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Abstract 

A new structural model of hydrous alkali aluminosilicate gel (N-A-S-H) frameworks is proposed, in 

which charge balancing extra-framework Al species are observed in N-A-S-H gels for the first time. This 

model describes the key nanostructural features of these gels, identified through application of 17O, 

23Na and 27Al triple quantum magic angle spinning (3QMAS) solid state nuclear magnetic resonance 

(NMR) spectroscopy to synthetic 17O-enriched gels of differing Si/Al ratios. The alkali aluminosilicate 

gel is predominantly comprised of Q4(4Al), Q4(3Al), Q4(2Al) and Q4(1Al) Si units charge-balanced by 

Na+ ions that are coordinated by either 3 or 4 framework oxygen atoms. A significant proportion of 

the Al3+ in tetrahedral coordination exist in sites of lower symmetry, where some of the charge 

balancing capacity is provided by extra-framework Al species which have not previously been 

observed in these materials. The mean SiIV-O-AlIV bond angles for each type of AlIV environment are 

highly consistent, with compositional changes dictating the relative proportions of individual AlIV 

species but not altering the local structure of each individual AlIV site. This model provides a more 

advanced description of the chemistry and structure of alkali aluminosilicate gels and is crucial in 

understanding, and controlling, the molecular interactions governing gel formation, mechanical 

properties and durability. 
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1. Introduction 

Alkali aluminosilicate gels can be formed in an organic-free synthesis by reaction of an alkaline or 

alkali-silicate solution with a solid aluminosilicate precursor, and are characterized by a three-

dimensionally crosslinked, structurally disordered, alkali aluminosilicate network. These materials 

have received significant academic and commercial interest in recent years due to desirable technical 

and environmental characteristics. Alkali aluminosilicate gels have potential for use in zeolite 

synthesis, in sol-gel processing, as low-cost refractories, as construction materials, in radioactive 

waste treatment, and in biomaterial and fiber composite applications.1-3 

The nanostructure of alkali aluminosilicate gels primarily consist of an alkali aluminosilicate hydrate 

gel framework (abbreviated N-A-S-H, as Na is the most common alkali used) with a highly crosslinked, 

long-range disordered (X-ray amorphous), pseudo-zeolitic structure4. Al and Si are both present in 

tetrahedral coordination, analogous to their roles in zeolitic aluminosilicate frameworks, with Si 

existing in Q4(mAl) environments; where m is between 1 and 4 depending on the Al/Si ratio of the gel, 

and Al is predominantly in q4(4Si) environments due to the energetic penalty associated with AlIV-O-

AlIV bonding5. The negative charge associated with Al substitution for Si is balanced by the alkali 

cations. This nanostructure can be significantly affected by kinetic limitations on silica and alumina 

release from solid precursors used in gel synthesis6-7, and consequently evolves over time as the alkali-

activation reaction proceeds. 

Physicochemical, ion exchange, and mass transport properties of alkali aluminosilicate gels are 

controlled by the gel chemical composition and nanostructure, and the underlying phenomena 

controlling these interactions have received significant scientific attention in recent years.8-10. The way 

in which water is bound within the gel is of particular importance, as this determines the resistance 

to thermal processes, as well as structural changes related to variation in environmental humidity (e.g. 

microcracking). 

Currently, knowledge of the N-A-S-H gel structure is primarily limited to average cation coordination 

spheres and bulk gel composition. This has created significant limitations in understanding the phase 

evolution, nanostructural development, and the fundamental physicochemical interactions which 

dictate the mechanical properties and durability of these materials. 

A particularly attractive route to the synthesis of alkali aluminosilicate gels for nanostructural analysis 

is the reaction of high-purity synthetic amorphous precursors, themselves synthesized via an organic 

steric entrapment solution polymerization route, with an alkaline solution.11-14 Study of these 

chemically simplified, high-purity systems under controlled conditions has yielded significant advances 
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in the understanding of gel nanostructural development due to the ability to isolate and control key 

parameters dictating these interactions, enabling selective isotopic labelling and avoiding any 

interference from contaminants. Analytical techniques including X-ray powder diffraction, vibrational 

spectroscopy and pair distribution function analysis have been key to recent developments in 

understanding the nanostructure of alkali aluminosilicate gels. However, the complex nature of these 

disordered and dynamic systems means that detailed information regarding their atomic structure is 

still elusive. 

Solid state magic angle spinning nuclear magnetic resonance spectroscopy (solid state MAS NMR) 

investigations of 27Al, 29Si and 23Na nuclei in alkali aluminosilicates have yielded information about the 

coordination states of Al, the connectivity of Si, and the charge-balancing role of Na.15-22 While many 

studies utilizing 17O MAS NMR have yielded important structural information regarding zeolites and 

aluminosilicate glasses, very few have probed 17O nuclei in alkali aluminosilicate gels. This is, at least 

in part, due to the very low natural abundance (0.037%) of the NMR-active 17O nucleus, which 

necessitates isotopic enrichment of samples.23-24 Due to the disordered structure of alkali 

aluminosilicate gel frameworks, significant line broadening occurs at practically achievable MAS rates 

and consequently spectroscopic data for all relevant nuclei are usually poorly resolved. This is 

exacerbated for quadrupolar nuclei (spin I > 1/2) such as 27Al (I = 5/2), 17O (I = 5/2) and 23Na (I = 3/2) 

which experience second order quadrupolar broadening that is not fully averaged by MAS. 

Multiple quantum magic angle spinning (MQMAS) spectroscopy,25-26 probing half integer quadrupolar 

nuclei including 17O, 23Na, and 27Al, has been used to obtained high resolution NMR spectra of alkali 

aluminosilicate gels20, 23-24, 27-28 and related reaction products28-29. MQMAS achieves high resolution by 

partially averaging the fourth-order Legendre polynomial through conversion of a symmetric multiple 

quantum coherence (pQ, p с ϯ͕ϱ͕ϳ͕͙ ĨŽƌ p ч 2I) to the single quantum (1Q) detectable central 

transition, and plotting pQ and 1Q correlations in two dimensions.23 Thus, chemical species with 

similar local structures and coordination environments, which would otherwise give overlapping 

resonances in 1D MAS NMR spectra, may be resolved on the basis of their quadrupolar interactions. 

