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We present 2Si, 27Al, and ¥Zn NMR evidence to show that silicate ions in alkaline solution form complexes with
zinc(Il) (present as zincate, Zn(OH);~ or Zn(OH),2~) and, concomitantly, with aluminate (Al(OH),~). Zincate reacts
with monomeric silicate at pH 14-15 to form [(HO)O,Si—O—-Zn(OH);]*~ and with dimeric silicate to produce
[HO-Si0,—0-Si0,—0-Zn(OH);]*. The exchange of Si between these free and Zn-bound sites is immeasurably
fast on the 2°Si NMR time scale. The cyclic silicate trimer reacts relatively slowly and incompletely with zincate to
form [(HO)sZn{ (SiOs)s}]"~. The concentration of the cyclic trimer becomes further depleted because zincate scavenges
the silicate monomer and dimer, with which the cyclic trimer is in equilibrium on the time scale of sample preparation.
Identification of these zincate—silicate complexes is supported by quantum chemical theoretical calculations. Aluminate
and zincate, when present together, compete roughly equally for a deficiency of silicate to form [(HO);ZnOSiO,0H]*~
and [(HO);AIOSiO,OHJ*~ which exchange #Si at a fast but measurable rate.

Introduction environment, which becomes permanently alkaline locally;
thus, the pH may rise as high as 10.5 near the surface of the
_psW8 Silicon(IV) in experimental animals is knoWri? to
affect the metabolism of zinc(ll), which is essential for the
formation of bone matrix constituentslt is possible that

the beneficial action of dietary Si is due in part to the
interaction of aqueous silicon(IV) with zinc(ll) in the
physiological fluid. In the present study, we have sought
evidence from nuclear magnetic resonance (NMR) spectro-

*To whom correspondence should be addressed. E-mail: swaddle@ SCOPY for specific interactions, such as complex formation

This study was prompted by recent observations that
bioactive ceramics such as pseudowollastonite (psW, a high
temperature form of wollastonite, CaSj@romote collagen,
hydroxyapatite, and bone nodule formation when they are
implanted in mineralized tissues$ or immersed in osteo-
blastic cell culture$:” The effect is associated with the
release of silicate and calcium ions into the physiological

uc§lgary-0a; Ph(f)nei (403) 226358. Fax: (403) 2899488. between silicate anions and zinc(ll) in alkaline agueous
University of Mons-Hainaut. : P . .
# University of Calgary. sp_lutlon, similar to those previously establiskedetween

# University of Wisconsin-Madison. silicates and aluminum(lll). Both Znand Al are ampho-

(1) De Aza, P. N.; Luklinska, Z. B.; Martinez, A.; Anseau, M. R.; Guitian, i i i i i
E: De Aza, S, Microsc.2008 197, 60, teric and are present in alkaline solution as zincate

(2) De Aza, P. N.; Luklinska, Z. B.; Anseau, M. R.; Guitian, F.; De Aza, (ZN(OH)*27) and aluminate (AI(OH)’) anions, respec-
S. J. Microsc.2001, 201 (Part 1), 33.

(3) Sahai, N.; Anseau, MBiomaterials2005 26, 5763. (8) De Aza, P. N.; Guitian, F.; Merlos, A.; Lora-Tomayo, E.; De Aza, S.
(4) sarmento, C.; Luklinska, Z. B.; Brown, L.; Anseau, M. R.; De Aza, J. Mater. Sci. Mater. Med1996 7, 399.
P. N.; Hughes, F.; McKay, |. JI. Biomed. Mater. Re004 69A (9) Seaborn, C. D.; Nielsen, F. Biol. Trace Elem. Re002 89, 251.
351. (10) Emerick, R. J.; Kayongo-Male, H. Nutr. Biochem199Q 1, 35.
(5) Sarmento, C. F. de M. Studies of the Expansion of Osteoblast Precursor(11) Evenson, D. P.; Emerick, R. J.; Jost, H.; Kayongo-Male, H.; Stewart,
Cells in Culture and their Interactions with a Novel Bioactive Ceramic, S. R.J. Anim. Scil1993 71, 955.
Pseudowollastonite, Ph.D. Thesis, University of London, London, (12) Seaborn, C. D.; Nielsen, F. Biol. Trace Elem. Re2002 89, 239.
2001. (13) (a) National Research Council Subcommittee on Zim; University
(6) Dufrane, D.; Delloye, C.; De Aza, P. N.; De Aza, S.; Schneider, Y. Park Press: Baltimore, 1979. (®inc and Copper in Medicine
J.; Anseau, MJ. Mater. Sci. Mater. Med2003 14, 33. Karciogu, Z. A., Sarper, R. M., Eds.; Charles C. Thomas: Springfield,
(7) Dufrane, D.; Anseau, M.; McKay, |.; De Aza, P.; Delloye, Eur. IL, 1980.
Cells Mat.2002 3 (Suppl. 1), 18. (14) Swaddle, T. WCoord. Chem. Re 2001, 219-221, 665.
10.1021/ic050594¢ CCC: $30.25 © 2005 American Chemical Society Inorganic Chemistry, Vol. 44, No. 22, 2005 8023

Published on Web 09/10/2005



Anseau et al.

