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ABSTRACT

Valuableingghtsinto Q(mAl) complexescan be achieved whenthe NMR
results are combined with the calculated data. *Si NMR chemical shift
calculation has been used to investigate the Q" local structures about the
Si in a series of aluminosilicate solutions. By using the gauge-including
atomic orbital method at the self-consistent-field and Hartree-Fock theory
levels, the ab-initio calculations of the 2SI NMR chemical shiftsfor non
cyclic or chainform oligomers of Q" units of aluminosilicate specieshave
been performed. The GIAO-HF-SCF cal cul ations were carried out using,
threedifferent basissets: 6-31G**6-31+G** and 6-311+G(2d,p). Thisdata
convincingly shows the right sequence of aluminosilicate anions through
the different structures Q"-g* connectivity. The results, especialy with 6-
31+G** and 6-311+G(2d,p), with afew exceptionsare satisfactory. Theo-
retical calculations of NMR spectroscopic properties can be very helpful
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and can provide the missing information.
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INTRODUCTION

Inthelast three decades, techniqueshave been de-
vel oped which prove NM R spectroscopy to be apow-
erful method for solution and solid samples. TheNMR
chemicd shift, 5, most beubiquitous parameter, alows
for distinguishingmagneticaly inequivdent nucle ina
molecule. Beyond di stingui shing onenucleusfrom an-
other, infact it can reveal information regarding the
chemical surroundingsof anucleus. Inliquid, or gas,
themoleculesarefregly tumbling so onedoesobserve
an average chemicadl shift (isotropic chemical shift),
Regard tothe zeolitesthirteen activeNMR nucle have
been utilizedin obtaininginformation on structura fea:
tures of zeolites. Themost directly relevant nucleusin
zeolitestudies hasbeen ®Si and #’Al, though other nu-
clei including *H, ¥*C, #Na, YO, *°Xe, 2H, "Li, 'B,

BN, 9F, and Tl may also provide framework or
structurd information about the zeolite. Because of the
NMR chemical shifts, nowadays, the NMR spectros-
copy becomesapowerful tool inchemistry. Thereare
alot of experimentally NMR chemical shift databut
theoretica studieswith specia emphasisontheaspects
relevant to thezeolitesare till poor.

In principle, NM R spectroscopy isuniquely capable
of detecting and characterising Al and ®Si centresin
aqueous solutions, but itsapplicationishindered by the
low solubility of aluminosilicate under many circum-
stances, the quadrupl e effect of Al and the exchange
process. They consist of 2-12 SiO, unitsand include
chains, rings, and cages. The peak of the monomeric
slicateanions, Q°, appearsat the high-frequency side
of the spectrum followed in aregular sequence by the
Q! to Q* units shifted by about 10 ppm to low fre-
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guency for each newly formed S-O-Si bond, but inthe
caseof g-unitssubgtitution the®Si resonanceisshifted
by only ca. 5 ppmto lower frequency, e.g. fromq°to
g*+9. Thesefivewell-separated subdevission for five
possible Qn building units*4 and thedifferencein chemi-
cal shiftsinthe caseof g substitution aswell ashave
been examined by the theoretica methods.

Thecaculated ®S isotropic chemica shifts( ppm)
of thechainform silicate have been employed for in-
vestigation of theeffect of ¢ unit (auminateion) substi-
tutionintheslicatesolution. S NMR shiftshaved so
been used to characterize the structure of aluminosili-
cateanions. Thistask in experimental work iscompli-
cated by thefact that Sl peaksfrom auminosilicates
speciesare much broader than thosefor purely silicate
speciesand by the absence of many well-defined alu-
minosilicate structuresto base peak assgnments. Asa
consequence, only afragmentary pictureof theinterac-
tionsof duminateand slicateanionshavebeen achieved
thusfar. Hencearangeof S chemica shiftsfor each
Q' (mAl) unitsinaduminosilicateshavebeen obtainedin
experiment, for example seefigure 2 for theq* species.
Furthermore, the purpose of thisstudy is cal cul ation
25 chemicd shiftsin different Q™-qt connectivity and
istoinvestigatefor the silicate monomer the depen-
denceof the®Si NMR chemical shift ontheAl substi-
tution and comparing the dataof Q"*S chemical shifts
of thedlicatetotheauminoslicate.