Here we use 27Al, 23Na and 17O MAS and 3QMAS NMR spectroscopy to examine nanostructural 

development in a novel class of stoichiometrically controlled phase pure N-A-S-H gel frameworks 

synthesized previously11, 13. A range of shearing schemes are used in processing the 3QMAS 

spectroscopic data, to allow improved visualization of the isotropic chemical shift (ɷiso) from both the 

quadrupolar induced shift (ɷQIS) and the quadrupolar coupling constant (CQ). The key structural motifs 

which assemble to form the N-A-S-H gel are identified and a new, self-consistent molecular model 

describing the structure of the N-A-S-H gel framework in alkali aluminosilicate gels is developed. Of 
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particular interest are the local coordination and nearest-neighbor environments of the key network-

forming Si, Al and O atoms, network-modifying Na atoms, and associated H2O molecules. This model 

establishes a new platform of knowledge which is crucial for developing further detailed 

understanding of the molecular interactions that govern the structure and properties of alkali 

aluminosilicate gels. 

 

2. Experimental Procedures 

2.1 Materials 

The synthetic gels used in this study were produced by alkali-activation of high-purity synthetic 

aluminosilicate precursor powders previously synthesized using an organic steric entrapment 

solution-polymerization method (further details are provided in Appendix A Supporting 

Information).11 Detailed analysis of phase evolution and microstructural development of these gels 

over 224 days has been previously published.11 The gels to be examined using 17O 3QMAS NMR 

spectroscopy were produced with an isotopically enriched activating solution prepared by dissolution 

of sodium metasilicate powder (Na2SiO3, Sigma Aldrich) in 41.1 wt. % H2
17O (Cortecnet).  The 

stoichiometry was designed to obtain an activating solution modulus (molar ratio SiO2/Na2O) = 1, a 

total isotopic enrichment of 26 - 31 wt. %, and cation ratios as outlined in Table 1. The activating 

solution (pH> 13.5) was stored for 72 hours to allow equilibration and facilitate maximum oxygen 

isotopic exchange into the dissolved silicate species, then mixed with the precursor powder to form a 

homogeneous paste which was cast in sealed containers and cured at ambient temperature for 7 days. 

Before analysis by NMR, each gel was ground by hand using a mortar and pestle and immersed in 

acetone to remove loosely bound water and halt reaction. This method does not induce any significant 

changes in the alkali aluminosilicate gel structure30. 

Table 1: Molar compositions and water/solid (w/s) mass ratios of the precursor and gel reaction mix for each sample 

Sample Empirical formula Si/Al Na/Al w/s 

Precursor A 2SiO2ͼAl2O3 1.00 0.00 0.00 

Precursor B 4SiO2ͼAl2O3 2.00 0.00 0.00 

Gel A 1.18Na2Oͼ3SiO2ͼAl2O3 1.50 1.18 0.75 

Gel B 1.18Na2Oͼ5SiO2ͼAl2O3 2.50 1.18 0.75 

 

2.2 Solid state nuclear magnetic resonance spectroscopy 
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All MAS and 3QMAS data were obtained at 14.1 T using a Bruker Avance II+ spectrometer at a Larmor 

frequency of 156.2 MHz, 158.6 MHz and 81.26 MHz for 27Al, 23Na and 17O, respectively, and a Bruker 

3.2 mm double air-bearing probe calibrated to yield a MAS frequency of 20 kHz. 27Al MAS spectra were 

acquired using Ă ϭ ʅƐ ƐĞůĞĐƚŝǀĞ ;ʋͬϵͿ ĞǆĐŝƚĂƚŝŽŶ ƉƵůƐĞ, a measured 1 s relaxation delay and a total of 

4096 transients, while 27Al 3QMAS experiments were acquired using a ϰ͘ϱ ʅƐ non-selective triple 

quantum excitation pulse followed by a 1͘ϱ ʅƐ non-selective conversion pulse and Ă ƐĞůĞĐƚŝǀĞ ϮϬ ʅƐ z-

filter pulse. All 27Al MAS and 3QMAS spectra are aligned with the secondary reference yttrium 

aluminum garnet (ɷiso(AlO6) = 0.7 ppm with respect to 1.1 M Al(NO3)3 (aq) = 0 ppm). 23Na MAS spectra 

ǁĞƌĞ ĂĐƋƵŝƌĞĚ ƵƐŝŶŐ Ă ϭ ʅƐ ŶŽŶ-ƐĞůĞĐƚŝǀĞ ;ʋͬϰͿ ĞǆĐŝƚĂƚŝŽŶ ƉƵůƐĞ͕ Ă ŵĞĂƐƵƌĞĚ ϭ Ɛ ƌĞůĂǆĂƚŝŽŶ ĚĞůĂǇ ĂŶĚ Ă 

total of 4096 transients, while 23Na 3QMAS experiments ǁĞƌĞ ĂĐƋƵŝƌĞĚ ƵƐŝŶŐ Ă ϰ͘Ϭ ʅƐ ŶŽŶ-selective 

triple quantum excitation pulse foůůŽǁĞĚ ďǇ Ă ϭ͘Ϯ ʅƐ ŶŽŶ-selective conversion pulse and a selective 20 

ʅƐ ǌ-filter pulse. All 23Na MAS and 3QMAS spectra are aligned with the secondary reference sodium 

chloride (ɷiso(NaCl(s)) = 7.2 ppm with respect to 1 M NaCl (aq) = 0 ppm). 17O MAS spectra were acquired 

ƵƐŝŶŐ Ă ϭ͘ϳϱ ʅƐ ŶŽŶ-ƐĞůĞĐƚŝǀĞ ;ʋͬϮͿ ĞǆĐŝƚĂƚŝŽŶ ƉƵůƐĞ͕ Ă ŵĞĂƐƵƌĞĚ ϭ Ɛ ƌĞůĂǆĂƚŝŽŶ ĚĞůĂǇ ĂŶĚ Ă ƚŽƚĂů ŽĨ 

2048 transients, while 17O 3QMAS experiments were acquired using a 7͘Ϭ ʅƐ ŶŽŶ-selective triple 

quantum excitation pulse followed by a 2.0 ʅƐ ŶŽŶ-selective conversion pulse and a selective 17.5 ʅƐ 

z-filter pulse. All 17O MAS and 3QMAS spectra are referenced to H2
17O at 0 ppm. 

