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Ahuninoticate sohrhons have been studted by *‘Al NMR to mvestigate effects of the second coordination sphere on Al 
shreldmg. The spectra show fopr dMnct peaks. 27Al chemxal shifts are compared wrth 2gSi data. An aaalogous cksifica- 
tion of the *‘Al chemical shxfts m terms of AlO4 uruts of different envrronments and different degrees of condensation is 

1. Introduction 

Preliminary results of solid-state high-resolution 
27Al NMR investigations of polycrystalline aluminates 
and aluminosilicates have been reported [ 1,2]. By 
means of 27A chemical shifts, one can distinguish be- 
tween tetrahedrally and octahedrally coordinated alu- 
mimum atoms. The wide range of chemical shifts for 
four-coordmated aluminhun from -50 ppm up to 80 
ppm indicates that in addition to the direct-neighbour 
oxygen atoms, the nucIei of the second coordination 
sphere (e.g. M or Sl) contribute to the shielding of the 
aIuminium. in order to study such effects it is useN to 
continue with liquids since the solid-state spectra of 
27Al NMR are dominantly broadened by the quadru- 
poIe interaction between the nuclear quadrupole mo- 
ment of the aluminiu m and the electric field gradient 
at the nuclear site and by the dipolar interaction. 

In aqueous solutions with four-coordinated alu- 
miniurn, only the isolated Al(OH& anion (S = 80 
ppm) and the central AlO tetrahedron of the [AlO, 
A112(OH)24 (H2O)12 ] 7+ cation (8 = 62.5 ppm) could 
be observed with 27Al NMR [3,4]. The latter AlO 
tetrahedron is linked by the comers with twelve dis- 
torted, anil in the 27Al spectra not detectable, AlO, 
octahedra. In Al metal-hydrolyzed AlC13 solutions, 
Akitt and Farthing [S] found a line at 72.6 ppm which 
could not be correlated with a knowp structure. More 

27Ai NMR lines for four-coordinated condensed aIu- 
minate anions were not observed. Possibly their con- 
centrations are too small, or with the condensation a 
line broadening could occur due to a distortion of the 
symmetry of the al uminium environment renderiug the 
detection more difficult. 

For these reasons we chose the recently descriied 
tetramethylammonium @MIA) aluminosilicate so!u- 
tions for our 27Al NMR investigations. In these soIu- 
tions aluminosilicate anions predominate as was shown 
by 29Si NMR in connection with the trimethyl&&- 
tion method [6,7] _ 

2. Experimental 

The 27Al NW2 spectra were recorded at IS.8 MHz 
on an FKS 176 NMR spectrometer using a convent& 
nal FT NMR technique. 7r/2 pulses of 5 crs were applied 
and From 1000 to 10000 FIDs of 2k data points were 
accumulated with a repetition time of 0.3 s. A sample 
tube of 10 mm diameter was rotated at 50 I-k The 
magnetic field homogeneity and stability was better 
than 0.5 ppm. l%e chemicaf shifts were determined 
relative to an external standard of an aqueous AK& 
solution. The positive sign of the sh&s denotes low- 
field shifts. 

TMA ahuninosilicate solutions of different molar 
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Table 1 
27Al chemical shifts in TMA aluminosilicate solutions 

Molar ratio 
N:Si:Al@ 

1.s : 0.0 : 1 
1‘8 : 0.33 : 1 
2.0 : 0.6 : 1 
2.4: 1.0 : 1 
3.0 : 1.67 : 1 
3.8 : 2.3 : 1 
4.5 : 3.0 : 1 

cAl 
(MI 

_“._ 

0.8 
0.13 
0.093 
0.063 
0.042 
0.031 
0.023 

Chemical shift 
(ppm from A~(HzO),~> 

19.5 
79.0 70.0 64.8 
79.5 74.3 695 65.0 
78.3 69.5 64.8 
77.6 695 65.0 
77.1 69.5 65.0 
77.5 69.2 64.8 

a) N = N(CW&OI$ Si = SiO2, and Al = qA1203. 

Si/Al ratios and the pure TMA aluminate solution, 
which was used for the preparation of the aluminosili- 
cate solutions, were studied. The aluminium concentra- 
tions were 0.02-0.8 M. Table 1 contains the contents 
of the solutions. Detailed info~ation about the prepa- 
ration and characterization of the solutions is given in 
ref. [6]. 

