Aluminum-containing oxides such as alumina and aluminosilicates are amongst the 

most abundant solids on the earth’s crust; they are of major interest in geology and find wide 

range applications in material science and chemistry.[1-2] These materials are in particular 

ubiquitous supports and/or catalysts in heterogeneous catalysis.[3-4] However, while often 

essential to their catalytic behavior, the structure of surface aluminum sites remains elusive. 

This is due to a large extent to the high degree of heterogeneity of such solids, which are mostly 

amorphous at the exception of zeolites and related materials; in fact, the associated distribution 

of aluminum sites and the small amount of surface sites make it very challenging to observe 

them by most spectroscopic techniques. An illustrative example concerns aluminosilicate 

glasses, for which the elucidation of the environment in close proximity to aluminum is 

particularly challenging when additional local disorders are present.[5],[6] Similar issues exist in 

aluminosilicate supports used in industry.[7]  

 Among spectroscopic techniques, solid state NMR spectroscopy is one of the most 

powerful methods since it assesses the structures of the nuclei of interest[2, 8-12] due to its very 

high sensitivity with respect to the local environment (coordination number and geometry). It 

has thus become an essential tool to probe the structure of aluminosilicates in amorphous 

solids[13-14] or glasses in solid[15-19] or molten state forms.[6, 20-22] For aluminum, observed 

isotropic chemical shift values are associated to specific coordination numbers, i.e. 10-20, 30-

50, 60-70 ppm for hexa-, penta and tetra-coordinated, respectively; each signal is also 

associated with a signal broadening associated with site inhomogeneity and the quadrupolar 

nature of this nuclei (I = 5/2), which results from the additional interaction with the electric 

field gradient (EFG).[23] While it often constitutes an additional difficulty, obtaining information 

about both the isotropic chemical shift (δiso) and quadrupolar coupling constant (CQ) is very 

useful to characterize a given 27Al site, because it constitutes a finger print (NMR signatures).[23-
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27] With the development of more powerful pulse sequences, higher magnetic field 

spectrometers and faster spinning probes, it has now become possible to extract chemical shift 

and quadrupolar parameters (vide infra) from high quality spectra and to infer the aluminum 

environment of a given site.[15, 28-30] Recent advances in NMR spectroscopy allow the selective 

enhancement of the signal of surface sites through specific cross-polarization techniques,[31-37] 

although it can be rather challenging for surface sites since in this case the CQ can reach tens of 

MHz.[31, 38-39]  

 Moreover, first principle calculations of the NMR parameters (δiso, CQ…), allows 

discriminating and assigning aluminum sites based on coordination number, geometry and 

coordinated ligands.[19, 40-45] In fact, the combination of first principles calculations with 

experiment has indeed helped understanding the structure of Al-based supported co-catalysts 

prepared by chemisorption of alkylaluminum reagents on silica,[46-48] methylaluminoxane 

(MAO)[49] or the atom arrangement in a chemisorbed monolayer of silica on alumina.[14] 

Nevertheless, nowadays the assignment of 27Al NMR signature is still mostly empirical. 

Therefore, a necessary step to further advance in this field is to understand the relation between 

the specific local – electronic – structure and the measured and/or the calculated 27Al NMR 

signatures.  

 With our interest in understanding the structure of surface sites of aluminosilicates and 

related alumina-based materials, whose catalytic properties depend on the structure of the Lewis 

acidic aluminum site,[14, 50-54] we have therefore investigated the molecular origin of the 27Al 

NMR signature in order to better interpret the 27Al NMR spectrum, using molecular analogues 

as benchmark, which was used for the preparation of well-defined aluminosilicate by a 

thermolytic precursor approach[55] combined with surface organometallic chemistry 

(SOMC).[56-58] Here, we performed an extensive computational study of cluster models of 

aluminum sites surrounded by three siloxy groups and additional siloxane groups in order to 

mimic possible aluminum sites present at the surface of aluminosilicates. In particular, we 

investigate the influence of subtle changes on the geometry and bond lengths in order to obtain 

insight on the factors that affect the 27Al NMR signatures, i.e. chemical shift and CQ, and to 

rationalize the origin of the changes by means of geometric, natural localized molecular orbital 

(NLMO) and natural chemical shielding (NCS) analysis of the calculated cluster models.[59-66] 
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 2 Results and Discussion  

 2.1 Construction of Al Cluster Models 

 To model different environments of aluminum in aluminosilicates, cluster models with 

an aluminum atom coordinated by three siloxy groups along with additional siloxane bridges 

were considered (Figure  1). For the three- and four-coordinated aluminum one structure family 

was evaluated, while for five- and six-coordinated Al sites, two representative families were 

constructed for each case, due to the various possible positions of the siloxane groups 

coordinated to the aluminum center. Three-coordinated aluminum (Al(III)) has a trigonal 

planar geometry (Figure  1a), while the four-coordinated aluminum adopts a nearly tetrahedral 

geometry at aluminum, with an additional siloxane bridge coordinated to the empty p-orbital 

of aluminum Al(IV) (Figure  1b). The five-coordinated aluminum species adopts distorted 

trigonal bipyramidal geometries with the two coordinating siloxane oxygens in cis or trans in 