All 3QMAS spectra were processed by performing 2D Fourier transformations and shearing in the (ɷ3Q, 

ɷ1Q) axes using four different shearing functions. Iso-sheared spectra were sheared by a factor of (-k, 

0) to give 2D spectra with an isotropic component along the ɷ3Q (F1) axis and an anisotropic 

component along the ɷ1Q (F2) axis,31 while Q-sheared spectra were sheared by a factor of (p, 0) to 

remove the isotropic chemical shift from the indirect dimension to give a pure quadrupolar 

component (which purely reflects the second-order quadrupolar broadening and ɷQIS) along the ɷ3Q 

axis, with an anisotropic component along the ɷ1Q axis.32-33 Biaxial shearing of the spectra was also 

performed, using either a factor of (-k, 1/(p+k)) to completely remove the isotropic chemical shift from 

the direct dimension and align the isotropic chemical shift axis (CS) perpendicular to that of the 

second-order quadrupolar broadening (biaxial iso-shearing),23 or a factor of  (p, -1/(p+ʄ)) so that the 

ɷ1Q axis purely reflects the isotropic chemical shift and the quadrupolar parameters are separated in 

the ɷ3Q axis (biaxial Q-shearing).23 In each case, for a 3QMAS experiment, k = -19/12 and p = 3 for spin 

I = 5/2, or k = 7/9 and p = -3 for spin I = 3/2, and ʄ can be determined from the Glebsch-Gordan-derived 

coefficients.23, 34 Gradients for each NMR parameter were determined from first principles as 

described previously23 and are detailed in Table 2. 
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Anisotropic slices of each iso-sheared 3QMAS spectra were taken at the center of gravity of each 

resonance, and simulated using DMFit35-36 and the Czjzek Gaussian Isotropic Model37 with the 

minimum number of peaks to obtain a reasonable fit to the data and determine ɷiso and CQ. These 

parameters were then used as a starting point to simulate each 1D MAS spectrum and obtain ɷiso and 

CQ for each resonance. The ɷiso is also determined from the observed chemical shifts in the indirect 

(ɷ1) and direct (ɷ2) dimensions using equation 1.29 

ɷŝƐŽс
ϭϳɷϭнϭϬɷϮ

Ϯϳ
 (1) 

 

Table 2: The gradients of NMR parameter axes (isotropic chemical shift CS, isotropic quadrupolar shift QIS, and anisotropic 

orientation dependent frequencies A) after shearing in the ɷ3Q, ɷ1Q dimension by the factors listed below, for a reversed 

directly detected dimension. Slopes were determined from first principles as described previously23. 

  -k, 0 -k, 1/(p+k) p, 0 p, -1/(p+ʄ) 

Spin Parameter 19/12, 0 19/12, 12/17 3, 0 3, -4/9 

5/2 

CS 17/12 1/0 0 0 

QIS -5/6 -85/162 -9/4 1/0 

A 0 0 -17/12 -153/40 

Spin Parameter -7/9, 0 -7/9, 34/9 -3, 0 -3, -1/6 

3/2 

CS 34/9 1/0 0 0 

QIS -20/9 -340/243 -6 1/0 

A 0 0 -34/9 -51/5 

 

3. Results and discussion 

3.1 27Al MAS and 3QMAS NMR 

The 27Al MAS NMR spectra of the precursors and synthetic gels do not provide sufficient resolution to 

allow identification of individual environments, beyond general identification of Al coordination 

environments, and show no significant differences between samples. This is typical of disordered 

materials where the variable environments coupled with a variation in bond angles surrounding the 

nuclear site give a spread of the NMR parameters (ɷiso, CQ and ɻQ).  A detailed discussion and 

interpretation of 27Al MAS NMR spectra for these precursors and gels collected at a 10 kHz MAS rate 

has been previously published11, 13, and the spectral distributions visible here are consistent with those 

identified in that study. 

Iso-sheared 27Al 3QMAS NMR spectra for the aluminosilicate precursors and gels, along with 

projections along the ɷ1Q and ɷ3Q axes, are presented in Figure 1. A broad distribution of resonances 
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in each of the AlIV, AlV and AlVI regions of the spectra (centered, ɷcg, at approximately (74 ppm, 67 

ppm), (43 ppm, 37 ppm) and (12 ppm, 7 ppm) in the (ɷ3Q, cg, ɷ1Q, cg) axes, respectively) is observed for 

both precursors. Broadening of the AlIV resonances occurs primarily along the CS axis, suggesting that 

a distribution of isotropic chemical shifts is the main factor causing broadening of AlIV resonances in 

these precursors. However, there is also significant broadening of the AlIV resonance in the spectra of 

precursor A along the QIS axis, which indicates that a distribution of quadrupolar parameters 

contributes to signal broadening here. This is also indicated by the absence of any resolved second-

order quadrupolar pattern. 

 

Figure 1: 27Al 3QMAS NMR spectra of i) precursor and ii) alkali aluminosilicate gel, for samples A and B as marked. The spectra 

are sheared using conventional single axial iso-shearing in the ɷ3Q, ɷ1Q axes by a factor of 19/12, 0, respectively, to give an 

isotropic component in the ɷ3Q (F1) dimension and the MAS 1D spectrum in the ɷ1Q (F2) dimension. The chemical shift (CS) 

and quadrupolar induced shift (QIS) axes are indicated by dotted and dashed lines, respectively. 
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The observation of two local maxima in the AlIV region of the projection onto the isotropic (ɷ3Q) 

dimension (Figure 1 a i) suggests that there may be two overlapping distributions of Al chemical shifts 

(and hence two average AlIV environments) within the precursor A, however this cannot be 

determined unambiguously from the single axial iso-sheared spectrum (Figure 1). The distribution of 

chemical shifts suggests a highly disordered AlIV environment with a significant distribution of SiIV-O--

AlIV valence angles and significant variation in the size and charge of the associated charge balancing 

cations (so as to induce a distribution of quadrupolar parameters). Quadrupolar broadening of the AlIV 

resonance toward higher frequencies, approximately 80 ppm, may result from charge-balancing by 

cationic aluminum species (tentatively identified as AlV or AlVI species11) which significantly distort the 

electric field surrounding the Al nucleus.38 A single resonance is observed in each of the AlV and AlVI 

regions of the iso-sheared spectra for the precursor A, exhibiting both chemical shift and quadrupolar 

broadening, and again suggesting the presence of disordered environments with significant variation 

of Al nuclear electrical field symmetry. 