Notation and methods

Tosmplifywritingthevariousslicateand dumino-
silicate speciesthat can occur in solution, an abbrevi-
ated notati on (presentation) hasbeen utilized to describe
thestructures. Theuseof “Q-units” wasfirst proposed
by Engelhardt et a.[#% and they have been used by
most investigatorsinlatter studies. Inthisnotation, Q
representsasilicon atom bonded to four oxygen atoms
forming atetrahedron[(S(OH),], and nin Q" unitsin-
dicatesthenumber of sloxanebridgestoagivenslicon
centre. With thisnotation the extent of ionisationisig-
nored; therefore, thefull structure correspondingto a
given abbreviated notation may be either completely
ionised or entirely asthe protonated form, or at any
stage in between. Thus, Q° denotes the monomeric
orthosilicateanion SIO,* or Si(OH), , Q" end-groups,
Q@ middlegroupsin chainsor cycles, Q® chain-branch-
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ingsitesand Q* three-dimensonaly cross-inked groups.
For example, thelinear trinuclear Silicate specieswould
berepresented as.

OH OH OH

OH OH OH
R I
N
[0O—S—0—Si—0-Si—0]
/[ )/
o o} o)

For duminos licate solutionsas milar notation can
beintroduced to dedl with speciescontainingauminium
aswell assilicon. Thenotation dedingwiththesilicate
stesisthesameasabove (i.e. asfor silicate solutions).
Theonly differenceisin the way the number of alu-
minium atomsinvolvedinthespeciesinquestionisindi-
cated. For instance, the prismatic hexamer with one
auminium will bedenoted as Q° (1Al), and the cubic
octamer with two aluminium siteswill be shown as
Q%(2Al). For individual silicon sitesthe number of
bridgestoduminiumissmilarly indicated, eg. Q4(1Al),
Q3*(2Al) etc. Inthecaseof individua aluminium sites,
thenotationissimilar tothat for silicon. An auminium
steisindicated as*“‘q”(rather than Qfor theslicon Sites).
For such asite, linkageto onesiloxane bridgeisde-
noted g*. Inthesameway, if it linksto 2, 3and 4 silox-
anebridgesitisindicated asg?, g and g respectively.
If aluminium has no siloxane bridge, asfor the alumi-
nateanion, AlQ,”, itisrepresented as . Therefore o,
g ¢? ¢® and g* are Al(00S)), Al(10Si), Al(20S)),
Al(30Si) and Al(40Si) respectively. Under
Lowenstein’srule, itisunnecessary tointroduce ano-
tation for auminium siteswith duminoxy bridges. Ac-
cordingto Lowenstein’sruleAl-O-Al Bridgeisforbid-
deninaduminosicate species. For thedetal definition
of the notation of the species seethereferences®*l.

Thenotation Q"for slliconinslicate solutions, and
g" for duminiuminauminosilicatesolutions, iswell es-
tablished and will thereforebe used throughout thiswork.
It should be remembered that the ®Si signal for each
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TABLE 1: Dataof calculated and experimental valuesof S
chemical shifts[d (ppm)] and absolute deviationsor errors
for Q" unitsof aluminosilicate species, which obtained with
threebasissets6-311+G(2d, p), 6-31+G** and 6-31G**

M ethods
A% HFe HFI6 Expri-
31G**  31+G**  ment?
(2d,|p) | |

SpeCieS n 5ca|.' 5ca|.' ﬁcal.' *
no. Q 'scal. 8exp.| '8cal. 8exp.| '8cal. 8@@_' 'sexp.
1 Q737 24 642 71 670 43 713
2 Q' 878 80 745 53 762 36 798
Q' 878 80 745 53 762 36 798