Al(V)_cis and Al(V)_trans, respectively (Figure  1c- 1d). The six-coordinated aluminum, has 

an almost octahedral geometry with three siloxy and three coordinated siloxane bridges which 

is subdivided in facial and meridian isomer families, Al(VI)_fac and Al(VI)_mer, respectively 

(Figure  1e- 1f). 

 For the structures having five and six oxygen atoms coordinated to aluminum (Figure  

1c- 1f), no optimized structures could be obtained without a change in the coordination number 

of aluminum during optimization. Therefore, the bonding between the siloxane bridge and 

aluminum was fixed at different bond lengths of four-, five- and six-coordinated aluminum 

ranging between 1.75 and 2.20 Å. The distance was increased with increments of 0.05 Å. This 

allows probing different possible coordination environments around an aluminum site in an 

aluminosilicate. For Al(IV), the siloxane bond length was scanned for Al-O distances between 

1.75 Å and 2.05 Å, [Note: 1.75 Å was chosen as the lower limit since this bond length represents 

the optimized siloxy aluminum bond lengths (Table  1).] the minimum energy species having a 

siloxane bond length of 1.90 Å (Figure  10). Five-coordinated Al sites where scanned with both 

siloxane bond lengths ranging from 1.90 and 2.20 Å. For the six-coordinated Al sites only two 

siloxane bonds where scanned (from 1.90 and 2.20 Å), while the remaining siloxane bond was 

kept constant at 2.20 Å. For Al(V)_cis, Al(V)_trans, Al(VI)_fac and Al(VI)_mer, two specific 

bond lengths were investigated in detail, i.e. at 1.90 Å and 2.20 Å, the former being the 

optimized siloxane bonding distance for Al(IV). In addition, cluster models were constructed 

in order to probe the effect of pyramidalization of Al(III) and Al(IV) – the cone angle between 

the three siloxy oxygen and aluminum – on the calculated NMR parameters (Figure  11). In the 

following, Al(III), Al(IV), Al(V)_trans, Al(V)_cis, Al(VI)_fac and Al(VI)_mer (Figure  1) 
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are referring to the whole ensemble of the models obtained by scanning the siloxane bonds 

unless specified for a particular geometry.  

Benchmark calculations. Al(OSi(OtBu)3)3, a well-defined molecular species, which was fully 

characterized by X-Ray crystallography (Figure  12) and solid-state 27Al NMR,[67] has a four-

coordinated aluminum atom with one 2–siloxy ligands provides a good molecular benchmark 

for calculated NMR parameters. Using the revPBE functional and a TZP basis set, the 

calculated iso and CQ of Al(OSi(OtBu)3)3 on the X-Ray structure are 52.6 ppm and 18.6 MHz, 

respectively. This is in good agreement with the experimental values (iso = 53.7 ppm and CQ = 

19.5 MHz), which shows that the methodology used here can accurately describe the 

experimentally measured 27Al NMR parameters. Test calculations show that replacing the 

silanol end (SiOH) by silane (SiH) groups in larger clusters has no significant effect on the 

calculated NMR and CQ parameters, while significantly reducing the computational cost. Thus, 

all cluster models and their associated NMR parameters discussed thereafter are simplified 

accordingly (Figure  13 and Figure  14).  

 

 2.2 Geometry of Al Cluster Models 

 In Al(III), the central aluminum and the three bonded siloxy groups (Oi with i=1, 2 and 

3) are almost planar, with cone angles of ca. 170.0° and Al-O bond lengths of 1.71 Å. For 

Al(IV), the structures are almost tetrahedral with  around 0.9[68], a cone angle of around 

160.0° and slightly lengthened Al-O bonds (1.73-1.75 Å by comparison with 1.71 Å in Al(III)). 

In Al(V)_cis with the siloxane oxygen ranging between 1.90 and 2.20 Å, the Al–O bond length 

for the siloxy groups further lengthen to values between 1.76 and 1.82 Å, with a decrease of the 

cone angle by about 135.0°. In Al(V)_trans the Al-O bond lengths of the siloxy ligands vary 

between 1.70 and 1.79 Å and the Al(OSiloxy)3 cone angle is ca. 180.0°, which is even larger 

than for Al(III). In Al(VI)_fac the bond lengths of the siloxy group and aluminum are between 

1.78 and 1.87 Å and cone angles of around 125.0°, which are smaller in value than those of 

Al(V)_cis. Finally, Al(VI)_mer has siloxy bond lengths between 1.78 and 1.91 Å and the cone 

angle of the three siloxy oxygen and aluminum is around 180.0°. 