The AlIV and AlV regions of the spectrum of precursor B are primarily broadened along the CS axis and 

display minimal broadening along the QIS axis, suggesting that the species responsible for quadrupolar 

broadening in precursor A (tentatively identified above AlV or AlVI species in mullite-like environments) 

are not present, or minimal, in precursor B. This is consistent with the chemistry of the precursors 

(Si/Al = 1 and 2 for A and B, respectively); the reduced Al content of precursor B results in a decrease 

in the degree of charge balancing by any AlV or AlVI species. The AlVI resonance in the spectra of the 

precursor B exhibits significant quadrupolar broadening toward higher frequencies. 

The iso-sheared 27Al 3QMAS spectrum for gel A (Figure 1 a ii) displays a single resonance in the AlIV 

region which is primarily broadened along the CS axis but also displays slight quadrupolar broadening 

along the QIS axis. An almost identical resonance is found in the corresponding spectrum for gel B 

(Figure 1 b ii). Both resonances are attributed to a single tetrahedral AlIV site linked to tetrahedral Si 

via oxygen bridges (i.e. SiIV-O--AlIV). The characteristics of this resonance are similar to those attributed 

to SiIV-O--AlIV charge-balanced by Na+ in alkali aluminosilicate gels formed by the reaction of 

metakaolin with sodium metasilicate.27 

Orthogonal separation of chemical shielding and quadrupolar broadening mechanisms can be 

visualized by processing the 27Al 3QMAS spectra using biaxial Q-shearing23 (Figure 2), where the 

horizontal projection is broadened by variations in chemical shift and the vertical projection is 

broadened by quadrupolar interactions. The 27Al isotropic slices taken through the center of gravity of 

each resonance and extracted from the biaxial-Q sheared 27Al 3QMAS spectra are shown in Figure 3. 
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The 27Al isotropic slices for gels A and B (Figure 2 and Figure 3) show an asymmetric distribution of 

chemical shifts. 

 

 

Figure 2: 27Al 3QMAS NMR spectra of the i) precursor and ii) alkali aluminosilicate gel for samples A and B as marked. The 

spectra are sheared using biaxial Q-shearing in the ɷ3Q, ɷ1Q axes by a factor of 3, -4/9, respectively, so that the ɷ1Q (F2) axis 

visualizes the isotropic chemical shift and the quadrupolar parameters are highlighted in the ɷ3Q (F1) axis. The chemical shift 

(CS), quadrupolar induced shift (QIS) and anisotropic (A) axes are indicated by dotted, dashed and combined dotted/dashed 

lines, respectively. 
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Figure 3: 27Al isotropic slices, taken through the center of gravity of each resonance, extracted from the biaxial Q-sheared 
27Al 3QMAS NMR spectra of the i) precursor and ii) alkali aluminosilicate gel, for samples A and B as marked. The inset of ii) 
shows a rescaled plot of the AlIV region of gel A (black) and B (red). 

 

Two resonances are also observed within the AlVI region of the biaxially Q-sheared 27Al 3QMAS spectra 

for gel B (Figure 2 b i), both of which display smaller broadening along the CS axis, suggesting greater 

structural order and a narrower distribution of bond angles than precursor AlVI sites. The shift of the 

lower intensity AlVI resonance (Figure 2 b i) along the QIS axis toward higher frequencies suggests that 

it is associated with ionic species which induce large perturbations in the electric field gradient (EFG) 

surrounding the Al nucleus. These resonances differ primarily by quadrupolar broadening (i.e. 

perturbation of the EFG). Both resonances are assigned to newly formed octahedrally coordinated Al 

environments in paragonite, the formation of which has been observed in these gels previously by 

XRD13. 

Simulations of the 27Al MAS spectra, with associated deconvolutions, are presented in Figure 4. The 

relative intensity, ɷiso and CQ for each identified Al environment within the precursor and gel for 

samples A and B, as well as the mean Al-O--Si bond angle (ɲ) for each AlIV environment (calculated 

from the mean ɷiso using equation 2 39), are given in Table 3. Simulations of anisotropic slices for each 

resonance identified in the 27Al 3QMAS spectra were used to obtain the ɷiso and CQ of each resonance. 

These parameters were then used to guide simulation of the 27Al MAS spectra, with the ɷiso and CQ of 

each resonance being adjusted as necessary (to account for spectral differences which arise due to 

differences in phasing one dimensional and two dimensional spectra) to fit the data. Simulations of 

anisotropic slices are provided in Appendix B, Supporting Information. As both the precursors and gels 
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exhibit extensive disorder, the ɷiso and CQ  values provided in Table 3 indicate the average of a 

distribution of these parameters for each site. 

Ƚ ൌ  ͳ͵͹ െ ʹ͵୧ୱ୭ͲǤͷߜ   (2) 

 

 

Figure 4: Deconvoluted 27Al MAS NMR spectra of i) precursor and ii) alkali aluminosilicate gel for samples A and B as marked. 

Deconvoluted resonances (bottom curve) attributed to sites within the precursor are marked in green, deconvoluted 

resonances attributed to newly formed sites in the reaction product are marked in blue, the simulated spectrum is marked 

in red (middle curve) and the 27Al MAS NMR spectrum is marked in black (top curve). The precursor simulations are utilized 

as a background for the simulations of the newly formed sites (ii). 