3 Q'726 24 621 129 661 89 750
Q' 875 92 745 53 761 32 793

4 Q'881 88 754 53 777 16 793
Q°101.2 130 850 32 875 0.7 882

Q' 8.8 65 719 74 750 43 793
Q°879 29 751 99 781 69 850

Q° 815 15 703 9.7 732 68 800

Q' 874 82 743 49 761 31 792

7 Q' 875 83 745 47 764 28 792
Q'81 89 756 36 780 12 79.2
Q*1104 * 964 ** 100.1 ** 95101

Q' 856 64 731 61 756 36 79.2

8 Q'83 71 735 57 759 33 792
Q® 988 38 826 124 868 82 950

9 Q' 875 83 740 52 764 28 792
Q® 947 47 799 101 837 63 90.0

10 Q894 44 777 73 791 59 850
Q' 856 64 741 51 766 26 792

Q' 858 66 741 51 766 26 792

11 Q' 877 85 741 51 768 24 792
Q' 878 86 752 40 772 20 792
Q*125.2 * 104.2 ** 1086 ** 103-120

Q' 866 7.4 745 47 763 29 792

19 Q' 880 88 751 41 776 16 792
Q' 882 90 756 36 772 20 792
Q'1142 * 949 ** 99.0 ** 95105

Q' 833 41 755 37 758 34 792

13 Q'867 75 740 52 758 34 792
Q*1029 * 859 * 900 *  92-99

14 Q' 846 54 712 80 734 58 792
Q*99.7 * 842 * 889 ** 889

15 Q*976 * 821 * 858 ** 8387

*Out of the experimental range; **In the range of experimen-
tal values; (a) All experimental values taken from references 3-

6, 14
Q-unitisshifted by ca 10ppmtolower frequency when
thenumber of siloxanebridgesisincreased by one, but
inthecaseof g-units(i.e. duminium stes) the?’Al reso-
nanceisshifted by only ca. Sppmto lower frequency,
e.g. fromq°to g9,

The®Si isotropic chemical shift (6 ppm) calcula-
tionstothechainformslicatesolutionsfor investigation

Figure 1. Non cyclicor chain formsilicateand aluminosili-
catespeciesthat havebeen investigated. Each liner epresents
aSi-0O-Si or Si-O-Al linkage

Presen- . Presen- .
tation Species number tation Species number
1 1
o L
1 Q 2 Q(0Al)
3 l_ ll 4 Ql_ QZ_ ?l
Q—Q—Q qg—Q—q
> Qaan ° Q(2Al)
. Ql_Qi—Ql g Ql—Qi_Ql
Q" Q¥%o0Al) Q' Q¥(1Al)
g @ ¢ 10 Ql_Qi_Ql
Qt Q3(2Al) Q' Q%3Al)
Q! Q*
u 1—Q4/—Q1 12 1— 4/— !
Q QI—Q —Q
\ 1 4 \ 1 4
Q- Q*(0Al) Q" Q(1Al)
Q* q*
/ /
13 g—Q*—¢q* 14 g—Q'—d
\ 1 4 \ 1 4
Q" Q*(2Al) Q" Q*3Al)
1
/Q
15 g—Q'—qQ!
\ 1 4
Q" Q%4Al)

of theeffect of g unit(@duminateion) substitutioninthe
silicate solution have been employed. Aswell, inthe
present study, ®Si NMR chemical shift caculation has
beenusedtoinvestigatethe Q" loca structuresabout the
Siinaseriesof aluminosilicateand aswell assilicate
species. Thisconvincingly showsthedifferent chemica
shiftindifferent Q-g*connectivity(see TABLE 1).
Hartree-Fock self-consistent-field(HF-SCF)
theory and the gauge-including atomic orbital (GIAO)
methods have emerged in recent yearsasapromising
dternativeto conventional ab-initio methodsin quan-
tum chemistry. Nowadays, ca culaionsof NMR(nucdlear
magneti c resonance) chemical shielding constantsare
familiar with thetheoretical chemist. Most of the cur-
rent available quantum chemica methodsfor ca culat-
ing NMR chemical shifts are based on the Hartree-
Fock self-congstent-field (HF-SCF) gpproximation and
the gauge-including atomic orbital (GIA O) methods
[10-131 'Hartree-Fock cal cul ations of magnetic proper-
tiesaredifficult for small molecules, today to be carried
out routinely for large systems. Recently someworkers
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have reported ab-initio calculations of 2Si NMR
chemicd shiftsfor variousslicatepecieswhich arepre-
cursorsfor (*3

Based on the reasons pointed out in previous pa-
per® the HF level theory is chosen for our calcula-
tions. Owingtotheincreasing availability of ab-initio
programsfor the cal cul ation of nuclear shielding, the
ab-initioliteratureon shielding of larger systemsisin-
creasing rapidly. Most of these cal culationshave been
restricted tothe Hartree-Fock levd. Inthiswork, the
GIAO-SCF method applied using gaussian software
for caculations of the®S NMR chemicd shiftsfor Q"
unitsof 15 compoundswithvariouschainformsaumi-
nosilicate speciesof figure 1.

