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Summary

Ab initio calculations are performed on pre-nucleation species. We demonstrate a method incorporating a description of solvent which accurately reproduce experimental data and allows further critical interpretation of this data. We consider in particular the role of hydrogen bonds and charge in modifying chemical shifts.
Introduction

As the synthesis of zeolites involves crystal growth from a solution or gel phase the nature and relative concentrations of species present in the pre-nucleation phase is of undoubted importance in determining the material formed. Many of the species have been identified particularly using NMR and mass spectrometry. Many more have also been postulated without being positively identified in these studies. Indeed, there are a number of factors which make exact characterisation difficult, not least of which is the lack of knowledge about the precise charge state of silica clusters present in these solutions and the simultaneously presence of many species.

Solvent effects on NMR shifts are well known and have been investigated to some extent on nitrogen shielding constants1-3. However, previous ab initio studies of chemical shifts in small silica species have ignored solvent effects4. Here, a method will be presented by which the solvent can be included implicitly in shift calculations and the results compared critically with experiment, allowing us to confirm the accuracy of our method but also to provide additional confirmation (and to the contrary) of experimental assignments.

Method

The structure of small silicate species has been determined using Density Functional Theory (DFT) methods with implicit inclusion of solvent effects using the integral equation formalism of the polarizable continuum method (IEF-PCM), and 29Si NMR chemical shifts were calculated using the Gauge Including Atomic Orbitals (GIAO) method also using the IEF-PCM. The shifts (Table 1) of the monomer, dimer, cyclic trimer, cyclic tetramer, double-3-ring, double-4-ring, double-6-ring and prismic tetramer were all calculated at full protonation with respect to the standard TMS reference species. In addition to this assignments of four more possible structures proposed by 29Si NMR2, with more than one distinct NMR centre are evaluated as are varying levels of deprotonation.
Results and Discussion

The computed shift are generally in very good agreement with experiment, with typically and error down frequency of from experimental values of 1-4 ppm. However, there are notable exceptions: the dimer, 4-ring, fused-4-ring and prismic tetramer. In the case of the former three species we explain the discrepancy as being due to an over-emphasis of internal hydrogen bonding due to the lack of specific solvent-solute interactions within the PCM model. We shall demonstrate this through the inclusion of limited numbers of explicit solvent molecules. Specifically, Car-Parrinello molecular dynamics simulations with explicit water molecules have been performed using the Quickstep code6 on the dimer species and have revealed a relaxing of the internal hydrogen bonds and a change in shift to a better agreement with the general trend, see Figure 1.
However, the prismic tetramer contains no such internal hydrogen bonds and thus we suggest that the assignment is incorrect. Indeed, we note the original assignment was only tentative5 and had been questioned previously4. 

Shifts of a number of other species, which have been previously postulated but not assigned in NMR experiments, are calculated to ensure their consideration in future NMR assignments.

Previous computational studies on the formation of small species in solution have highlighted the importance of charge state in determining whether a silica oligmer cyclizes or continues chain growth with the prediction that higher pH results in longer chains7. Experimental studies of the effects of pH on 29Si NMR shifts have also been performed7 and show that over a pH range of 12.9 -13.6 29Si NMR of the monomer, dimer and cyclic species moved up-frequency, whilst the 29Si NMR of the cage type double-4-ring and double-3-ring species move down frequency, shifts from other unidentified species are also shown to move down frequency with increasing pH over a longer range.

[image: image1.jpg]Species Seale. Bexpt. AS Species Seale. Bept. AS
Monomer -71.05  -71.75 -0.702  Prismic Tetramer -82.05 -98.11 -16.06
Dimer -73.69  -80.17 -6.475 3-4Ring -90.20, -88.90, 1.3,
-91.80, -89.10, 14,
-83.70  -82.10 16
Cyclic Trimer -84.06  -82.37 1.69 Bridged 4 Ring -88.80, -86.60, 22,
-97.80  -9420 32
Cyclic Tetramer -82.83  -87.84 -5.011 Fused 4 Ring -85.30, -88.60, -3.3,
-97.90  -96.50 1.4
Double-3-Ring  -91.634 -89.27 2199  Triple Fused 4 Ring -91.40, -87.90, 3.5,
-99.10 -969 38
Double-4-Ring  -100.30 -98.99  1.04 Fused 3-4 Ring -99.40, -97.10, 23,
-93.80, -89.80, 4.0,
-92.30  -8840 39
Double-6-Ring ~ -102.42 -97.8  4.68





Table 1: Small species with calculated shift ((calc), experimentally assigned shift ((expt.) and the difference between the two ((().
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Figure 1: Gas Phase (left), and explicit solvent including (right) dimer species, showing internal hydrogen bonds, Silicon-Oxygen-Silicon angle (
[image: image6.wmf]), and shift relative to the experiment ((().

In order to study the effects of charge on chemical shifts the shifts of the monomer, cyclic trimer, double-3-ring and double-4-ring were all calculated at full protonation and in a number of charge states with respect to the standard TMS reference species. The different trends observed in open and cage-type species is reproduced. Moreover, additional features are revealed depending on the exact deprotonation site. For example, for the cyclic trimer, differences are noted in the effect of deprotonating Q3 and Qn sites where n = 0 - 2, and that the first deprotonation of a Si-OH moves the shift down-frequency, while the second deprotonation moves the shift up-frequency: allowing improved interpretation of experimental data8.

We will also present results of the effect of environment on the chemical shift: specifically the effect of counter-ions such as Na+ and TMA+ again allowing further interpretation of trends observed experimentally8.  

References

[1]  Zahn, C.G.; Chipman, D.  J.Chem.Phys 1999, 110, 1611

[2]  Mennucci, B.; Martinez, J.M.; Tomassi, J. J.Phys.Chem, A 2001, 105, 7287

[3]  Chipman, D Theor. Chem. Acc. 2004, 111, 61

[4]  Moravetski, V.; Hill, J.-R.; Eichler, U.;Cheetham, A. and Sauer, J., J.Am.Chem.Soc., 1996, 118, 13015.

[5]  Kinrade, S. D. and Swaddle, T. W., J.Am.Chem.Soc, 1986, 108, 7159.

[6]   http://cp2k.berlios.de/index.html
[7]  Mora-Fonz, M.; Catlow, C. and Lewis, D., Angew. Chem., Int. Ed., 2005, 44, 3082.
[8]  Kinrade, S.; Knight, C.; Pole, D. and Syvitski, R., Inorg. Chem., 1998, 37, 4278.
_1127465860.unknown