Table 3: The NMR parameters extracted from the 27Al 3QMAS spectra of the precursor and alkali aluminosilicate gel for each 

sample as marked. Here, ɷ1,cg and ɷ2,cg are the centers of gravity of the resonance in the isotropic (ɷ3Q) and anisotropic (ɷ1Q) 

dimensions, respectively; ɷiso is the isotropic chemical shift (Equation 1); and ɷiso fit and CQ are the isotropic chemical shift and 
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quadrupolar coupling constant, respectively, obtained by simulating 27Al MAS spectra with the ĂƐǇŵŵĞƚƌǇ ƉĂƌĂŵĞƚĞƌ ;ɻͿ are 

fixed to zero. FWHM is full width at half maximum. 

Sample Site 

Relative 

integral 

area (%)Ώ 

ɷ1,cg 

(ppm) 

ɷ2,cg 

(ppm) 

ɷiso 

(ppm) 

ɷiso,fit 

(ppm) 

FWHM 

(ppm) 

CQ 

(MHz) 
Assignment 

SiIV-O-AlIV 

bond 

angleΐ 

Precurs

or Ar 

AlIV1 36 74.7 67.3 72.0 69.4 17.0 6.3 

AlV or AlVI 
balanced 

SiIV-O--AlIV 

122.9 

AlIV* 28 42.9 36.8 40.6 41.0 13.0 6.3 AlO4
-(T3) - 

AlVI
1 6 - - - 17.0 11.8 4.3 AlO6 - 

AlVI
2 30 11.7 7.1 10.0 10.5 5.0 5.5 AlO6 - 

Gel A 

AlIV3 77 62.4 60.0 61.5 61.0 8.6 1.4 

Na+ 
balanced 

SiIV-O--AlIV 

143.4 

AlIV4 18 - - - 66.3 12.8 1.9 

Na+/AlEF 
balanced 

SiIV-O--AlIV 

124.4 

AlVI
3 6 15.7 -2.8 8.8 5.9 16.5 3.6 AlO6 - 

AlVI
4 - - - - - - - AlO6 - 

Precurs

or B 

AlIV1 37 73.2 68.5 71.5 66.0 20.0 4.9 

AlV or AlVI 
balanced 

SiIV-O--AlIV 

122.2 

AlIV* 23 42.7 35.9 40.2 41.0 13.0 6.3 AlO4
-(T3) - 

AlVI
1 4 - - - 17.0 11.8 3.5 AlO6 - 

AlVI
2 36 11.7 7.1 10.0 10.5 5.0 5.4 AlO6 - 

Gel B 

AlIV3 59 62.8 60.0 61.7 61.0 8.6 1.4 

Na+ 
balanced 

SiIV-O--AlIV 

143.4 

AlIV4 22 - - - 66.3 12.8 1.9 

Na+/AlEF 
balanced 

SiIV-O--AlIV 

124.4 

AlVI
3 14 15.7 -2.8 8.9 5.9 16.5 3.6 AlO6 - 

AlVI
4 5 12.6 8.7 11.1 11.2 4.2 2.6 AlO6 - 

Ώ TŚĞ ƌĞůĂƚŝǀĞ ŝŶƚĞŐƌĂƚĞĚ ŝŶƚĞŶƐŝƚǇ ĨŽƌ ĞĂĐŚ resonance for the gels is normalized to the sum of the sites within the 
reaction product. Residual precursor component contributions were observed in all gel spectra and are shown in Figure 
4, but are excluded from the quantification of gel constituents. 

ΐ EƋƵĂƚŝŽŶ 2 is only valid for tetrahedrally coordinated Al39 

 



13 

A single AlIV environment exhibiting a broad distribution of chemical shifts is observed in the 

simulation and deconvolution of the 27Al MAS spectra for the aluminosilicate precursors at ɷiso = 69.4 

ppm (AlIV1). The CQ  value for this environment (6.3 MHz) indicates extensive perturbation of the 

electric field around the Al nuclei. Another environment at ɷiso = 41.0 ppm, also experiencing 

significant electric field perturbation (CQ = 6.3 MHz) is observed in both precursors and assigned to 

distorted AlO4
- sites in tricluster tetrahedra sharing a common oxygen atom (T3, AlO4

-), which have 

previously been observed in this region in 27Al MAS NMR spectra of 3:2 mullite38 and are likely to be 

present within mullite-like environments identified within the precursor aluminosilicates11. Two 

distinct AlVI environments are also observed in each aluminosilicate precursor, at 17.0 and 10.5 ppm  

(AlVI
1 and AlVI

2, respectively) and are assigned to Al within mullite-like sites38. 

Deconvolution of the 27Al MAS spectra for each gel required simulation of each MAS spectrum with 

two mean AlIV resonances at ɷiso ≈ 61.0 (AlIV3) and 66.3 ppm (AlIV4) respectively. To confirm the 

presence of these two resonances, 27Al isotropic slices were extracted from the biaxial Q-sheared 27Al 

3QMAS spectra, taken through the center of gravity of the AlIV resonance (Figure 3). Two Gaussian 

distributions were required to satisfactorily fit the AlIV resonance in the 27Al isotropic slice for each gel, 

suggesting two overlapping distributions of chemical shielding. 

The CQ value of 1.4 MHz for the AlIV3 resonance in the 27Al 3QMAS spectra shows a small electric field 

perturbation, indicating close association with low charge ionic species. This is consistent with the 

known environments of Al tetrahedra within SiIV-O--AlIV linkages charge-balanced by Na+ ions in these 

gels previously,13 and in synthetic amorphous aluminosilicates27 and zeolites.40 The CQ values for the 

AlIV4 resonance are larger (1.9 MHz) and this resonance exhibits a broader distribution of chemical 

shifts. The AlIV4 resonance may be due to lower symmetry SiIV-O--AlIV linkages charge-balanced by Na+ 

or extra-framework AlIV species (AlEF, e.g. Al(OH)2
+ or Al(OH)2+) which have been identified previously 

in zeolites41-44. Multiple overlapping 27Al MAS and 3QMAS resonances due to two distributions of 

framework Al in zeolites has been previously observed.45 

The mean Si-O-Al bond angles for the Na+ balanced SiIV-O--AlIV sites (143.4º) and the Na+/AlEF balanced 

SiIV-O--AlIV sites (124.4º) and are identical across both alkali aluminosilicate gels, and are within the 

range observed for these sites within alkali-activated metakaolin27. The consistency of these bond 

angles suggests strong structural similarity between gel A and B, despite the differing initial Si/Ai molar 

ratios of the precursors. 