 Overall, increasing the number of siloxane groups around aluminum results in an 

increase of the bond lengths between the siloxy and the aluminum atom. In most cases, the cone 

angles between the three siloxy oxygens and aluminum deviates significantly from 180.0°, with 

the exception of Al(III) and Al(V)_trans for which the cone angles take values around 170.0° 

and 180.0°, respectively. 
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Figure  1. Geometry of the aluminum site having three siloxy and different numbers of 

coordinated siloxane bridges to aluminum (a) three-coordinated aluminum, (b) four-

coordinated aluminum, (c) and (d) five-coordinated aluminum, and (e) and (f) six-coordinated 

aluminum. All the cluster models shown here are having the maximum bond lengths for the 

siloxane bridges (2.05 Å for Al(IV) and 2.20 Å for the remaining ones).  
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Figure  2. (a) Plot of the calculated CQ and chemical shift for different aluminum sites. The 

points are indicating the different calculated aluminum CQ and chemical shift with the same 

color corresponding to the same coordination number with different geometries and bond 

lengths of the additional siloxane bonds. 3D-plot of the CQ shift in relation to the bond distance 

of the siloxane bridge for b) Al(V)_cis, c) Al(V)_trans, d) Al(VI) fac and e) Al(VI)_mer with 

bond distances between 1.90 Å to 2.20 Å and a stepwise increase of 0.05 Å. 

 

 2.3 Chemical Shift Values (iso) and Quadrupolar Coupling Constants (CQ) of the Cluster 

Models 

 For Al(III), the calculated iso and CQ values are 86.9 ppm and 34.8 MHz, respectively. 

Increasing the number of oxygen neighbors in Al(IV), Al(V) and Al(VI) by introducing 

siloxane bridges coordinated to aluminum systematically decreases the chemical shifts, down 

to 10.9 ppm in Al(VI)_fac (Figure  2), similar to what is observed in aluminosilicate or alumina 

samples.[31, 47, 69] The effect on the calculated CQ upon increasing the number of oxygen atoms 

around aluminum (from tri- to hexa-coordinated) and their associated Al-OSiloxane distances 

on calculated values is however less clear (Figure  2a). Plotting calculated iso vs. CQ values for 

various aluminum sites shows that the chemical shift strongly depends on the coordination 

number and the geometry, while the CQ takes values, which varies between 7 and 25 MHz, is 

more sensitive to the bond distance between siloxane and aluminum center. Decreasing the cone 

angle, i.e. moving away from planarity for Al(III) (Figure  11) shows that the chemical shift 

and CQ decrease to 71.1 ppm and 31.1 MHz, respectively. By comparison, the chemical shift of 

Al(IV) varies between 60.9 and 64.4 ppm and the CQ between 7.4 and 21.0 MHz. This shows 

a substantial influence by the cone angle on the chemical shift for Al(III), by having a value 

close to what is found for Al(IV) at similar cone angles. The CQ on the other hand remains 

much larger for Al(III) than for Al(IV) (Figure  15). It also shows that the origin of the decrease 

(c)

(d)

(a) (b)

(e)

Al(IV)

1.75 Å Al(IV)

2.05 Å

Al(III)
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in chemical shift going from Al(III) to Al(IV) is probably more influenced by the 

pyramidalization than by the coordination of an additional siloxane bridge (vide infra). For 

Al(IV), substitution of the siloxane group by a silanol group, mimicking a surface silanol 

coordinated to low coordinated aluminum sites as found in zeolites, leads to iso and CQ values 

of 61.2 ppm and 15.0, respectively similar to what is found for the system with an additional 

siloxane (iso and CQ values of 61.0 ppm and 16.9 MHz, respectively). The CQ in six-

coordinated aluminum Al(VI)_fac (between 8.0 and 11.2 MHz) has a more narrow and lower 

range compared to Al(VI)_mer (between 12.6 and 21.0 MHz).  

 Figure  2a shows that iso is not very sensitive to the position and the distance of the 

siloxane bridge in contrast to CQ. To have a better overview of the CQ dependence on the bond 

lengths between the aluminum center and the additional two siloxane bridges, CQ was plotted 

as a function of these two distances. For Al(IV) the CQ increases with increasing bond distances 

of the siloxane groups as it gets closer to Al(III) (Figure  2a). For Al(V)_trans and Al(V)_cis 

(Figure  2b,c), the CQ also increases with increasing Al-O bond distances. In addition, the CQ 

varies to a greater extent for five-coordinated aluminum having the siloxanes in trans in 

comparison to the case where they are cis to each other. For six-coordinate species, Al(VI)_mer 

and Al(VI)_fac, the CQ does not show a steady increase in CQ with increasing siloxane bond 

lengths, but rather a minimum at a distance of around 2.10 Å (Figure  2d- 2e). 