tively;'® by analogy with the reactions of silicates with because the speciation of the silicate and silieatecate
Al(OH) 4 ,* the condensation cEZn—OH with HO—Si= complexes was not corroborated by structural techniques and
groups to form zincate-silicate complexes may be anticipated. because degrees of deprotonation higher than those proposed
Furthermore, because malformation or deterioration of bonewould be expected at the reported alkali concentrations
(osteomalacia) caused by"Ais known to be counteracted (=1 mol L™%).%7
by dietary SV,'* we have also enquired as to whether  Electrochemistry is not well suited to the identification
silicates can form complexes with Zand Al concurrently.  and quantification of multiple mixed-solute species, particu-
At pH values typically associated with psW implants and larly in this case because'Sis essentially electroinactive,
immersed bioactive ceramics, zinc(ll) shows significant local and the speciation proposed by Zhao eéf&fshould not be
solubility as Zn(OH) *® and silicon(lV) is present as taken as definitive.°Si NMR, on the other hand, has
(HO):SiO™ and numerous silicate oligomérs?! Preliminary identified some 24 small silicate oligomers as well as the
29Si NMR studie® of the aqueous phase of psW suspensions, monomer in moderately alkaline silicate solutiéfi§ 2t
however, failed to detect the low concentrations of dissolved (although the degrees of protonation of the various silicate
silicates (total [Sils 2 mmol L™, spread over many different  oligomers are not clearly revealed), and we have therefore
species), and we were obliged, for reasons given below, tochosen this technique, with some consideratiotiZri NMR,
resort to highly alkaline solutions of Sj@ obtain informa- to characterize the principal silicateincate species present
tive spectra. Consequently, the primary aims of this study in solutions sufficiently alkaline to give adequate solubilities.
were focused on answering the question of whether zircate High pH is also desirable to limit the plethora of silicate
silicate complexes can exist at all in aqueous alkaline solution oligomers that may be present to a tractably small nurfiber.
and, if so, to identify the species involved, rather than to By working at temperatures below ambient, the silicate
simulate S¥—Zn" interactions under physiological condi- frameworks can be made kinetically inéfthus simplifying
tions. the interpretation of the silicatezincate spectra but at the
Reports of the existence efSi—O—Zn= complexes are  cost of increasing the number of significant oligomers; to
sparse because there are very few techniques available fooffset this, very high alkali concentrations (on the order of
their characterization and also because solid ZngGiyl 10 mol L) have been chosen for optimal results, though
zinc silicates tend to precipitaté2* Precipitation can be this is far from physiological reality. In a similar manner,
avoided by resorting to high pH (14 or more) where Zn is we used?’Si and?’Al NMR spectroscopy to address the
freely soluble as Zn(OHJ~ and Si is present mainly as subsidiary question of whether zinc(Il) can compete with
(HO),SiO2~ (the first and secondi, values of Si(OH) are aluminum(lll) for silicate ions in alkaline solutiof.In all
9.7 and 12.5¥>'7 Zhao et al?>?¢ using [OH] of 1—2 mol cases, the interpretation of the NMR spectra is heavily
L%, were able to make quantitative potentiometric and dependent upon an appreciation of the chemical-exchange
polarographic measurements on solutions containing kinetics involved.
[Si] = 0.5 mol L' and [Zn] = 0.02 mol L ! that indicated
the existence in solution of various silicateincate com- ~ EXxperimental Section
plexes. Zhaq et &:°proposed the pregence of the species House-deionized water was further purified to 18.32Mm
[(HO)sZnOSi(OHYO*™ and [O(HO}SIOZNn(OH}OSIO- resistivity by passing it through a Barnstead E-pure train.
(OH),0]*" (stability constants at 36C and ionic strength For preliminary studies of solubility, solutions were prepared
5.0 mol L™'given by Zhao et & as [[(HOpZnOSi(OHY]* ]/ using ordinary borosilicate glassware, but polyethylene ware was
[SIO(OH) ][Zn?#*][OH]3 = 1.2 x 10*°and [[Zn(OHX(SIO»- used for prolonged handling and storage. Zinc metal (Fisher
(OH))2]* V[SIO2(OH)214Zn?>T][OH"]? = 6.2 x 10') as Certified Reagent), ZnC§¥Baker Analyzed), ZnGl(Aldrich, 98%),
well as [(HOYZny(SisOs(OH)4)(OH)4]4~ and unspecified granulated Al metal (Fisher), NaOH pellets (EMD, GR ACS 97%),

others. These stability constants are of limited significance KOH pellets (EMD, 85%), and fumed silica (Sigma-Aldrich, 99.8%)
were used as received. Stock solutions of silicate were prepared
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73,1204. were made by dissolving ZnGOZnCh, or ZnO in alkali. The

(19 ?95,”{'3’25_' K. Knight, C. T. GJ. Chem. Soc., Faraday Trans1283 solubility limits of the silicate-zincate mixtures at room temperature
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gg Ei(?srzg\?' i'_ %Jvfﬁgd#e'vTv' mg;gbligr?:gnélt?sﬁvgfoﬁzs%' precipitate was observed. Aluminosilicate solubility limits were

(23) Hazel, J. F.; McNabb, W. M.; Machemer, P.EElectrochem. Soc. ~ Similarly established. To estimate the solubility of the Si/Zn/Al
1952 99, 301. mixtures, homogeneous silicateincate solutions were titrated with

(24) Scheirer, D. EAn Electrometric Study of the Reactions of Zinc and  gjyminate solutions to incipient precipitation. It was possible that
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Pennsylvania, Philadelphia, PA, 1953.
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(26) Zeng, L.; Zhao, C.; Huang, S.; Chen, B.; QuHunan Daxue Xuebao 183.
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some solutions prepared in this way were supersaturated, since manyo the basis set and geometry opimizations were performed with

solutions of aluminosilicates prepared in this way have been found
to be metastable with lifetimes that vary widely with composition
and temperature in complicated wa&j#\ccordingly, the longevity
of dummy solutions with compositions selected for NMR measure-
ments was always checked by allowing them to stand for at least
15 h.

For NMR spectroscopy, solutions in water (20%@ for
shimming purposes) were prepared by weight using polyethylene
or Teflon-FEP ware. In early experiments using KOH, the pellets

the 6-31-G(d,p) basis sefSi NMR shieldings calculated by the
gauge including atomic orbital methétl,as implemented in
Gaussian 98, were obtained at the *HF/6-3G(2d,p) level. We
have found previously that this computational level yields errors
in 29Si shifts, calculated in the gas phase, within 6 ppm for
monomeric organosilicate complex&slsotropic shifts §) are
obtained as the difference between the theoretically predicted
shielding for tetramethylsilane (TMS) and the shielding of the
relevant molecule. The NMR shieldings were calculated in the gas

of which contained much water and carbonate, concentrations werephase (NMR-1). The effect of solvation on the geometries and

recorded in mol £* and are reported as such here, but for NaOH
solutions, the molal scale (moles of solutes per kg solvent) was

shieldings was taken into account via a self-consistent reaction field
using the polarizable continuum model of Tomasi and co-worikers,

used. To avoid paramagnetic contaminants, which may be associatedmplemented in the Gaussian programs as the “SERBSMO”

in particular with the concentrated alkali and can affési NMR
spectra adverseR/,high purity KOH hydrate pellets (Fluka 60371,
or ESAR 99.995% on a metals basis), ZnO (Sigma-Aldrich
99.999%), and Al rod (Spex Industries ALOB0 TMI 10) were
used; the latter dissolved in alkali leaving no residue. High purity
SiO; (Alfa ££SAR, 99.999% on a metals basis) dissolved too slowly
for quantitative silicate solution preparation, but solutions prepared
from fumed silica as above gave essentially identf€ai NMR

keyword. NMR shieldings within the COSMO implementation were
obtained for molecules whose geometries were optimized in the
gas phase (NMR-2) and for those with geometries optimized within
the COSMO SCRF (NMR-3). In some cases, the geometry
optimization did not converge, even within the COSMO SCRF
solvation method, and for some molecules, the COSMO NMR
calculation did not converge on the gas-phase molecules. In these
cases, we resorted to NMR-2 or NMR-1 results, respectively, for

spectra. Since the alkali pellets inevitably contained carbonate ionscomparison with the experimental results. NMR-3 (and NMR-2 in
and water, the alkali and carbonate contents of solutions were cases where NMR-3 results could not be obtained) results are shown

determined by diluting a weighed aliquot (nominally 1.00 mL) of
the solution with water and titrating it potentiometrically with
standard HCI (Fisher, 0.1003 mol¥).

Solution samples were placed in Teflon liners in 10 mm NMR

tubes, purged with Ar, and securely stoppered. NMR spectra were

taken at the University of Calgary on a Bruker AMX-300 wide-
bore spectrometer (7.05 T), with the temperature controlled to
+1 K and calibrated against methanol and ethylene gB&8iThe
chemical shifts,0, of 2°Si were referenced to tetramethylsilane
(TMS: 6(%°Si) = 59.6 MHz), those of’Al to were referenced to

1 mol L1 aqueous Al (78.2 MHz), and those of"Zn were
referenced to 1.5 mol X aqueous Zn(Clg), (18.76 MHz). For

the solutions of interest?Si 90° pulse widths (18s, cf. 22us for
TMS) and longitudinal relaxation time$; (typically ~5 s), were
measured, and the spectra were collected with-GBD0 30 pulses

at intervals of I;. A blank 2°Si spectrum of aqueous alkali was
subtracted digitally in each case to eliminate any effects of a broad
resonance centered at abotil5 ppm from the Siin the NMR
tube and coil supports. F8fAl, T; was ca. 10 ms, and the spectra
were collected with~1000 90 pulses of 23us at 0.4 s intervals.
From each, art’Al spectrum of an aqueous alkali blank was

subtracted to correct for a broad weak resonance centered at

69 ppm from the Al in the probehead. TK&n spectra were
collected with 128 (Zn(ClQ), standard) or 18 906150 000
(Zn in alkaline media) 90pulses of 25.8:s at 0.1 s intervals.