In order to comparethe predicted valueswith ex-
perimental results, weal so need to compute the abso-
|uteshidding vauefor theTM S, using exactly thesame
model (level of theory, basis set, and method of geom-
etry optimization). To obtain the predicted shift for the
sliconatomsin species, wesubtract its absolute val ue
fromthat of the reference molecule. Onacomparative
basis, therel ative shiel ding constant Ac, isdefined as
8><:(_y(reference)_-Gx(spe(;ies) Where G(TMS) and G><(spe<:ies) ae I SO-
tropic chemicd shielding congtant, o, of referenceand
nucleus x respectively. GIAO isotropic S chemical
shiftsfor slicateand duminoslicatearegiveninTABLE
1 for the 15 moleculesin study.

RESULTSAND DISCUSSION

Corresponding cal culated °S NMR shift investi-
gationsof dluminosilicates, asthe sameastheresults
for Q"unit shiftsof silicate solutiond*® haveshown that
poss bleinfluencesin obtaining accurate chemicd shifts
are: thebasis st effects, thetheory levels, optimization
effects, thedegree of condensation of silicate species
and aswel| the substitution duminateto silicate species
and the effect of atomsin the second co-ordination
sphere, bond distances and angles, and the degree of
condensation of thetetrahedra groupsunder consider-
ation*>"1, The theory levelsHF and DFT(B3PW91
and B3LY P) dependence of 2Si chemical shifts, in Q*
unitsof speciesin silicate solutions have been deter-
mined in our previouswork!*¥, It hasbeen shownthat,
the accuracy for the HF by asame basis set will pro-
ducelesserror thanthe DFT levels, and or theHF level
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Figure2: Rangeof #Si chemical shiftsof Q*(mAl) units
inaluminosilicates (reprinted fromreference 4)

of predicted ®Si chemical siftsare much closer to ex-
periment than both at theB3LY Pand B3PW9L level of
theory, aswel B3PW9L1 providesasgnificantimprove-
ment over B3LY Pleved. Hence, HF level ischosen for
the present investigations. According to this, the S
isotropic chemicd shifts (5ppm) have been calculated
for thevariousdlicateand duminosilicate speciesinfig-
ure 1 by usingthe HF with thethree bas ssets6-31G**,
6-31+G** and 6-311+G(2d, p). The calculated *Si
chemical shiftsfor the Q* to Q* linked to the g alumi-
nateunitsof 15 different moleculesinfigure 1, summa
rized in TABLE 1 together with the available experi-
mental gas phase data®%'¥. The GIAQ isotropic 2Si
chemica shiftsarerelativeto TM S, whichthenormal
standard is used asthe referencefor ¥Si. Aswe can
seethetwo later basis sets provide asignificant im-
provement over the HF/6-31G* * in predictingthe®Si
chemical shiftsin speciesstudied here. Theresultsfor
S isotropicchemicd shiftsat theHF/6-31+G** leve
aresufficiently accurateto aidin experimenta peak as-
sgnments,

Asthesameresultsastheexperimental S NMR
chemica shiftsof silicateandslicicacidi?®, thecacu-
lated values of Q°, appearsat the high-frequency fol-
lowedinaregular sequenceby the Q' to Q* unitsshifted
by about 10ppm to low frequency for each newly
formed Si-O-Si bond (see TABLE 1 for the species
no.. 2, 4, 7 and 11), but in the case of Al-O-Si i.e.
auminium atomsubgtitution, therearemoresubtlestruc-
turd influencesonthe S shidding.