 

 



14 

3.2 23Na MAS and 3QMAS NMR 

23Na MAS NMR spectra for each gel each exhibit a broad resonance centered at approximately о3 

ppm, attributed to sodium associated with aluminum tetrahedra in a charge balancing capacity within 

the N-A-S-H gel13, 18, 21. Due to the presence of multiple SiIV-O--AlIV sites identified by 27Al 3QMAS above, 

it is possible that this broad resonance contains contributions from multiple Na sites with differing 

coordination spheres or proximities to each identified SiIV-O--AlIV site. Consequently, 23Na 3QMAS 

spectra were obtained to further investigate these environments. 

The iso-sheared 23Na 3QMAS spectra for each gel (Appendix C, Supporting Information) each exhibit a 

moderately broad resonance centered at approximately (2.4 ppm, о3.0 ppm) in the (ɷ3Q, cg, ɷ1Q, cg) axes. 

The distributions of this resonance occurs to similar extents along the CS and QIS axes, which is typical 

for an electrostatic Na cation. A high frequency shoulder on the projection along the horizontal axis 

of the biaxial Q-sheared spectra (Figure 5) for both gels suggests that two distinct sites contribute to 

this resonance, and these are denoted Na+
1 and Na+

2. A symmetrical distribution of quadrupolar 

parameters is observed for both gels. 

 

Figure 5: 23Na 3QMAS NMR spectra of alkali aluminosilicate gels A and B as marked. The spectra are sheared using biaxial Q-

shearing in the ɷ3Q, ɷ1Q axes by factors of (-3, -1/6), respectively, so that the ɷ1Q (F2) axis purely reflects the isotropic chemical 

shift and the quadrupolar parameters are separated in the ɷ3Q (F1) axis. The chemical shift (CS), quadrupolar induced shift 

(QIS) and anisotropic (A) axes are indicated by dotted, dashed and combined dotted/dashed lines, respectively. 

 

The relative intensity, ɷiso and CQ, for each identified Na environment within gel A and B (obtained by 

simulation of the 23Na MAS spectra), as well as the average Na-O interatomic distance (d Na-O, Å) for 

each sodium environment (calculated from ɷiso using Equation 3 39), are given in Table 4. 
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Deconvolutions of the 23Na MAS spectra are provided in Figure 6, while simulations of anisotropic 

slices for each resonance identified in the 23Na 3QMAS spectra were used to guide the simulation of 

the 23Na MAS spectra are provided in Appendix C, Supporting Information. Again, it should be noted 

that as these gels exhibit extensive disorder, the ɷiso and CQ  values provided in Table 4 indicate the 

average distribution of these parameters for each site. 

݀୒ୟି୓ ൌ ୧ୱ୭ߜ െ ͳ͹ͻ͸͹  (3) 

Deconvolution of the 23Na MAS spectra gives resonances located at ɷiso ≈ -1.3 ppm and -2.7 ppm (for 

Na+
1 and Na+

2, respectively). The ɷiso, CQ and dNa-O values for Na+
1 are consistent with Na+ ions charge-

balancing SiIV-O--AlIV linkages and coordinated by at least 3 framework oxygen atoms (with any 

remaining coordination position occupied by a water molecule) within an N-A-S-H gel, and are similar 

to those observed for Na+ ions within amorphous aluminosilicate zeolite precursors40 and alkali-

activated metakaolin27. The CQ value for Na+
1 within gel A (1.41 MHz) is marginally less than that of gel 

B (1.57 MHz), showing slightly more perturbation of the EFG around the Na nuclei in gel B. This is likely 

to be due to the increased Si content of gel B causing an increased proportion of Si atoms surrounding 

the Na+ cations. The ɷiso and CQ values for Na+
2 are consistent with those of hydrated Na+ ions within 

relatively large aluminosilicate cages.27 

From a  geometric perspective, it is highly unlikely that the Na+ ions within the disordered N-A-S-H gel 

will be coordinated entirely by framework oxygen atoms (in bridging positions in Si-O--AlIV linkages), 

meaning that Na+ ions are also likely to be coordinated to water molecules21, 27, 40. In the gels analyzed 

here, the low isotropic chemical shift and large d Na-O value (2.67 Å) observed for the Na+
1 site in both 

gels suggest that this Na+ site is coordinated by at least 3 framework oxygen atoms, with any remaining 

coordination positions occupied by water molecules.40 The Na+
2 sites in these gels exhibit a lower 

isotropic chemical shift and a d Na-O distance 0.01 Å greater than that of the Na+
1 site, suggesting that 

fewer H2O molecules are present in the coordination sphere of Na atoms in this site,40 signifying 

coordination to at least 4 framework oxygen atoms. This will result in less perturbation of the EFG 

surrounding the Na nuclei, consistent with the much lower CQ values (0.70 MHz) observed for the Na+
2 

site. 

 



16 

Table 4: The 23Na parameters extracted from the 3QMAS spectra alkali aluminosilicate gel for each gel. Quantities are as 

defined in Table 3, and spectral simulations were conducted with the asymmetry parameter  assumed to be zero. 

Sample Site 

Relative 

integrated 

area (%) 

ɷ1,cg 

(ppm) 

ɷ2, cg 

(ppm) 

ɷiso 

(ppm) 

ɷiso fit 

(ppm) 

CQ 

(MHz) 
Assignment 

d -O 

(Å), Eq. 3 

Gel A 

Na+
1 58 2.39 -2.92 0.42 -1.26 1.41 

Na+ balancing SiIV-O--
AlIV coordinated by at 

least 3 bridging-O 
(balance H2O) 

2.67 

Na+
2 42 0.37 -2.82 -0.81 -2.60 0.70 

Na+ balancing SiIV-O--
AlIV coordinated by 4 
bridging-O (balance 
H2O) 

2.68 

Gel B 

Na+
1 63 2.42 -3.15 0.36 -1.42 1.57 

Na+ balancing SiIV-O--
AlIV coordinated by at 

least 3 bridging-O 
(balance H2O) 

2.67 

Na+
2 37 -0.03 -2.10 -0.80 -2.83 0.70 

Na+ balancing SiIV-O--
AlIV coordinated by 4 
bridging-O (balance 

H2O) 

2.68 

 

 

Figure 6: Deconvoluted 23Na MAS NMR spectra for the alkali aluminosilicate gels A and B, as marked. Deconvoluted 

resonances are marked in blue (bottom curve), the simulated spectrum is marked in red (middle curve) and the 23Na MAS 

NMR spectrum is marked in black (top curve).  