 

 2.4 Chemical Shift Tensor Orientation 

 Since the chemical shift clearly helps distinguishing Al sites as a function of its 

coordination number, we further investigate the origin of that trend. The isotropic chemical shift 

is an average between the three principal components of the chemical shift tensors (11 > 22 > 

33) associated with the related shielding tensor (11 < 22 < 33) (eq. 3). Even tough rarely 

measured experimentally[70] because the linewidth in 27Al NMR is dominated by CQ, the CSA 

and its tensor orientation can give additional valuable information. In fact, the chemical 

shielding tensor and its orientation with respect to the molecular frame (or natural axis) can be 

obtained quite readily and with good accuracy by DFT calculations (Figure  16- 17).[64] For 

Al(III), 11 is oriented along the C3 axis of the molecule (Figure  3a – blue arrow), perpendicular 

to the plane containing the three siloxy oxygens (O1,O2,O3), which will be referred to as the Z-

axis. The most shielded component (33) is perpendicular to 11 and along the Al,O1 Y-axis 

(green arrow), while 22 is perpendicular to the other two components (X-direction – red arrow; 

Figure  3a). Similar tensor orientation are also found for Al(IV), Al(V)_trans, Al(V)_cis 2.20 
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Å, and Al(VI)_fac 2.20 Å, where 11 is still oriented perpendicular to the O1,O2,O3 plane. 

However, 22 or 33, which have similar values, can point along the X- or Y-axis. 

 

Figure  3. (a) General direction of the principal components of the chemical shielding tensor 

applicable for Al(III), Al(IV), Al(V)_trans, Al(V)_cis at 2.20 Å and Al(VI)_fac at 2.20 Å. 

Direction of the principal component of (b) Al(V)_cis at 1.90 Å, (c) Al(VI)_fac at 1.90 Å and 

(d) Al(V)_mer. 

 

 The orientation of the chemical shift tensor is similar to what was found experimentally 

for AlCl3OPCl3.[70] With siloxane bridges closer to the aluminum center in Al(V)_cis 1.90 Å 

and Al(VI)_fac 1.90 Å, the tensor changes orientation: all components are directed along the 

Al,O siloxy bonds (O1,O2 and O3) in the latter or roughly so for the former (Figure  3b- 3c). For 

Al(VI)_mer, 11 is perpendicular to the O1,O2,O3 plane (Figure  3d), with 22 and 33 pointing 

along two Al-Osiloxy bonds for  Al(VI)_mer 1.90 Å and slightly off these axes for Al(VI)_mer 

2.20 Å (Figure  3d). 

 

 2.5 Natural Chemical Shielding (NCS) Analysis  

 The chemical shielding () can be decomposed into diamagnetic and paramagnetic 

terms (eq. 5).[64] 

𝜎 =  𝜎𝑑𝑖𝑎 + 𝜎𝑝𝑎𝑟𝑎 (5) 

The first term (dia) typically leads to shielding and arises from the effect of the magnetic field 

on the electrons located in the core.  
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The second term (para), which includes spin-orbit coupling, arises mostly from the coupling of 

occupied (occ) and virtual (virt) orbitals via the angular momentum operator (eq. 6, where 

〈𝜓𝑣𝑖𝑟𝑡|𝐿̂𝑖|𝜓𝑜𝑐𝑐〉 describes the overlap between coupled orbitals via the angular momentum 

operator 𝐿̂𝑖 (i = X, Y, and Z). While it typically leads to deshielding, it may also result in 

shielding depending on the symmetry of the coupled orbitals.[71] For Al, this coupling can be 

visualized as the overlap between the p-contribution of the occupied and virtual orbitals after a 

rotation of 90° at the nuclei along the X, Y or Z-axis (direction of 11, 22 and 33 (Figure  3)). 

The term ∆𝑬𝒗𝒊𝒓𝒕−𝒐𝒄𝒄 is the orbital energy difference between the coupling orbitals indicating 

that para is dominated by the coupling of frontier molecular orbitals. 

𝜎𝑝𝑎𝑟𝑎 ~ ∑ ∑
〈𝜓v𝑖𝑟𝑡|𝐿̂𝑖|𝜓𝑜𝑐𝑐〉〈𝜓𝑣𝑖𝑟𝑡|𝐿̂𝑖/𝑟3|𝜓𝑜𝑐𝑐〉

∆𝐸𝑣𝑖𝑟𝑡−𝑜𝑐𝑐
𝑣𝑖𝑟𝑡𝑜𝑐𝑐  (6) 

Natural chemical shielding (NCS) analysis allows the extraction of the contribution of 

individual orbitals to the isotropic chemical shielding and its individual principal components 

as well as the contribution to the diamagnetic and paramagnetic terms.[72] Worthy of note the 

diamagnetic component is rather constant, whether looking at iso or the individual components 

(Figure  18- 21), showing that chemical shielding and thereby chemical shift is mainly 

influenced by the paramagnetic term (Figure  22). Therefore, we will only discuss the analysis 

of the paramagnetic contribution to each individual principal components 11, 22 and 33 in the 

series of Al species. 