The replacement of one or more Si atoms by Al
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a*"(2Al}

Q*(3Al)

as(1Al)

Q*(4AL)

-80. -90 -100 -110
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Figure3: S NM R spectrum of thewhole set of Q*(mAl)
peaks(reproduced fromrefs.4)

atomsin the outer coordination sphere of aQ" unit re-
sultsinsgnificant low-field shifts(i.e. lessnegative d
vaues) asthesameasexperiment. Ingeneral, each sub-
stitution SIOS — SIOAI bringsabout adeshielding of
ca. 5ppm for the centrd silicon atom® seefigure 3and
theca culated datain TABLE 1. Asshownin TABLE
1, those sequences can readily be seen in the cal cu-
lated ®Si NM R, especidly from the cal culated data of
6-31+G** basisset. Characteristic shift rangesof the
fiveQ*(mAl)[i.e. S(OS),  (OAI) ] unitsinframework
silicates have been established from alarge body of
shift datameasuredin varioustypesof zeoliticand non-
zeolitic aluminosilicates(seefigure 3). Thedifferent
Q(mAl) shift rangespartly overlap areshowninfigure
2. GEnggel hardt and coworkers“ by using some spe-
cid conditioninexperimenta work, havefoundthedis-
tinct typesof Q*(mAl) structural units, which haveas-
signed by the®Si NMR spectrum and those shiftsin
assignmentswell confirmed by the cal culated datasee
figure2 andthedatain TABLE 1. Asweknow withthe
exception of that for Q* units, the Q3(mAl), Q*(mAl)
and Q*(mAl) unitsinthetetrahedra sheet of chainform
slicatesinexperiment overlgp sgnificantly andwecan-
not have agod resolution such asthe Q*(mAl) struc-
tural units, but by the calculation methodinasimilar
way, the @*(mAl), Q(mAl) and Q*(mAl) unitsinthe
tetrahedra sheet of chainform silicatescan be studied
for examplethechemica shifts Q? of the speciesnum-
bers 4,5, and 6 or aswell as Q® of species numbers
7,8,9and 10 (seefigureland TABLE 1) .

Clearly, a detailed knowledge of the calculated
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chemicd shiftsof thevariousQ'(mAl) structurad groups
can providesan important basisfor obtaining further
information ontheduminosilicate structure, especidly
onsilicon, aluminium ordering of theframework. The
theoretical valuesderived onthebasisof thethreemeth-
odsexhibit right sequence of thedifferentlinesinall
cases. The calculated changesfor the Q"(mAl) com-
plexesin comparison with thefreea uminium Q"mol-
eculesaremoresignificant in chemica shift vaue. For
thiscomplex thetotd region of ca culated shiftsagrees
well with theexperimenta results. Thecdculationsdif-
fer especially with respect tothevarioussilicones. The
theoretica vauesareinfar agreement with experimen-
tal °Si NMR shifts(see TABLE 1).

By closer look at the datain TABLE 1 and the
speciesinfigurel, thefollowing resultsalso could be
obtained:

Firstly, thereare, beyond theimmediateAl co-or-
dination with oxygen atoms, moresubtlestructurd in-
fluencesontheS shielding. Inparticular, inadditionto
thedirectly-bonded oxygen atoms, theAl contributeto
thedeshielding of the S and themolecular symmetryis
affected asthe same as experimental work. In substitu-
tion: oneor moresilicon may replacewith duminium,
which canleadin principleto g with any valueof n
(eg. 1).

Q°+Q™-(Q),~»d™-(Q),+Q° @

Structurd variationinthesloxaneskdetonwill have
amarked influence upon the chemica environment of
thesilicon nuclei inthe structure, and thiswill bere-
flected to the®S NMR chemicd shiftin experimental
and aswell asin caculated values.

Anyway, it might be because of the quadruple ef-
fects, molecular asymmetric and line broadening and
the other effects, dueto the effect of theAl atoms, it
hindered and we could not seefor examplethese dif-
ferencesineach siteof Q*, Q? and Q° chemical shiftsin
spectrum, for exampleadl of Q' indifferent speciesob-
served at the ca. 79. 2 ppm, but these effects arere-
flected inthethree setsof calculated datafor thediffer-
ent aluminosilicatespecies(see TABLE 1). Webdlieve
withintheseeffects Q' chemica shiftsmust bediffered
both within and between the different species(see Q*
vauesof different speciesin TABLE 1). For showing
the effect of aluminate substitution, it could be com-
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TABLE 2: Satistical datafor #Si chemical shiftscalculated
at thethreebasissetsand thesamelevel of theory HF, which
obtained fromthedataof TABLE 1