 

3.3 17O MAS and 3QMAS NMR 

The 17O MAS NMR spectra for each gel (Figure 7) gives a broad large intensity resonance centered at 

approximately (ɷcg) 34 ppm which is attributed to bridging oxygen within the aluminosilicate gel 
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framework.46-47 Due to extensive line broadening this resonance extends across a region in which SiIV-

O--SiIV, SiIV-O-AlIV and AlIV-O-AlIV linkages have been observed.48-49 A secondary lower intensity 

resonance is also observed, centered at approximately -10 ppm and -4 ppm in gels A and B, 

respectively, which is attributed to non-bridging oxygen atoms in Si-OH and Al-OH sites, as well as H2O 

molecules tightly bound within the N-A-S-H gel.46, 50 

The 17O 3QMAS spectrum of each gel (Figure 8) exhibits a single resonance at approximately (35.0 

ppm, 48.3 ppm) and (28.7 ppm, 47.8 ppm) in the (ɷ1Q, cg͕ ɷ3Q, cg) axes for each gel. This resonance is 

broadened primarily along the CS axis and tails off along the QIS axis suggesting the possibly of two 

distributions spanning the bridging region. An asymmetric distribution of isotropic chemical shifts is 

observed for this resonance in the 17O isotropic slices extracted from the biaxial Q-sheared 17O 3QMAS 

spectra (provided in Appendix D, Supporting Information). These resonances are consistent with those 

observed for SiIV-O--SiIV and SiIV-O--AlIV linkages in natural and synthetic zeolites45-47, 51, and are 

attributed to bridging oxygen within these environments in a highly polymerized N-A-S-H gel. The 

resonances overlap, and show significant broadening along the CS axis, indicating a significant 

variation in SiIV-O--SiIV and SiIV-O-AlIV bond angles, consistent with the disordered nature of both N-A-

S-H gels A and B. Moderate broadening occurs parallel to the QIS axis, indicating a distribution of 

quadrupolar parameters and variation in the symmetry of the EFG surrounding each oxygen atom. 

If present, AlIV-O-AlIV linkages would exhibit a resonance at approximately 17 ppm in the direct 

dimension, and 25 ppm in the indirect dimension, of the iso-sheared spectra47, 52-53. Resonances in this 

region are not observed in the spectra for either gel, indicating that they follow LoewensteŝŶ͛Ɛ 

principle of Al-O-Al avoidance54. This is consistent with the chemistry of each gel (Al/Si < 1), whereas 

AlIV-O-AlIV bonds have been observed via 17O 3QMAS NMR in synthetic N-A-S-H gels at Al/Si = 1.00 24. 

Deconvoluted 17O MAS spectra (Figure 7) for each gel exhibit three distinct resonances (Table 5). The 

CQ values for the resonance at ɷiso у 30.0 ppm is small (CQ = 1.00 MHz) indicating little electric field 

perturbation and close association with low charge ionic species. CQ values for the resonances at ɷiso 

у 38.0 ppm are notably larger (1.26 MHz) and indicate close association with species with greater 

charge. This agrees with the assignment of the resonance at ɷiso у ϯ0.0 ppm to SiIV-O-AlIV linkages and 

that at 38.0 ppm to SiIV-O--SiIV linkages, as connection to Si will induce greater disturbance of the EFG 

around the O nucleus than connection to Al3+ 55-56. It is likely that the resonance at ɷiso у 30.0 ppm 

contains contributions from oxygen within both the Na+ balanced SiIV-O-AlIV linkages and the lower 

symmetry Na+/AlEF balanced SiIV-O-AlIV linkages (identified by 27Al 3QMAS NMR). The resonance at ɷiso 

у о10.0 ppm is assigned to non-bridging oxygen present within Si-OH and Al-OH sites as well as tightly 

bound H2O molecules within the aluminosilicate gel.46, 50 
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Figure 7: Deconvoluted 17O MAS NMR spectra of the alkali aluminosilicate gels A and B, as marked. Deconvoluted resonances 

are marked in blue (bottom curve), the simulated spectrum is marked in red (middle curve) and the 17O MAS NMR spectrum 

is marked in black (top curve). The spectral simulations show the expected positions of the BO and NBO environments as 

given in the 3QMAS data. 

 

 

Figure 8: 17O 3QMAS NMR spectra of alkali aluminosilicate gels A and B, as marked. Spectra are sheared using conventional 

single axial iso-shearing in the ɷ3Q, ɷ1Q axes by a factor of 19/12, 0, respectively, to give an isotropic component in the ɷ3Q 

(F1) dimension and an anisotropic component in the ɷ1Q (F2) dimension. The chemical shift (CS) and quadrupolar induced 

shift (QIS) axes are indicated by dotted and dashed lines, respectively. The assignments show the expected positions of the 

BO and NBO environments, the Si-O-Al BO typically are more QIS distributed and hence appear at a more horizontal position 

on the spectrum. 
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Table 5: 17O parameters extracted from the 3QMAS spectra for each alkali aluminosilicate gel. Quantities are as defined in 

Table 3, and spectral simulations were conducted with the asymmetry parameter  assumed to be zero. 