 

 2.6 NCS Analysis of 11 

 We first investigate the paramagnetic contribution of the most deshielded component 

11, which is along the Z-axis in most cases (Figure  4a). 11 will be constituted of coupled Al 

p-orbitals via the operator 𝐿̂𝑍. NCS analysis shows that the variation of chemical shift is mostly 

associated with the Al-siloxy -orbital for all systems. In addition, there is an aluminum core 

contribution to para, which only marginally changes as a function of the type of aluminum sites. 

Detailed analysis of the aluminum core contribution to para reveals that its origin arises from 

the coupling between occupied and occupied orbitals of the 2p-orbitals of aluminum with the 

Al-siloxy -orbital (For details see Section  6.1). On the other hand, there is a global decrease 

of the 11 contribution of the Al-siloxy as the number of siloxane ligands –and therefore 

coordination number– increases around aluminum (Figure  5). The additional Al-OSiloxane 

bridges do not contribute significantly to 11 (vide infra) because they are along the Z-axis in 

most cases. Therefore, the variation of 11 is dominated by the coupling of the p-orbital involved 
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in Al-siloxy -bond and these of the Al-siloxy -orbital from the other siloxy groups by having 

a good but not optimal overlap due to an angle of ca. 120° between two Al-siloxy bonds (Figure  

4b- 4c) and not a value of 90°, which would maximize the overlap. This overlap is optimal 

when the three Al-O bonds are in the same plane and perpendicular to 𝐿̂𝑍. 

 

 

Figure  4. (a) Orientation of the angular momentum tensor 𝑳̂𝒁 with respect to Al(III). (b) Top 

view of Al(III) with the bond angle between siloxy groups indicated. (c) Effect of the angular 

momentum operator 𝑳̂𝒁 to couple occupied and virtual orbitals to induce deshielding. 

 

 This is in sharp contrast with what is found for trialkyl aluminum, where 11 is directed 

perpendicular to the pZ-orbital (the same direction found for 22/33 in Al(III)) as a result of the 

efficient coupling between the higher lying (Al-C) and low lying p-orbital on Al (for details 

see Section  6.2). In Al(III), the corresponding coupling is less efficient leading to smaller 

deshielding because -(Al-O) has a much lower energy than -(Al-C). In addition, the presence 

of three O -donor ligands in Al(III) also leads to an increased energy of the empty p-orbital, 

leading overall to an inefficient coupling.  

 Using Al(III), which is the system with the most deshielded 11 as an illustrative 

example, each Al-siloxy -orbital contributes similarly since 𝐿̂𝑍 is perpendicular to the plane 

containing the three siloxy ligands (O1,O2,O3) (Figure  5). The global decrease of the coupling 

between Al-siloxy - and Al-siloxy -orbitals via 𝐿̂𝑍 follows Al(III) < Al(IV) ≤ Al(V)_trans 

< Al(V)_cis < Al(VI)_mer < Al(VI)_fac, which can be attributed to two factors which are: i) 

the pyramidalization of Al,O1,O2,O3 (decrease in cone angle) associated with a poorer overlap 

between Al-siloxy - and -orbitals (systematically shown upon altering the cone angle – 
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Figure  23- 28), and ii) the interaction of the Al-siloxy -orbital with the -donating siloxane 

O-ligand as the number of ligand increases. This leads to a destabilization of the Al-siloxy -

orbital and thereby a less effective deshielding (eq. 6), which is evident for systems with short 

Al-OSiloxane distances (1.90 vs. 2.20 Å) (Figure  5). The latter effect is particularly evident in 

Al(V)_trans where Al,O1,O2,O3 is planar (associated with good overlap), but for which the two 

siloxane bridges raise the Al,O * orbital leading to overall less deshielding. Finally, for six-

coordinated aluminum centers – Al(VI)_mer and Al(VI)_fac, the chemical shielding 

anisotropy (CSA) is almost isotropic (similar chemical shielding principal components 11, 22 

and 33), consistent with the symmetric environment associated with octahedral geometry.  