Throughout this Article, “line width” means full line width at
half the maximum peak height.

Computational Details. Optimized gas-phase geometries were
obtained at the HF/6-31Glevel using the software packages
Gaussian 98 and Gaussian®3For some of the anions with larger
charges, the SiO, Al-0, and Zr-O bond distances predicted were

in Table 1 in the “calculated, solution” column; NMR-1 results
are shown in the “calculated, gas phase” column. In general, the
trends obtained were similar, with the error in solution results
(2—4 ppm) being smaller than that for the gas-phase results.

Results and Discussion

Solubility Phenomena. Zinc oxide was soluble in
~12 mol L"* NaOH to the extent of1.4 mol L™* at room
temperature. The semiquantitative solubility observations for
solutions of ZnO in the presence of Si 6.5-10.0 mol
L' NaOH or KOH can be summarized by saying that
homogeneous solutions could be obtained when the condition
[ZnO] x [SiO,] &~ 0.4 moP L2 (with [Zn]/[Si] ranging from
0.12 to 2.0) was not exceeded, although a stable homoge-
neous solution was also obtained with [Zn®][SIO;] ~
0.85 mol ! in 10 mol L™ KOH. The solutions appeared
to be indefinitely stable.

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.
(33) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio
Molecular Orbital Theory Wiley: New York, 1986.
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Some anions with the largest charges, @nd 8-, were entirely
unstable in the gas-phase even when diffuse functions were adde

(29) North, M. R.; Fleischer, M. A.; Swaddle, T. \an. J. Chem2001,
79, 75.

(30) Van Geet, A. LAnal. Chem1968 40, 2227.

(31) Ammann, C.; Meier, P.; Merbach, A. B. Magn. Reson1982 46,
319.

8251.

35) Sahai, NGeochim. Cosmochim. Ac2004 68, 227.

36) (a) Miertus, S.; Scorocco, E.; TomasiChem. Phys1981, 55, 117.
(b) Barone, V.; Cossi, M.; Tomasi, J. Chem. Physl997 107, 3210.
(c) Mennucci, B.; Cances, E.; TomasiJJPhys. Chem. B997, 101,
10506. (d) Amovilli, C.; Barone, V.; Cammi, R.; Cances, E.; Cossi,
M.; Mennucci, B.; Pomelli, C. S.; Tomasi, Adv. Quantum Chem.
1998 32, 227. (e) Cossi, M.; Scalmani, G.; Rega, N.; Barone, V.
J. Chem. Phys2002 117, 43.
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Table 1. Calculated and ObserveiSi Chemical Shifts for Complexes of Silicate Anions with Zincate, Aluminate, or Both in Aqueous Solution

0(*Si) (ppmy:

formula calculated, solutién  calculated, gas phakse observed
A Si(OH), -71 -70
B [Si(OH);0]~ -71 —68
c [Si(OH),0]2~ —-68 —66 —72.1(-1); —71.3f
D [Si(OH)O5]3~ —64 —58
E [SiOq)*~ —63 —56
F [(HO)3SiOSi(OHY] -79 -83
G [(O(HO);SiOSi(OHY01?~ 79 —86
H [O2(HO)SIOSi(OH)Q]*~ —73 —75 —78.9 (1-2); —78.6
I [03SiOSigy ¢~ —740 —66
J [(HO)3ZnOSIQOH]*~ —6% —-68 -71.4(1-12)
K [(HO)3ZnO(SiCy)O(SiO,)OH]e~ —77,-748 ~77,-76 ~76.4 (1-13
L [(HO)3AIOSiO,0H]3~ —72 —75.0 -4)
M [(HO)3ZnO(SiCs)OAI(OH)5]5~ —67 -72
N [O2(HO)SIO(SIQ)O0Si(OH)Q] ¢~ —759/—86%i —771—87 —78.2,—-86.4
(e} cyclic [{ (HO),SiO} 3]° —87 —89
P cyclic [{ (HO)OSIG 3]3~ —8 —82
Q cyclic [(0:Si0)]¢~ —78 -78 —81.6 (L-3); —81.5¢ —81.0
R [O2(HO)SH (SiOs)3t] 7~ & —7691 —799i—919/ —77i —79j —92 ~78.6,—81.4,—88.6*f
S [(HO)3ZNn{(SiOz)3}]"~ ™ —7991 —829! —79] —84 —76.8 (1-9, 1-14), —82.6 (1-11, 1-16)
T [(HO)3ZnO(Si0s)O(Si0,)0ZNn(OH) e~ "
U [(HO)3ZNnO(SiG,)O(SiO,)OAI(OH)g] 7~ "
\Y [(HO)3ZNnO(SiG)O(Si0)O(Si0,)OH)E— "
W [(HO)sZnO(SiO(OH))O(SIO(OH))O(SiQOH]¢~  —83,—8% —84,-84

aRelative to Si(CH)4 (TMS, calculated chemical shielding 386.0 ppm in both the gas phase and in the COSMO model of solvation); chemical shifts
are calculated at the HF/6-33G(2d,p) level.> NMR-3 results (see Computational Details for explanati6ih)MR-1 results (see Computational Details for
explanation)dIn aqueous alkali; conditions as in Figures 1 and 2, except as rfdRad.21; [NaOH]= [Si"V] = 1.8 mol kg%, at 269 K."Figure S1
(Supporting Information), 1.69 mol1! SiO; in 6.4 mol L-* KOH, with assignments by Harris et .20 9 NMR-2 results (see Computational Details for
explanation)" At nonoptimized geometry. Terminal Si QY. | Bridging Si (Q?). * Cyclic trimer with monosilicate side-groupBridgehead Si@?3). ™ Cyclic
trimer with zincate side groug.Calculations show this anion to be unstable.