Sample Site 

Relative 

integral area 

(%) 

ɷ1, cg 

(ppm) 

ɷ2, cg 

(ppm) 

ɷiso 

(ppm) 

ɷiso fit 

(ppm) 
CQ (MHz) Assignment 

Gel A 1 61 48.3 35.0 43.4 39.0 1.26 Si-O--Si 

 2 32 - - - 33.0 1.00 Si-O--AlIV 

 3 7 - - - -9.8 0.55 H2O 

Gel B 1 62 48.6 34.3 43.7 39.0 1.26 Si-O--Si 

 2 31 - - - 33.0 1.00 Si-O--AlIV 

 3 7 - - - -9.8 0.55 H2O 

 

 

3.4 Structural model for the Na2O-Al2O3-SiO2-H2O gel 

Previous structural models have described the N-A-S-H gel formed by alkali-activation of 

aluminosilicate precursors as consisting of Al and Si tetrahedra randomly distributed in a polymerized 

network, with hydrated Na+ ions associated with the AlO4
- tetrahedra in a charge balancing capacity20-

21, 57. Since these first broad descriptions, little further information has been obtained about individual 

chemical sites, or the distributions of bond angles or interatomic distances present within such gels. 

Previous work involving 29Si MAS NMR analysis of the gels studied here,13 and of alkali-aluminosilicate 

gels produced from commercial precursors,17, 58 has shown that Si within N-A-S-H gels exists exclusively 

in Q4(mAl) environments where m is between 1 and 4 depending on the Al/Si ratio of the gel. In 

conjunction with this, the work presented here leads to the identification of six distinct recurring 

structural motifs which assemble to form the N-A-S-H gel (see Figure 9). 

Three of these motifs are Q4(4Al) Si units, in which the negative charge due to tetrahedrally 

coordinated Al is balanced by either: 

- Na+ ions coordinated by 3 framework (bridging) oxygen atoms and three H2O molecules; 

- Na+ ions coordinated by 4 framework oxygen atoms and two H2O molecules; or 

- extra-framework Al atoms coordinated by 6 framework oxygen atoms.  

The remaining motifs are Q4(mAl) Si units, where m = 1, 2 or 3.  



20 

The relative integrated areas of each resonance within the deconvoluted 27Al, 23Na and 17O MAS NMR 

spectra presented above, combined with previous 29Si MAS NMR analysis of these gels (reproduced in 

Appendix E, Supporting Information), indicate that both N-A-S-H gels A and B are comprised of Q4(4Al), 

Q4(3Al), Q4(2Al) and Q4(1Al) Si units charge-balanced by Na+ ions coordinated by either 3 or 4 

framework oxygen atoms (with the balance H2O molecules). A significant proportion (18 - 22%) of the 

Al3+ in tetrahedral coordination exist in a lower symmetry distribution where some of the charge 

balancing capacity is provided by extra-framework Al species. Increasing the Si/Al ratio (i.e. moving 

from the composition of gel A to gel B, Table 1) increases the number of SiIV-O--SiIV linkages due to the 

presence of Q4(mAl) Si units with m < 4. 

The N-A-S-H gel contains a significant distribution of SiIV-O--AlIV bond angles, with an average value of 

143.4º and 124.4º in the Na+ and Na+/AlEF balanced Q4(mAl) Si units, respectively, as well as a significant 

distribution in chemical shifts and quadrupolar coupling parameters; Figure 9 shows these average 

values. This variability is also consistent with the absence of long range (crystalline) order. Due to 

these variations, bonds within the N-A-S-H gel may be significantly distorted, and consequently a 

structural model cannot extend for more than a few nearest neighbor species. A schematic and a 

three-dimensional representation of a section of the gel comprised for each of the main structural 

motifs, including details of average bond angles and interatomic distances where known, are shown 

in Figure 9. 
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Figure 9: a) Schematic representation of a section of N-A-S-H gel showing charge balancing sodium, charge balancing AlEF, 

bridging oxygen charge balanced by Na+ and associated with three H2O molecules, bridging oxygen charge balanced by AlEF 

and bridging oxygen charge balanced by Na+ and associated with three H2O molecules; b) 3D representation of a polymerized 

section of the N-A-S-H gel showing each species as marked. 

 

The findings presented in this study provide a new insight into complex, highly polymerized disordered 

N-A-S-H within alkali aluminosilicate gels. Changes in the Si/Al ratio of these gels dictate the proportion 

of each chemical species, and consequently the structure gel and physical properties of the binder. 
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With knowledge of nanostructural changes induced by manipulation of reaction mixture chemistry, as 

demonstrated in this study, it becomes possible to design tailor-made alkali aluminosilicate gels with 

specific physical properties and durability under a variety of applications and environments. 

 

4. Conclusions 

17O enriched hydrous alkali aluminosilicate (N-A-S-H) gels have been produced via the reaction 

between a 17O-enriched sodium silicate solution and high-purity synthetic aluminosilicate precursor 

powders. Application of 17O, 23Na and 27Al 3QMAS NMR spectroscopy has enabled the identification 

of six key structural motifs present within N-A-S-H in alkali aluminosilicate gels of differing Si/Al ratios, 

which were combined to develop a new structural model of the N-A-S-H gel framework. 

Three of these motifs are Q4(4Al) Si units, in which the negative charge due to tetrahedrally 

coordinated Al is balanced by either Na+ ions coordinated by three framework oxygen atoms and three 

H2O molecules; Na+ ions coordinated by four framework oxygen atoms and two H2O molecules; or by 

extra-framework Al atoms coordinated by six framework oxygen atoms. The remaining motifs are 

Q4(3Al), Q4(2Al) and Q4(1Al) Si units. 

The N-A-S-H gel is comprised of Q4(4Al), Q4(3Al), Q4(2Al) and Q4(1Al) Si units charge-balanced by Na+ 

ions coordinated by either three or four framework oxygen atoms. A significant proportion (18 - 22%) 

of the Al3+ in tetrahedral coordination exist in a lower symmetry distribution, where some of the 

charge balancing capacity is provided by extra-framework Al species. This has not been previously 

observed in alkali aluminosilicate gel systems. 

The findings presented in this study, and the advanced structural description developed from these 

findings, establish a new platform of knowledge which is crucial for developing further detailed 

understanding of the molecular interactions governing phase evolution and nanostructural 

development of alkali aluminosilicate gels. This has significant implications regarding the durability of 

these materials, which will be useful for development of tailor-made alkali aluminosilicate gels with 

specific physical properties. 

 

5. Supporting Information 

Additional figures (S1-S13) as discussed in the main text. 
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