 

 

Figure  5. Histogram of the paramagnetic chemical shielding (para-11) of all the cluster models 

at longest and shortest siloxane bond distances split in their contribution made by the aluminum 

core (Al core) the aluminum siloxy-σ orbital (Al-O1, -O2 and –O3) and the aluminum siloxane-

σ orbital (Al-O4, -O5 and –O6). 
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 Figure  6. Histogram of the paramagnetic chemical shielding (para-22) of all the cluster models 

at longest and shortest siloxane bond distances split in their contribution made by the aluminum 

core (Al core) the Al-siloxy σ-orbital (Al-O1, -O2 and –O3) and the aluminum siloxane-σ orbital 

(Al-O4, -O5 and –O6). 

 

 

Figure  7. Orientation of the angular momentum operator (a) 𝑳̂𝑿 and (b) 𝑳̂𝒀 with respect to 

Al(III) with the effect of (c) 𝑳̂𝑿 and (d) 𝑳̂𝒀 on the occupied aluminum siloxy-σ orbital. (e) Effect 

of 𝑳̂𝑿 on the Al-Siloxane σ-bond on Al(IV). 
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 2.7 NCS Analysis of 22 and 33 

 The 22 and 33 components are relatively similar in values and usually show 

complementary trends, due to the fact that they are oriented perpendicular to the C3-axis of the 

Al center (Figure  6 and Figure  29). For Al(III), 22 and 33 (Figure  7a- 7b) are mainly 

associated with the coupling of the Al-siloxy σ-orbital and the vacant Al pZ-orbital via 𝐿̂𝑋 

(Figure  7c) as well as the core Al orbitals (vide supra); the main contribution arises from Al,O2 

since it is perpendicular to 𝐿̂𝑋 and therefore ideally oriented for efficient coupling. A 

complementary situation is found for 33 since it is directed along Al,O2: There is thus no 

contribution from Al-O2 but contributions from the coupling of -Al–O1 and Al–O3 with the 

vacant pZ-orbital via 𝐿̂𝑌 (Figure  7d). Similar to 11 the Al-core contribution is relatively 

constant throughout the cluster model. 

In Al(IV), the presence/coordination of the siloxane bridge decreases the coupling of Al-siloxy 

σ-orbitals (Al-O1 and Al-O3 in Figure  6) with pZ, which is now involved in a higher lying *-

siloxane orbital in place of a vacant lower lying p-orbital. It is however compensated by the 

coupling of the Al-siloxane σ-orbital (Al-O4 in Figure  6) and Al-siloxy σ*-orbital (Figure  7e), 

hence the similar deshielding for Al(IV) and Al(III) (Figure  6). Overall, the change in isotropic 

chemical shielding between Al(III) and Al(IV) is solely influenced by 11 (vide supra). 

The 22 and 33 components for Al(V)_trans are much less deshielded than in Al(IV). This 

lower deshielding is due to the reduced contribution of the Al-siloxy σ-orbital as a result of the 

coordination of two siloxane bridges on aluminum, further increasing the energy of the * Al-

OSiloxane orbital and thereby decreasing the coupling. Overall, the difference in isotropic 

chemical shift between Al(IV) and Al(V)_trans is mainly attributed to 22, since 11 is similar 

in both cases. For Al(V)_cis, 22 and 33 are more deshielded compared to Al(V)_trans because 

the siloxane groups are not directly pointing along the empty Al pZ-orbital. As mentioned 

earlier, the CSA of six-coordinated Al are rather isotropic due to the octahedral geometry (vide 

supra). Overall 22 and 33 show additional contribution involving the Al-siloxy/siloxane σ-

orbital and perpendicular σ*–Al-O siloxy/siloxane orbital due to the specific orientation of the 

angular momentum operator. 

 

 2.8 Quadrupolar Coupling Constant (CQ) Analysis 

 The Hamiltonian describing the quadrupolar interaction is     

𝐻𝑄 =  
𝑒𝑄

2𝐼(2𝐼−1)ℏ
𝑰 ∙ 𝑽̈ ∙ 𝑰 (7) 
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with 𝑰 being the nuclear spin operator, I the spin quantum number, Q the quadrupole moment 

of 27Al[73] and 𝑽̈ the second rank electric field gradient (EFG) tensor, which can be expressed 

in its own principal axis system: 

𝑽̈ = (
V11 0 0
0 V22 0
0 0 V33

) (8) 

The three principal components of 𝑽̈ follow the notation |𝑉33| ≥ |𝑉22| ≥ |𝑉11|. Since the tensor 

is traceless (𝑉11 + 𝑉22 + 𝑉33 = 0), it can be represented by two independent variables, usually 

consisting of the largest absolute principal component (V33) and the asymmetry parameter (ηQ). 

ηQ = (𝑉11 – V22)/ V33  (9) 

The quadrupolar interaction leading to the CQ stems from coupling between the quadrupole 

moment of 27Al (I=5/2) with the electric field gradient (EFG) at the nucleus and is associated 

with V33. 

CQ = (e · Q · V33)/h  (10) 

with e being the electron charge and h the Planck constant. Therefore, only V33 depends on the 

aluminum environment. It highly depends on how symmetric the EFG around aluminum is. 