Solutions of aluminate in the presence of silicate, however, complexes form (or both). We show below that the first
are usually metastable. In a previous stétlig,was shown explanation is the more plausible.
that the lifetimes of homogeneous solutions of silicate with  Sjlicate—Zincate Interactions: 2°Si Spectra. The sys-

aluminate are generally longest when the alkali concentration,tematic selection of solute concentrations was sometimes
the ratio [Si]/[Al], or both are high, although long-lived  frustrated by solubility limitations; in particular, the choice
solutions can also be prepared at somewhat lower alkalinitiesof alkali was limited to NaOH for all experiments involving
when [Si]~ [Al]. In the present work, cases in which [Al] Al (see below) and those intended for comparison with
> [Si] were also examined, and it was found that homoge- Sj—zn—Al systems. Figure 1, however, shows the effect of
neous solutions could be made in 15 motINaOH with, Zn' (present as Zn(Ohﬂ— at the pH of our SO|UtiOH§) on
for example, [All~ 1.7 mol L™ and [Si] up to about  295j spectra at 280 K in early experiments in which SiO
0.05 mol L™, although precipitation set in after about 3 and ZnO were dissolved in 10.0 motiaqueous KOH (20%
weeks for this concentration of silicate or immediately if p,0, 0.28 mol L1 K,CO;, density= 1.442 g cm?®, [KOH]
more silicate solution were added. = 11.5 mol kg?) for comparison with previous kinetic
Precipitation occurred quickly when an aluminate solution stydies?” Similar results were obtained when Zng€®@as
was added to ZaSi solutions in KOH media but not in used in p|ace of ZnO and Wherh&o:;, was added, thUS, the
NaOH solutions. An important observation was that zincate effects of adventitious carbonate can be neg|ected_ Subse-
greatly increased the tolerance of silicate for aluminate in quent experiments using 15.0 mol kgNaOH gave spectra
the NaOH media. Thus, solutions of 0.5 mot*LSiO; in similar to Figure 1, although with reduced silicate oligomer
15 mol L™* NaOH gave clear solutions with concentrations intensities (expected because of the higher alkalinity) and
of both Zn and Al varying between 0.3 and 0.8 mol'L  (29Sj) 1-2 ppm more positive; thus, the identity of the

with no indication of precipitation after more than 3 weeks. cation is inconsequential except with respect to solubility
Since zincate and aluminate appear not to interact signifi- and solution longevity?

cantly with each other (see discussiort®fl spectra, below), In Figure 1, for which [KOHpw was 10.0 mol Lt

this implies either that zincate scavenges free silicate (11.5 mol kg) at 280 K, the top spectrum shows three

5 ) X? strong?Si resonances know#?! to be from the monomer
(HO);Zn—OH"" 4+ H—OSIi(OH),_,0," = (HO)SIO? (peakl-1, 8(2Si) = —72.1 ppm, 75% of total
[(HO),ZnOSi(OH),_,0]%"?~ + H,0 (1) Si according to the integrated resonance intensities), dimer
[O2(HO)SIOSIi(OH)Q]* (1-2, —78.9 ppm, 16%), and cyclic
trimer [(Si0y)3]® (1-3, —81.6 ppm, 8%). For Si(OH) the
suppressing the formation and precipitation of alumino- first and second I, values are approximately 9.7 and 12.7,
silicates or that soluble ternary zincat@uminate-silicate respectively; the third is too large to measuselh), and

8026 Inorganic Chemistry, Vol. 44, No. 22, 2005
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11
1-2

) L i J Si without Zn

15 16 _
Jk o " Zn/si=0.18

H 1.7 1-8
M*" 140 111 Zn/Si=0.98
" o\
112 113 Zn/Si= 2.07
L M—M 1415 116

T T T T T T T T T T T T T T T T T T 1
-69 -70 -71 -72 -73 -74 -75 -76 -77 -78 -79 -80 -81 -82 -83 -84 -85 ppm

Figure 1. 2°Si NMR spectra showing the effect of added ZnO on silicate ions in aqueous KOH (10 H@&@0% D,O) at 280 K. [Silota (from top)= 0.88,

1.33, 0.86, and 0.48 mol1L. Free [OH] (from top) = 8.2, 6.9, 6.6, and 7.1 mol.. Atrtificial line broadening= 1 Hz. Probe background has been
subtracted. Vertical scales are arbitrary (not the same for all spectra).

the oligomers are generally more acidic than the monotiers. cyclic trimer ring (specie® in Table 1)!#2° For the same
The degree of deprotonatiox,for each Si center and hence solutions at 298 and 315 K, thé&(?°Si) values for the
the negative charge carried by each Q*, and G SiO, monomer were-72.0 and—71.9 ppm, and for the dimer,
unit®” (cf. Equation 1) may therefore be taken to be 2 for all they were—78.8 and—78.7, respectively; therefore, the effect
silicate species in the work described h&&n this basis, of increasing temperature on the primary silicate resonances
one can calculate pHs of 14.9 for the top spectrum in Figure is only a very small upfrequency shift. The narrowness
1 and 14.8 for the lower three. Because proton exchange on(~2 Hz) and negligible temperature dependence of the line
silicate species is rapid, only a singiSi resonance would  widths of all three silicate species in 10 motiKOH and
be seen even if two or more protonated forms of a given 15 mol kgt NaOH shows that the effect of solution viscosity
silicate species were present. The rate efSisite exchange  on 2°Si relaxation is negligible.
between the aqueous silicate species, however, is slow The effect of ZH on the?*Si spectra of the silicate anions
enough to be generally negligible on ti8i NMR time scale in Figure 1 is most clearly seen in the case of the silicate
in the 286-315 K range of our experiments. dimer resonancel(2, —78.9 ppm), which is shifted progres-
Traces of other oligomers account for the remaining 1% sively upfrequency ¥-5, —78.0 ppm;1-8, —76.6 ppm) as
of the Si. A spectrum with lower [KOH] and consequently ZnO is added, reaching a limi.{13 —76.4 ppm) by the
more detectable oligomers (Figure S1, Supporting Informa- point where the stoichiometric [Zn]/[Si] ratio exceeds 2. This
tion; cf. Harris and Newmd#) shows that this small fraction  indicates clearly that zincate is forming a complex with the
consists mostly of the “linear” (acyclic) trimer fgHO)SiO- silicate dimer and, since only a single resonance is seen after
(Si0,)0SIi(OH)Q]% (speciesN in Table 1), which is in addition of Zr, leaving no trace of the original dimer peak
unfavorable equilibrium (slow on th&Si NMR time scale) at —78.9 ppm, that the exchange of the dimer with itd' Zn
with the cyclic trimer?” and a somewhat lesser amount of a complex is in the fast exchange limit on tHfiSi NMR time
tetramer in which a monosilicate side-group is attached to ascale. The latter observation is consistent with the known
high lability of Zn' complexes? Because peak-5, for which

(37) In the established nomenclature; iQdicates a Si center connected  the stoichiometric [Zn]/[Si] ratio is 18%, occurs 0.9 ppm up
via O ton other nearest-neighbor Si atoms. ’

(38) In the absence of definitivekavalues for oligomeric silicates, support ~ [T€QUENCY from.the origi.nal silicate dim'er peak (that is, at
fohr these ,3SS,erti0R_s ;naﬁy be |drawnkl?y ang!ogy with Iinea{ poly%hOS- 36% of the maximum shift o#-2.5 ppm), it follows that the
phoric acids, in which the only weakly acidic protons are located on ; ; - P
the terminal phosphate units and are themselves more acidic than thosemaXImu_m ratio (.)f Zn atoms to Si in the complgx is 1:2 (one
in monomeric phosphates, while cyclic phosphates behave as anionsZn per silicate dimer). As noted above, there will be a charge
of strong acids. For example, see: (a) Van Wazer, J. R.; Holst, K. A. _ i iynifi
J. Am. Chem. S0d95Q 72, 639. (b)Stability Constants of Metal-lon of 2 per Si center at pht 14, S_O that the Only sgmﬂcz_mt
Complexes Special Publication No. 17; The Chemical Society: ZN complex formed from the dimer under these conditions
London, 1964; pp. 1806201. (c) Greenfield, S.; Clift, M.The
Analytical Chemistry of the Condensed Phosphd®esgamon Press: (39) Richens, D. TThe Chemistry of Aqua lon®Viley: New York, 1997;
New York, 1975; Chapter 3. pp 546-550.
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is [(HO)3ZnO(SiG,)O(SiO,)OHI8~. Because Zhexchange
is very fast, only a singlé°Si resonance is seen.