3. Results 

In these TMA alu~o~icate solutions, for the first 
time additional separated 27Al NMR lines could be ob- 
served in the range between 64 and 80 ppm. The chem- 
ical shifts are given in table 1. In fig. 1 a few represen- 
tative 27Al NMR spectra of the TMA aluminosilicate 
solutions of different SitAl ratios are shown together 

IzIg, I. z7Al NMR spectra of TMA aluminate solution (Si/Al 
- 0.0) and TMA uiuminosikate solutions of different Si/Al 
ratios. The un~or~~~ arw of the spectra do not reflect 
the Al content. 

with that of the TMA aluminate solution. Apart from 
the line at 79.5 ppm caused by the TMA aluminate 
anions independent of the S/Al ratio, all spectra of 
aluminosilicate solutions show two additional peaks at 
64.8 and 69.5 ppm. In the spectrum of the solution 
with Si/Al = 0.6 even a third weak separate peak at 
74.5 ppm occurs. Due to an overlapping of the reso- 
nance lines, this peak could not be separated in the 
spectra of solutions with higher %/Al ratios. Connected 
with this overlapping, the rn~~urn of the peak of the 
TMA aluminate anions is gradually high-field shifted 
up to 2 ppm with ~crea~g Si/Al ratios. In TMA alu- 
minor&ate solutions of higher concentration the reso- 
lution of the z7Al spectra was reduced because of 
broadening of the lines. 

4. Discussion 

Comparing the intensities of the resonance lines in 
fig. 1, it can be seen that with increasing Si/Al ratio the 
number of the more shielded AI atoms increases. The 
increase of the shielding has to be attributed to a con- 
den~tion of the AlO tetrahedra or to the fo~~on 
of IAl-O-S@ bonds. Such conclusions have been 
confumed with numerous studies using *%i NMR 
both in silicates and in ahtminosilicates and in approp 
Gate solutions [6-g]. 

To ihustrate the chemical and electronic relation- 
ship between the aluminium and silicon nuclei, in fig. 
2 the range of the isotropic shifts of the 2gSi NMR in 
silicates and aluminosilicates 19 ] is shown in compar- 
ison to that of the 27A1 NMR in aluminates. [I.] and 
aluminosilicates [2,1O,I 13. This relationship is of in- 
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Fig. 2. Comparison of 2gSi and 27AI Isotropic chemical shifts 
In silioates, aunt and bastes. 

terest for the interpretation of the 27Al spectra. In fig. 
2 the 27Al NMR scale is shifted in such a manner that 
the Me4Si standard of the 2%ii NMR (S = 0 ppm) is 
aligned with the analogous ahm&ium compound 
AizMee (S = 156 ppm [12]). 

The difference of the chemical shifts between 
octahedrally coordinated silicon atoms (thaumasite 6 
= -180 ppm [13])and tetrahedrally coordinated sib- 
con atoms can mount to 115 ppm while the differ- 
ence between six- and four~r~~d upturn 
atoms comes only to m80 ppm. The ranges of the 
chemical shifts for tetr~ed~y coord~a~d s&on 
and gurney show a similar behaviour with 50 ppm 
and 30 ppm respectively. 

According to Enge~rdt et al. [8] the total range 
of 2%i chemical shifts in solid silicates as well as in 
sohrtions of silicie acids can be subdivided into five 
well separated ranges, These are attributed to non- 
equivalent Si04 tetrahedra Q0--Q%vhich are attached 
to a different number of other silicon-oxygen tetra- 
hedra, the superscript denoting the number of bridg- 
ing oxygen atoms of the SiO4 tetrahedron, e.g. Q” 
for isolated tetrahedra, Q* for chain end groups, Q2 
for middle groups in &a&s or rings, etc. The ~~~g 
of the Si atom increases with its number of bridging 
oxygen atoms from Q” to Q4 as illustrated in fig. 2, 

In solid aluminosikates additional paramagnetic 
29S1 shifts appear which allow us to disUnguish in Q3 
or Q4 umts whether Al or SI atoms are arranged in the 
second coordination sphere of the SiO4 tetrahedron 
under study. The ~b~tuti~ of one n~bou~g 
silic0n a&m. by aluminium effects a low4ield,shift of 
the %i res0muice of m5 ppm 191. Dependent on the 

number of neighbouring Al atoms, the ranges of dif- 
ferentQunitscanuvttrIapwhidteendersad&ned 
correlation of the peaks to structural groups more 
dif&tdt, 

Theresultsofthe27AlNMRcanbed&cus&fn~e 
same way if the con&t of @-Q’t is applied to the 
MO.4 tetrahedra: with increasIng member of bridging 
oxygen atoms at the aluminium, an increase of the 
shielding is expected. This is supported by 27Al NMR 
studies of aluminate solutions with monomeric AI( 
anions (Qo) which provide lines in the region of weak- 
est shielding for AlO4 tetrahedra at 80 ppm while the 
rangeof27AlshXtsforAlatomsofthe~typein 
pure ahrminium-oxygen compounds extends up to 
62.5 ppm in the case of the central Ai04 tetrahedron 
of the A43040 cation [3] (see fig. 2). 