Generally, the more isotropic the EFG, the lower the CQ value. For example, a tetrahedral or 

octahedral geometry when considering identical ligands leads to a uniformly distributed electric 

field and therefore a vanishing CQ. In contrast, a trigonal planar geometry lead to less equally 

distributed charges. Each EFG tensor (eq. 8) can be represented as a polar plot and analyzed 

similarly to chemical shift tensor via decomposition of individual NLMO contributions.[60] 
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Figure  8. (a) Representation of the second rank EFG tensor in polar coordinates of Al(III), 

Al(IV) at 2.05 and 1.75 Å. (b) NLMO contribution to 𝐕𝟑𝟑 of Al(III) and every structure of 

Al(IV) showing the individual contribution from the aluminum core (Al-core), the summed and 

individual siloxy group contribution (Sum-siloxy) and the contribution from the siloxane group 

(Siloxane).  

 

 For Al(III), V33 (1.06 a.u.) that dictates CQ (34.8 MHz) is large and ηQ is equal to 0 in 

accordance with the presence of an axially symmetric C3-axis. The orientation of the tensor 

(Figure  8a) indicates that electron deficient region of Al(III) is located along the Z-axis (blue) 

and the vacant pz-orbital, while the electron rich region is around the plane of the siloxy bonds 

(orange). The main contributions are from the aluminum core (0.70 a.u.), the core of the siloxy 

oxygen (0.16 a.u.) and the siloxy σ-bond (0.65 a.u.). These values are similar to what is obtained 

for the molecular compound Al(N(SiMe3)2)3 and smaller than these of Al(CH3)3 or Al(Mes)3 

consistent with the high polarity of Al-O bonds (difference of electronegativity between Al and 

O).[60] 
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 For Al(IV), the polar plot of the EFG tensor (Figure  8a) has a similar shape and 

orientation as found for Al(III), hence the similar ηQ (~0.1). However, the values of V33 

(ranging from 0.22 to 0.62 a.u.) and associated CQ (7.4 to 20.5 MHz) greatly decrease. NLMO 

analysis shows that it arises from a decreased contribution of the aluminum core (0.15 to 0.42 

a.u.) and the siloxy groups (0.46 to 0.53 a.u.) in combination with a large negative contribution 

of the siloxane group (-0.37 to -0.22 a.u.), which compensates the positive charge distribution 

along the C3 axis. These changes are consistent with the coordination of the siloxane bridge on 

Al, which decreases the asymmetry around aluminum thus leading to a more symmetric charge 

distribution. In fact, the decrease of V33 (and CQ) in Al(IV) with the decreased Al–OSiloxane 

distance is associated to the decreased contribution of the aluminum core and the siloxane group 

with the changes in siloxy groups contribution being negligible (Figure  8b). Coordination of 

two siloxane bridges along the Z-axis in Al(V)_trans shows similar effect, i.e. a decrease of 

V33 (from 0.71 to 0.24 a.u.) and CQ (23.6 to 8.0 MHz) with shorter siloxane bond distance, as a 

result of a decreased contribution of the aluminum core and the siloxane bridges (Figure  9a) 

with ηQ going from 0.3 to 0.7. For Al(V)_cis, where the two siloxane bridges are coordinated 

on one face of the Al,O1,O2,O3 plane, V33 and CQ decreases (from 0.50 to 0.25 a.u. and 16.5 to 

8.2 MHz, respectively) upon decrease of the Al–OSiloxane distance due to a decrease of the 

contribution of the aluminum core and the siloxy groups, while the siloxane group contribution 

is small and constant. The same trend is observed with ηQ (from 0.6 to 0.2) due to changes 

towards a more quadratic planar geometry (Figure  9b).  
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Figure  9. (a) Histogram (V33) of all the cluster models at longest and shortest siloxane bond 

distances split in their contribution made by the aluminum core (Al core) the contribution from 

the siloxy groups (Sum-siloxy) and the siloxane group (Sum-siloxane). (b) EFG tensor plot of 

five- and six-coordinated aluminum clusters.  
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 For Al(VI)_mer, V33, CQ and ηQ decrease greatly over a broad range of values with 

shorter Al–OSiloxane distance, consistent with the increased symmetry around Al. This is 

associated with a decreased contribution of aluminum core (from 0.40 to 0.26 a.u.). Finally, for 

Al(VI)_fac, V33 and CQ are small and do not vary greatly with Al-OSiloxane distance because 

each individual contribution is rather small, consistent with high symmetry around Al in this 

specific geometry and coordination environment (Figure  9a). 