In contrast, the cyclic trimer silicate peak8, —81.6 ppm)
is only slightly shifted by addition of Zhto the extent
[Zn]/[Si] = 0.18 (1-6, —81.5 ppm), but its intensity becomes
progressively reduced as more "Zris added {-10,
—81.1 ppm;1-15 —80.9 ppm), while new features appear
at —76.8 ppm (-9, 1-14 and with lower intensity,
—82.6 ppm (-11, 1-16). Since the development of the new

Anseau et al.

A third alternative explanation for the 0.7 ppm up
frequency displacement of the cyclic trimer resonance 8s Zn
is added is that it is the result of an unidentified general
medium effect of zincate that affects all Si nuclei similarly.
This interpretation gains credibility from the fact that the
silicate monomer resonance shows a parallel upfrequency
displacement of 0:60.7 ppm (peaks-1, 1-4, 1-7, and1-11).

This alternative is considered further below.
Figure 1 shows a surprisingly small (6:6.7 ppm up

features is in step with the disappearance of the cyclic trimer frequency) change in the chemical shi(*Si) of the

peak, itmay be ascribed to the formation of a [ (KDY (SiOs)3} ]~

complex (specie$ in Table 1) between a zincate ion and

the cyclic trimer. The complex has one proximal $i1(1,

1-16) for every two distal Si atomsl(9, 1-14) in the silicate

ring, so accounting roughly for the difference in peak

intensities.

/O*S\ioz 7-

(HO);ZnOSIO O
o—Si02

—_—
-

Zn(OH), + [(O,SIO),le + OH  (2)

Because the cyclic trimer [(SiO)]®~ (speciesQ) has
no HO-Si= groups available for a facile condensation
reaction (cf. eq 1), this process will be much slower than
(e.g.) the reaction of zincate with (HO)SiOSi(OH)Q]*,

monomer peak upon addition of ZThis might be attributed

to some general medium effect induced by zincate, particu-
larly since the cyclic trimer resonance shows a parallel shift,
but the fact that the increase shows saturation near
Zn/Si= 1 (1-7, cf. 1-12) points instead to a 1:1 interaction
of the silicate monomer with the zincate ion. Similar
experiments with 15.0 mol kg NaOH confirm the saturation

of the monomer shift effect at Zn/Si 1. The broadening

of the monomer resonance upon the addition of Ame
widths 1.3, 1.6, 1.8, and 2.1 Hz for peaks, 1-4, 1-7, and
1-12 respectively, at 280 K) is much less than that for the
cyclic trimer, suggesting that the effects of zincate on the
silicate monomer and cyclic trimer may not be directly
comparable. Since the solubility of silicates (present largely
as the monomer) in the presence of aluminate is strongly
enhanced by addition of Znit can be inferred that zincate

as discussed above. In the slow exchange limit, the cyclic interacts chemically with the silicate monomer. Moreover,

trimer 2Si resonance would be slightly broadened by any given the clear evidence for a strong 1:1 specific interaction
chemical exchange but its frequency would not be detectably petween zincate and the silicate dimer, it can be confidently
affected. If the eXChange is somewhat faSter, the peakS will expected that a Sim"ar interaction occurs betweeh m

be substantially broadened because of incipient coalescencgne monomer. Thus, it may be concluded that péaks1-4,

and also shifted toward the coalescence frequency, WhiCh1_7, and1-12 represent the progressive formation of a 1:1

may be calculated from the bottom two spectra of Figure 1 complex between zincate and monomeric silicate, albeit with

to be about-79.7 ppm. In fact, the cyclic trimer peak moves
from —81.6 ppm {-3) to —81.4 @-6), —81.0 @-10), and
—80.9 ppm (-15, with line widths of 0.8, 2.5, 4.2, and
5.6 Hz, respectively, at 280 K, as Zis added up to Zn/Si
= 2.07 (line widths for specie§ were not satisfactorily

0(%°Si) only 0.6-0.7 ppm more positive than that for the
silicate monomer in the limiting case (stoichiometric
[Zn]/[Si] = 2.07). For stoichiometric [Zn]/[Si# 0.18 (peak
1-4), the shift is about+0.1 ppm, consistent with the
formation of a 1:1 complex. Furthermore, since the feature

measurable). Thus, it appears that slow exchange between_4 s a single narrow line, rather than separate resonances
speciesQ and S does occur, causing moderate broadening corresponding to the monomeric silicate and the proposed

of the 2°Si resonance of), but may be too slow to account
for the 0.7 ppm up frequency displacement of the cyclic
trimer resonance as Znis added. In any event, the
coalescence of th@ and S resonances is unlikely to be
closely approached because the concentratior3 ahd S
become small at high zincate concentrations.

A second possible interpretation of the effect of' Zm

Zn—Si species, the exchange 88i between this complex
and the free monomeric silicate must be very fast on the
29Si NMR time scale, as expected in view of the high-
substitutional lability of simple zinc(ll) complexé&g.

If we disregard the saturation effect at ZnASil, it may
be argued that the 08.7 ppm displacement of the
monomeric silicate resonance upon the addition of zincate

the cyclic trimer resonance is that addition of zincate occurs could be mainly the result of the general medium effect

rapidly to a terminal silicate unit of the acyclic silicate trimer
N (visible at—86.4 and—78.2 ppm in Figure S1 but lost in
the baseline noise of Figure 1) with which the cyclic trimer
is known to be in equilibrium on the time scale of sample
preparatiort’ The ring-opening process, however, is too slow
(extrapolated rate constant9107° st at 280 K¥” to allow

this process to proceed at a significant rate. Moreover,

theoretical calculations imply that the hypothetical"Zn
acyclic trimer complexy (Table 1), would be electrostati-
cally unstable (see below).
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considered above for the cyclic trimer and that the contribu-
tion of complex formation to this displacement may be small
or zero; be this as it may, the salient point is that the effect
of complexation by zincate od(?°Si) for monomeric silicate

is very small. A comparison of thé&(?°Si) values for cyclic
speciesQ and S also shows only a small down frequency
(=1 ppm) displacement for the Si center to which zincate is
attached but a large up frequency¥y ppm) shift for the
distal Si nuclei. On this basis, we may expect that the change
in 6(?°Si) following the addition of zincate to one end of
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the silicate dimer should again bed 1 ppm and around
+5 ppm for the proximal and distal Si nuclei, respectively,
but, because the exchange of'Zretween the two Si centers
is fast on the NMR time scale, an averag¥é’Si) of about
+2.5 ppm should result from complex formation. This is
indeed the case (compad€?®Si) for 1-13 with 1-2, Table
1).