Resides the shift of the 27Al resonance due to a dif- 
ferent degree of condensation of the AlO, tetrahedra, 
likewise in aluminosilieatesan influence of the substitu- 
tion of neighbouring Al atoms by si atoms must be ex- 
pected. In that manner, as the formation of 
%I-O-Alf bridges by substitution of nsighbouring Si 
atoms by Al atoms causes a decrease of the shielding of 
the silicon under study, so with ZAI-O-Alz bridges 
an incorporation of Si atoms has to correspond to an 
increase of the shielding of the Al nucleus. This can be 
understood la terms of the ~ferent eiec~one~Uvities 
of the ~bsUtuted AI and Si atoms which affect the 
character of the Si-0 and Al-O bonds of the 
SSi-O-A& bridges in contrary ways, These considera- 
tions are confirmed experimentshy by the 27A1 chemi- 
Cal shifts of ahrmmosUicategIassesses (g = 51-57 ppm 
[ lo,1 11) and zeolites (6 P 53-59 ppm [2]) which con- 
tain AlO tetrahedra of the Q4 type surrounded by 
four silicon-oxygen tetrahedra. As shown in fig. 2, the 
range of chemical shrfts of these groups is markedly 
shifted upwards compared with that of aluminates. 

The degree of condensation of the silicon-oxygen 
and ~u~urn~x~n tetrahedra and the nwber of 
ZSi-O-A& bridges affect the z7Ai and 29Si shifts in 
a different way. In Bsi NMR they act in contrary die 
rections, whde in 27 Al NMR both effects add and lead 
to ~-f~ld shifts, 

As concerns our system of TN4 ~~0~~~ 
sahrtions, without additional information it is nut pw- 
sible to dads be&&err the fluent of the two 
effects on the observed 27Al shifts Theoretfcelly fif* 
teen different burn structural units Q”(Mi) with 
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Table 2 
interpretatron of the observed four resonance hnzs of the TMA alununosllicate solutions 

27Al chermcal 
shrft @pm) 

stnlctural unit 

Q” Isolated Al04 tetrahedron 

Q’ (1.51) chain end groups fSI-O-A& 

695 Q2(2S12 mddle groups of 
chains or rings 

=_s*-o-a-o-se 
I 

64.2 Q3(3Si) cham branchmg stes 

eventually different 27Al tits are imaginable. The in- 
dex n denotes the number of bridging oxygen atoms 
of the Al04 tetrahedron as mentioned above wMe M 
(m = O-n) characterizes the number of directly neigh- 
boured SiO4 tetrahedra. 

The existence of anions w~tb SSi-O-Al5 bridges 
was previously proved in such solutions [6,7]. In alkah 
aluminate solutions monomeric Al(OH); anions pre- 
dominate. Only in very concentrated solutrons IR spec- 
troscopic hints at minor quantities of dimeric aluminate 
anions are found [ 141. Comparing the 27 Al spectra of 
a&all alumina te and TMA aluminate solutions. a sim- 

liar situation is supposed. It seems unlikely that under 
the conditions of the preparation of the alummosilicate 
solutions by adding TTHA sdicate solutions to tiuted 
TMA aluminate solutions, ad&tional ZM-O-A& 
bonds should originate particularly as drlute solutions 
were used. 

These facts suggest applymg the Loewenstein rule 
[IS] to our TMA alummosihcate solutrons. According 
to this rule in solid alununosilicates the existence of 
~3U-0-Al~ bonds 1s excluded. In crystalline TMA 
aluminosilicates the validity of the rule could be con- 
fh-med [7]. 

The exclusion of GAl-O-Al5 bonds dnninishes the 
number of possrble structural umts of the aluminium 
to five combinations Q”(nSi) with n = 04 which rep- 
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resent AlO tetrahedra wrth only *-O-Sir 
bridges. Q4(4Si) units have to be excluded because of 
experimental evidence. As discussed above these groups 
cause 27Al shifts in the range of %55 ppm and the 

TMA aluminosrkate solutions show no signal in that 
region. 

Including the resonance line of the TMA alununate 
solution at 79.5 ppm wluch can be attributed unambi- 
guously to isolated AlO tetrahedra, the interpretation 
of the observed four resonance lines of the TMA alu- 
minosihcate solutions is grven in table 2. 

In concentrated TMA almninosihcate solutions 
mainly double four-ring anions are assumed which are 
built up by Q3 units [5]. With increasmg dilution how- 

ever this anion decomposes into low-molecular weight 
fragments. To what extent the observed Q3 groups in 
our dilute TTMA aluminosilicate solutions come from 
the remaining double four-ring anions or from fiag- 
ments of the decomposed species cannot be decided at 
present. 

This study provides further evidence for the exis- 
tence of >Al-O-Sic bonds in the system of TMA alu- 
minosilicate solutions. Moreover it represents a first 
step to systematize the 27Al NMR shifts in ahrmhtosil- 
icates as has succesfully been done for the 2gSi NMR 
shifts. Further investigations by solid-state high-resohr- 
tion 27Al NMR in defmed crystalline ahuninosilicates 
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should confii the correlations and complete the sys- 
tern of 27Al shifts of AH& tetrahedra. 
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