M ethods

Statistical HF/6-311+G HF/6- HF/6-

measur es (2d, p) 31+G** 31G**
Minimum error 24 1.2 3.6
Maximum error 9.2 8.9 12.9
Mean absolute 7.4 3.2 55
error
Standard
deviation 7.8 3.7 5.9
RMS error 7.6 3.6 58

pared the®Si chemica shiftsof Q"in between species,
for examplespeciesnos. 2to 3for Q*unit,4to5, 6for
Q?and 7to 8-10for Q3 unitsand 11 to 12-15for the
Q*units. Comparing the experimenta dataof samples
except of the species no.3 and 5 on which the
deshielding effect of duminateisobvious, inthe other
casesthedeshilding effects except in someinstanceis
not quite clear in experiment, but intheall calculated
chemical shiftsthese deshielding effectsarequiet clear.
Inaddition, it hasbeen shown from #Al NMR spectra
of aluminosilicatesthat replacement of Al with S inthe
second co-ordination sphere of Si Site causes, in gen-
erd, alow-frequency shift of about Sppm{™, comparing
tothevaueof ca. 10 ppmfor Si. Thedeshilding effect
in some extent isalso obviousfor examplefor the Q!
unitswithin species, for example Q' in speciesnumbers
8, 12and 13. Thiseffectiswdl establishedinthiswork.
Asdiscussed above, therearevariety specieswhich
arelinked to the Q' unit and affected the Q* shifts, and
the NMR could not detect thiseffects separately, and
they might be appearingin onesite, perhapstheNMR
machine detected them at averagein other word within
the above mentioned reasons made some unexpected
experimentd data, for examplefor theQ chemica shifts
whicharelistedin TABLE 1. Thereforeinsuch asitua-
tion, theoretical cal culations of spectroscopic proper-
tiescan be very helpful and from the cal culated data
could be obtained somemissing information
Fromthedataof TABLE 1 weemphasizedthatin
additiontothebas ssetsand theory level stheaccuracy
also dependson Q"unitsi.e. inthe same condition the
accuracy will changefromthe Q@ tothe Q* unitsaswell
to the size of species, though in someextent, thereis
dternative gpproach. For exampleinonelevd of theory
and basis set might be the best result for the Q° unit

—= Fyll Poper

approached but it might be not yiel ded for the some of
the Q' units, for better understanding on the effect of
basssetincalculationsof chemica shiftsthedtatistical
data of TABLE 1 has been calculated and shownin
TABLE 2. Regarding the statistical data, only the 6-
31+G** basisset givesresultswith RM Sand standard
deviation lessthan ca. 4 for al investigated molecul es.
However, for the reasons pointed out above, it would
bedifficult to decidewhich approach yields better re-
aultsinthewhole Q" unit rangesin different speciesat
least for theused condition.

CONCLUSION

The?Si NMR cadl culationscan provide structural
information about theenvironment of Si nucle for au-
minosilicatesthrough using the dataof both ca culated
andtheexperimenta chemicd shift. Asthesameasex-
perimentd vauesfive separated subdivisonshavebeen
found which correspond to thefive possible Q" build-
ing units, followed in aregular sequence by the Q* to
Q* unitsshifted by about 10 ppm to high field for each
newly formed SIOSi bond. SubstitutionsAl to the Q"
apparently cause some deshielding compared with Q*
tothe Q" linkagesmilar totheexperimenta vaues. The
resultsof S Q' chemica shift calculaionswiththe 6-
31G**, 6-31+G** and 6-311+G(2d, p) basis sets
specialy 6-31+G** basis set arein reasonable agree-
ment with theexperimenta values. All of theresultsfor
the®Si isotropic chemical shiftsat the HF/6-31+G**
leve arereasonableaccurateto aidin experimentd pesk
assgnments. S chemicd shiftsfor duminosilicate pe-
ciesareshown in TABLE 1 sightsinto the Q"(mAl)
complexes can beachieved whentheNMR resultsare
combined with thecal culated data. M oreover, in many
cases calculated NMR data can be hel pful in proving
or disproving distinct structura festuresof Q" unitsde-
duced from studies by experimenta methods.
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