It might be argued that the small changei@°Si) for the
monomeric silicate upon addition of ZnO is the result of
partial reprotonation of the silicate monomer following the
reduction of the pH upon dissolution of the ZnO, but
0(%°Si) does not follow the concentration of free QHvhich

species using the NMR-2 and NMR-3 procedures are not
very different from those calculated for the gas phase by
NMR-1 but nevertheless should not be expected to match
the experimentad(?°Si) closely, especially for the silicate
monomers which are surrounded on all sides by hydrogen
bonds to solvent and possibly counterions” (& Na").*

The inherent uncertainty in the calculaté@°Si) values is
around 2-3 ppm.

Our computational results in Table 1 indicate that deproto-
nation of =Si—O—H centers in specied—E, F—I, and
O—Q results in up frequency shifts if(°Si) averaging
2—3 ppm per proton. Thé(?°Si) values from the NMR-2

in any case remains high enough to keep all of the monomerand —3 calculations are consistently & 1 ppm more

in the (HO)SIO,*>~ form. Besides, as the theoretical calcula-
tions presented in Table 1 confirm, the effect of protonation
is to maked(?°Si) morenegatie.

The integrated®Si intensities of peaks-1, 1-4, 1-7, and
1-12 (monomeric silicate and its monozincate complex)

correspond to 75, 62, 60, and 69%, respectively, of the total

silicon at 280 K, with similar distributions at 298 and
315 K. This is consistent with the inference that complex

negative than the corresponding experimed(aiSi) values
in solution. The benchmark for this is speci&swhich is
known to be the dinegative monomer anion as shown above.
The effect is probably a systematic error originating in the
large shielding (386 ppm) calculated for the TMS reference.
The effects of Zh and Al" on silicate speciation can be
seen by comparing the results for spedigd., andJ with
those ofC. The replacement of Hin a=Si—O—H function

formation by zincate can consume two Si atoms per Zn asby —SiO,(OH)~, —AI(OH)s, and —Zn(OH)~ results in

the dimeric silicate (forming speciés) but only one Si per

Zn as the monomer, shifting the equilibrium Si distribution
away from the monomeric silicate. At the same time, the
cyclic trimer [SEOy)®~, although prominent in the absence
of Zn, almost disappears, partly through the formation of
the specie$ but also through dispersal into the silicate pool

changes in the theoreticdl(*°Si) of about—7, —4, and

—1 ppm, respectively. The observed changes-are —4,
and+0.6 ppm. Given the inherent uncertainty of2 ppm

in the calculations, this explains the smallness of the effect
(+0.6 ppm) when zincate interacts with monomeric silicate.
The predicted shifts for specié§é are consistent with the

in response to scavenging of the monomer and dimer by assignment of peak$-8 and 1-13 to [(HO)sZnO(SiQy)-
zincate. It is not possible to extract the formation constants O(Si0,)OH]®-, if one keeps in mind that, in the experimental

for the various silicatezincate complexes from the NMR

case, the two Si sites are indistinguishable because of the

spectra because of the number of species present, but theapid exchange of zincate.
integrated intensity data suggest that zincate forms complexes computations of(2°Si) for the highly charged species

with the silicate dimer preferentially over the monomer. The Ty, andV could not be completed because the geometry
partial recovery of the percentage of monomeric silicate (as optimizations failed to converge, either in the gas phase or
its zincate complex) on going to excess Zn probably reflects when solvation was taken into account. These computational

the reduction of the contributions of the cyclic trimer and
any trace amounts of higher oligomers to the total Si.

results imply that highly charged species, sucfi ag, and
V, are electrostatically unstable both in the gas phase and in

Finally, we note that spectra corresponding to Figure 1 aqueous solution. This explains why the reaction of zincate

taken at 280, 298, and 315 K show only very minor

with the silicate dimer goes no further than [(HZ)O(SIQ)-

differences. As the temperature increases, the exchangen(Si0,)OH]¢-, and it also makes it very unlikely that both

between the all-silicate species remains in the slow limit,

zincate and aluminate could be attached simultaneously to

while the exchange of Zn (already in the fast exchange the silicate dimer (specids). More generally, the increase

regime) becomes even faster so that @ resonances
become slightly sharper.

Theoretical Calculation of 2°Si Chemical Shifts.Because
the change iM(?°Si) betweenl-1 and 1-12 as zincate is

in the number of detectable silicate oligomers in alkaline
silicate solutions as the pH is reduékdan be attributed to
the stabilization of the larger anions by reducing their
negative charge through protonation=%i—O— functions

added is disappointingly small and the assignments of peaks(compare the calculations for specidsandW).

1-9/14 and 1-11/16 are somewhat tentative, theoretical
calculations o (?°Si) were made to provide guidance as to
the changes to be expected when the protonstga-O—H
function is ionized away or replaced bySiO(OH)s;—",
—Zn(OH)~, or —AI(OH); (at the pH of our experi-
ments, neither Zn(OH)~ nor Al(OH),~ undergoes deproto-
nation+153%4%nlike the much more acidic Si(OiY). The
theoreticab(*°Si) values summarized in Table 1 for agueous

(40) Akitt, J. W.Prog. Nucl. Magn. Reson. Spectro4®89 21, 1.

Furthermore, the predicted shifts for spe@a=onfirm that
the weak peak4-9/14 and 1-11/16 which are associated
with the disappearance of the cyclic trimer, can be confi-
dently attributed to the attachment of zincate to one oxygen
of the cyclic trimer (cf. the known specid®) as in eq 2.
The failure of calculations for speciésé affirms that the
alternative interpretation given above (attachment of zincate

(41) Moravetski, V.; Hill, J.-R.; Eichler, U.; Cheetham, A. K.; Sauer, L.
J. Am. Chem. S0d.996 118 13015.
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to one end of the acyclic trimer anion following ring opening
of speciexQ) can be rejected.

lon Pairing. One possible complication in the interpreta-
tion of the NMR spectra of the various anions is that ion
pairing with K or Na" may influenced(?°Si) *! Fuoss-type
calculation$? for the formation constant for the aqueous ion
pair{[(HO),SiO;]?>~,K*}, assuming radii of 240 and 138 pm
for theunhydratedsilicate and K ions, give 6.0 and 0.29 L
mol~! at ionic strengths of 0 and 10 molL, respectively,
at 298 K, meaning that up to 75% of the monosilicate could
be ion-paired in 10 mol L' KOH (if cation hydration is
retained in an ion pair, the fraction of ion pairs will be

Anseau et al.

Table 2. Chemical Shifts and Line Widths 8fAl Resonances in 15.0
mol kg~! NaOH at 298 R

[ [SiV] [zn"] SAl)  line width
sample (molkg™) (molkg™) (molkg™®) (ppmy (Hz)
A 0.56 76.2 726
B 1.61 0.065 7.7 1500
C 0.57 0.57 76.7 795
D 0.58 0.30 0.58 76.7 890
E 0.58 0.59 0.61 76.3 981

aAs in Figure S2 (Supporting Informatior) Relative tod(2’Al) = 0
for 0.56 mol - aqueous AlG.

Attempts to reduce th&Zn line widths through working at

substantially less). Theoretical calculations show that, in the temperatures higher than 280 3%produced no significant

gas phasep(?°Si) for the ion pair (in which Na is in
bidentate coordination) may be 4.4 ppm more positive than
for (HO),SiO?~, the main component of silicate solutions
in concentrated NaOH. The experimental valued¢PSi)

for (HO),SiO2~, however, is 4 ppm moneegatve than that
calculated for aqueous solution by the NMR-3 procedure. It
may therefore be concluded that ion pairing is not a major
complicating factor in the foregoing interpretations2esi
spectra.