 

 3 Conclusion  

 The calculated 27Al NMR signatures, namely chemical shift and quadrupolar coupling 

constant, on a broad range of aluminosilicate clusters shows that the coordination number is 

mainly responsible for the difference in chemical shifts between Al-sites, varying from 10-20, 

30-50, 60-70 and 80-90 ppm for hexa-, penta- and tetra- and tri-coordinated Al sites.[31] This 

downfield shift (deshielding) when reducing the coordination of Al atoms is mainly dominated 

by 11, which is along the vacant pZ-orbital and corresponds to the coupling between (Al–O) 

and *(Al-O) orbitals for low coordination numbers of Al and not to charge as often inferred 

from the literature.[27] In contrast, the CQ can take a broad range of values upon slight variation 

(local disorder) of bond distance of siloxane bonds coordinated to aluminum (ranging between 

8.0 and 23.6 MHz). This further highlights the importance of incorporating distribution models 

such as the Czjzek model[74-75] when investigating amorphous solids. It is mainly associated 

with changes in electrostatic interaction around aluminum (charge distribution), but it is not so 

much dependent on the coordination number. It is thus very sensitive to the symmetry of the Al 

sites, further showing that very unsymmetrical environments will lead to large CQ, hence the 

difficulty to observe Al surface sites.[31] Overall, combining iso and CQ values provide 

invaluable information about the coordination and the local structure of Al sites in 

aluminosilicates, in particular to frontier orbitals (iso) and charge distribution (CQ), which are 

both responsible for chemical reactivity. It shows that molecular orbital and charge distribution 

models extracted from DFT calculations are very practical for the chemical interpretation of 

NMR signals in aluminosilicates. The molecular interpretation of chemical shift can be 

extended to Al sites in other Al-containing molecules and materials such as alumina and zeolites 

for which similar chemical shifts and environments are found. We are currently further 

exploring this field of research. 
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 4 Computation Details  

Geometry optimizations calculations were performed with the B3LYP[76] functional in 

combination with the 6-31g(d)[77] basis set using the Gaussian 09 program suite[78]. Chemical 

shift calculations were performed with the ADF 2014[79] code using a TZP[80] basis set with the 

all-electron relativistic zeroth-order regular approximation (ZORA) in its spin-orbit two-

component form. EFGs were calculated using a TZP basis set following the procedure as 

described in ref. 60. For all the calculations with ADF 2014 the revised Perdew-Burke-

Entzerhof (revPBE)[81-82] functional was used. 

For the natural localized molecular orbitals (NLMO) analysis of the chemical shielding 

principal components and V33, the NBO 6.0 code[83] is used as implemented in ADF 2014[60, 72, 

84-85] with the revPBE functional and TZP basis set. The chemical shift was referenced to 

Al(acac)3 (0.0 ppm).[62] 

The NMR Hamiltonian for 27Al can be expressed with three terms. 

𝐻 =  𝐻𝑍 + 𝐻𝐶𝑆 + 𝐻𝑄  (1) 

𝐻𝑍 is the Zeeman Hamiltonian, 𝐻𝐶𝑆 the Hamiltonian for the chemical shielding and 𝐻𝑄 the 

Hamiltonian for the quadrupolar interaction. 𝐻𝐶𝑆 can be expressed with a second rank tensor 

for the chemical shielding σ, the nuclear spin operator I and the external magnetic field B0. 

𝐻𝐶𝑆 =  𝛾ℎ𝑰 ∙ 𝝈 ∙ 𝑩𝟎/2𝜋 (2) 

 The chemical shielding tensor σ has three principal components denoted σ11, σ22 and σ33 

with the following order σ11 ≤ σ22 ≤ σ33. Therefore σ11 is the principal component with the least 

shielding, σ22 with an intermediate shielding and σ33 with the largest shielding. The chemical 

shift anisotropy gives rise to a powder pattern observed in solid state NMR, which is 

represented as a second rank tensor with the principal components σ11, σ22 and σ33. Another 

parameter is the span which is defined as Ω =  σ33 − σ11. The isotropic chemical shielding is 

defined as the average of the three principal components. 

(

δ11 0 0
0 δ22 0
0 0 δ33

) = 𝜎𝑖𝑠𝑜
𝑟𝑒𝑓

 ∙ (
1 0 0
0 1 0
0 0 1

) − (

σ11 0 0
0 σ22 0
0 0 σ33

) 

σ𝑖𝑠𝑜 =
1

3
 (σ11 +  σ22 + σ33) (3) 

To calculate the chemical shift δiso of 27Al NMR, the following formula is used: 

δ𝑖𝑠𝑜 = σ(𝐴𝑙(𝑎𝑐𝑎𝑐)3) −  σ𝑖𝑠𝑜  (4) 
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with σ(𝐴𝑙(𝑎𝑐𝑎𝑐)3) being the calculated magnetic shielding of the reference compound Al(acac)3 

(with a chemical shift of 0.0 ppm) and σiso the chemical shielding of the corresponding 

aluminum site. 
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