Silicate—Zincate Interactions: ®7Zn Spectra. The qua-
drupolar®’Zn nucleus has low receptivity and gives notori-
ously broad NMR spectra in solution in all but the most
symmetrical environments, such as ZpQh?".*347 The
reference solution, 1.5 mol 1 Zn(CIOy), in 20% DO
(6(57Zn) = 0), gave a line width of 46 Hz at 280 K, but
0.63 mol Lt Zn(OH),?~ in 10.0 mol L* KOH at 280 K
gave a single peak a@i(®Zn) = 4220 ppm with line width
of 554 Hz, suggesting either that the symmetry of thé Zn
site in this anion is far from the commonly supposSecbr
that solution viscosity or hydrogen bonding between zincate
and solvent water cause the line broadening. Cain &t al.
suggest that polynuclear aggregation of zincate in highly
alkaline solution (albeit at [Z} somewhat higher than ours)
might also contribute to the larg&zZn line width through
the effect of increased molecular mass @n When
0.84 mol L'* ZnO and 0.86 mol L* SiO, were dissolved in
10.0 mol Lt KOH, the line width of the®’Zn resonance
centered at~ +286 ppm was in excess of 2500 Hz,
consistent with strong silicatezincate interactions. In com-
parison, for 0.98 mol ' ZnO and 0.48 mol ! SiO,
dissolved in 10.0 mol ! KOH, the line width was
~1360 Hz atd(®Zn) = 240 ppm; the halving of the line
width and the shift toward the zincate frequency can be
attributed to averaging through very ragi@n exchang®
between roughly equimolar amounts of free zincate and
[(HO)3ZnOSiIGQ:OH]*". These data, crude though they are,
confirm that an excess of zincate over silicate doedead
to formation of species with more than one'Zper SIV.

(42) Fuoss, R. MJ. Am. Chem. So0d.958 80, 5059.

(43) Epperlein, B. W.; Krger, H.; Lutz, O.; Schwenk, AZ. Naturforsch.
1974 29a 1553.

(44) Maciel, G. E.; Simeral, L.; Ackerman, J. J. #.Phys. Chem1977,
81, 263.

(45) Li, Z.-f.; Popov, A. I.J. Solution Chem1982 11, 17.

(46) Delville, A.; Detellier, C.Can. J. Chem1986 64, 1845.

(47) Cain, K. J.; Melendres, C. A.; Maroni, V. Al. Electrochem. Soc.
1987 134 519.
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improvements.

Silicate—Zincate—Aluminate Interactions: 2’Al Spec-
tra. 27Al spectra of solutions of Al in 15.0 mol kg* NaOH
(20% DyO), with or without added Si©and ZnO, were taken
at 298 K. Baseline corrections for Al in the probehead were
subtracted but were unimportant. Single symmetrical lines
were observed in all cases, and their characteristics are
summarized in Table 2 and Figure S2 (Supporting Informa-
tion). Zincate as such (spectrum C) has very little effect
(~10% line broadening) on the aluminate resonance, imply-
ing that any zincatealuminate interactions are of minor
importance and can be neglected. In contrast, even a
relatively small concentration of silicate produced a large
27Al line broadening (spectrum B). The small silicate
concentration in the AtSi sample was the maximum
possible in the presence of aluminate (even so, the solution
was probably metastable), but a much higher silicate
concentration was tolerated when zincate was also present
(spectra D and E), either because zincate depletes the silicate
pool or because freely soluble ASi—Zn species form. The
former explanation is the more credible becausethkine
widths when Al, Si, and Zn are all present are only slightly
larger than when Si is absent.

In previous studies of aluminatssilicate interactions®-4®
the inverse solubility-limited situation ([Al] < [SiV]) was
investigated, and some structure attributable to various
degrees of AFSi connectivity was seen in tiéAl signal.
It was also shown, however, that the usually very slow
Si—Si exchange rates were increased by about 4 orders of
magnitude by complexation with aluminate. In the present
study, much free aluminate is present in the-8i solution,
resulting in rapid exchange with the aluminosilicate species
present and, consequently, broad featurel@dsesonances.

Silicate—Zincate—Aluminate Interactions: 2°Si Spectra.
Figure 2 shows the effect of adding aluminate and zincate,
first separately and then together, to solutions of silicate in
15.0 mol kg NaOH at 298 K or°Si NMR spectra. In the
Si + Al spectrum, for which aluminate is in large excess
over solubility-limited silicate, only a single line2{4)
is seen at—75.0 ppm. This corresponds to the same 1:1
[(HO)3AIOSIO,OH]J*~ complex seen when [Si}> [Al]
(6(SP%) = —75.88 or —76.2 at lower alkalinit§®). It may
be inferred that, even with large excesses of aluminate, the

(48) Kinrade, S. D.; Swaddle, T. Wnorg. Chem.1989 28, 1952.
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Figure 2. 29Si NMR spectra showing the effect of zincate and aluminate
on silicate ions in aqueous NaOH (15.0 molkg20% D,O) at 298 K.
Total concentrations (mol kg): Si only spectrum, [Sil= 1.09;Si + Al
spectrum, [Si]= 0.065, [Al] = 1.61; Si + Zn spectrum, [Si]= 0.89,
[Zn] = 0.89;Si + Zn + Al spectrum, [Si]= 0.59, [Zn]= 0.61, [Al] =
0.58. Artificial line broadening= 1 Hz. Probe background has been

subtracted. Vertical scales are arbitrary (not the same for all spectra). Peaks,

2-1, 2-2, 2-3, 2-5, and2-6 correspond to peakks-1, 1-2, 1-3, 1-7, and1-8
in Figure 1.

S3in the Supporting Information); thus, for pe2k at 280,
298, and 315 K, the respective line widths are 43, 31, and
13 Hz, with a negligible change i®?°Si) (—72.2 ppm), as
expected for resonances coalesced by chemical exchange.
Two possible interpretations of peak7 are (i) that a new
species, [(HOZnO(SiQ,)OAI(OH);]%, is formed and un-
dergoes rapid chemical exchange with surplus Zn@®H)
and AI(OH), or (ii) that Zn(OH)?~ and Al(OH),” compete
roughly equally for the monomeric silicate, forming
[(HO)3ZnOSiIGOH]* and [(HO}AIOSIO,OH]J*~ which give
a broad coalescedSi peak because of the chemical exchange
involving these two species. The first alternative is less
plausible. The experimental and theoretical data of Table 1,
together with previous measuremefft$® show that the
conversion of a=Si—O—H function to=Si—O—AI(OH)3~
results in an average down frequency shif{#’Si) of about
4 ppm, in which case theé®Si peak of the putative
[(HO)sZnO(SiG)OAI(OH)3])°> (speciesM, Table 1) would
be expected to occur betweeir5 and—76 ppm on the basis
of the observed(?°Si) for species] (1-12). Furthermore, it
was noted above that the maximum number of zincate or
aluminate units that can separately complex monomeric
silicate is evidently 1, and it is therefore unlikely that a
zincateand an aluminate unit could together form a stable

complexation of aqueous silicate by aluminate does not complex with a monomeric silicate center.
proceed beyond 1:1, even though several aqueous alumino- The second alternative would require the coalesésd
silicate species with more Si atoms than Al atoms are resonance (frequenay,a) of the [(HOxZNOSIQOH]*~ and

knowr?848(cf. Loewenstein’s rul¥). Line 2-4is somewhat
broadened (width 12.8 Hz) relative 81 because of rapid

[(HO):AIOSiIO,OH]®~ ions to fall between thé(?°Si) values
of these two ions in absence of each other (frequencies

chemical exchange with Al; the rates of such processes inandv,)), dividing the frequency differenc&y (= vz, + val)

aluminosilicates, although they arel0*-fold faster than

in proportion to the mole fractionfs,, andfy (wherefz, +

silicate—silicate exchange, are in the slow-exchange regime f, = 1) of these two ions in the solution

at 273 K when Si is in large excess over Al (i.e., when only
a small fraction of the Si is present as relatively labile
aluminosilicates¥ but here it is Al that is in large excess.

The Si + Zn spectrum in Figure 2 shows two features,
2-5 and 2-6, attributable to [(HOZnOSIGQOH]*" and
[(HO)sZnO(SiG)O(SiG,)OH]®, respectively. Spectrur8i
+ Zn is comparable to the cagn/Si = 0.98in Figure 1,
except for the higher alkalinity (with Nainstead of K)
and temperature, which may explain the slightly more
positive 6(?°Si) values throughout Figure 2 as well as the
absence of a feature analogous to péak

Given that the?’Al data imply that aluminate and zincate
do not interact significantly with each other, the relative
affinities of Si for Al and Zn were investigated b¥Si
spectroscopy by allowing Al and Zn to compete for a limited
supply of silicate. When roughly equimolar amounts
(~0.6 mol kg?) of Si, Zn, and Al are present together in
15 mol kgt NaOH (spectrunsi + Zn + Al in Figure 2),
no new peaks emerge, but peaks derived f@&and 2-6
move some 2.0 ppm to more negatiy@°Si) (peak2-7 and

Vznar = fzAv + vy Q)
Figure 3, which shows th&Si NMR spectra of solutions
with essentially constant stoichiometric [} (0.57 +
0.02 mol kg?) and excesq[[Al] + [Zn]}tota (1.15 &
0.03 mol kg?) with variable [Zn]/[Al] ratios at 298 K,
demonstrates that this is at least qualitatively correct. The
measured®Si NMR frequenciesyzna, of peaks3-1, 3-3,
3-5, and 3-7, together withvz, and v, can therefore be
inserted into eq 3 to calculate the true mole fractidagMR
andfa"MR| of [(HO):ZnOSIGQOH]*" and [(HOAIOSIO,-
OHJ®" because there is no NMR evidence of any unreacted
silicate. Figure 4 shows thdgNMR is proportional to the
stoichiometrida but with a coefficient of 0.83, which implies
that aluminate is somewhat less successful than zincate in
competing for the limited supply of silicate under these
conditions. Peak8-2, 3-4, 3-6, and 3-8, which comprise
about 9.5% of the total Si, may be taken to represent the
competition of zincate and aluminate for the silicate dimer

2-8, respectively) and become substantially broadened,and show the same qualitative trend, but quantitative analysis
implying moderately rapid chemical exchange. That the is not possible in absence of experimental data for the
broadness 02-7 and2-8 s the result of chemical exchange putative partner [(HQAIO(SiO,)OSiIO0H]*".

kinetics is shown by their temperature dependences (Figure Detailed quantitative analysis of the phenomena shown
in Figure 3 is not warranted, in particular because the limiting

aluminosilicate spectrum had to be taken with a much lower

(49) Loewenstein, WAm. Mineral.1954 39, 92.
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assumed that the exchange rate is in the extreme line-
narrowing region, for which eq 4 applies.

k= 4'7eran| (AV)Z/ (WAIZn - fAIWAI - onWZn)CSi (4)

Here,Csiis the sum of the Si in reactants [(HZhOSIG-
OHJ* and [(HO}AIOSIO,OH]*~ (about 91% of [Sita).

33 34 Data relevant to the estimation kfare given in Tables S1
A f2,=0.63 and S2 (Supporting Information). The calculation is rather
sensitive toN, if this is large, so that the data for 280 K in
38 Table S1 should be disregarded. Moreover, the data of Table
36 ‘=081 S2 suggest some dependence of the calculatedresidual
o Al and Zn. With these caveatk,can be estimated to be on
the order of 3x 10* kg mol? st at 298 K and 7x 10* kg
a7 mol! s! at 315 K.
N Conclusions
1 1 Aqueous solutions containing sufficiently high Si, Al, and
T 0 2 o s 6 T T8 79 -60 ppm Zn concentrations for NMR spectroscopy can be prepared
S 5'229; MR soectra of |s':'“ 057 ol ke siicate by resort to NaOH or KOH concentrations of 105 mol
e e N e, o sollons o057 Mol X silcate ", kg *, which also have the effect of limiting the number of
1.15 mol kg! with varying stoichiometric mole fractionsz,, of Zn, at small silicate species present to a tractable few (monomer,
298 K. The?'Si resonance frequencies of separate [(OPSIQOH]* dimer, and cyclic trimer). In these media, complementary

and [(HO)}AIOSIO,OHI]3~ species are marked as SiZn and SiAl, respec-

tively. 29Sji and®’Zn NMR spectra have provided evidence for the

existence of several zincatsilicate complexes, notably
08 [(HO)3sZnOSiIGOH]* and [(HOXZNO(SiG)O(SiO,)OHI6,
which undergo Si-site exchange that is rapid orft#BeNMR
time scale because of the lability of the'Zzenters. Zincate
056 4 reacts incompletely and only slowly (on tFSi NMR time
scale) with the cyclic trimer silicate because of the lack of
=Si—OH groups for condensation on the latter at high pH.
0 A maximum of one Zh can become attached to any silicate
anion.?°Si together witt?’Al NMR spectra show that zincate
competes about equally (actually, a little more successfully)
with aluminate for a deficiency of monomeric silicate to form
coexisting [(HO}ZnOSIGQOH]*" and [(HOAIOSIO,OH]*~
which exchange Si with a rate constant on the order of
3 x 10 kg mol* st at 298 K.
e " o oo o8 The ability of aqueous silicate to scavenge &therefore
fa((stoichimetric) compgrable to, or possmly a Iltt!e better than, |t§ well-
Figure 4. Relation of the mole fractiorfa ™R, of [(HO)sAIOSIO,OH]®~ establishett propensity for scavenging Al at least in highly

relative tof [(HO)sZNOSIQOHJ* + [(HO)sAIOSIO,0HJ}, as determined  @lkaline media. It is therefore_likely that sili(_:at_e anions
by 2°Si NMR, to the stoichiometric mole fraction of total Al to total  released from psW and other bioactive ceramic implants at

(Zn + Al). Slope = 0.83. local pH 10.5 or less will also interact strongly with 'Zas

well as A" under physiological conditions, albeit with
stoichiometric [Si] (0.066 mol kgf) than the others because greater degrees of protonation of th&iOX~— groups than
of solubility limitations and also showed substantial tem- in our experiments.
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