Inorg. Chem. 2006, 45, 958—960

Inorganic: Chemistry

* Communication

Relative Energies of o and £ Isomers of Keggin Dodecatungstogallate

Karthik M. Sundaram, T Wade A. Neiwert, * Craig L. Hill, T and Ira A. Weinstock*

Department of Chemistry, Emory Usirsity, Atlanta, Georgia 30322, Department of Chemistry,
Bethel Unpersity, St. Paul, Minnesota 55112, and Department of Chemistry, City College of The
City University of New York, New York, New York 10031

Received October 16, 2005

The relative energies of [ Keggin heteropolytungstates, PoH) and o-SiW,,04¢* (XM = Si*t), the central [X1O,]%~
X™W1,04087-, decrease as X™ is varied within period 3, from moiety in1 (X = AI*") resided within a WOz shell, whose
P5* to Si** to AR*. With heating of a-HsGa®*W,,04 at 200 °C in diameter remained constant ag"Xvas varied from P to
water, an equilibrated mixture of o (T one W NMR signal) Si** to AI®T. This lent support to the clathrate structural

model of the Keggin cluster: [X@©&"-@W;:036 We also
observed that, as X* varied from P* to St to Al3T,
X—u4-O bond distances in [XO4)©®"~ tetrahedra increased
and increased polarization of the=O bonds (away from
the less electronegative main-group cations and toward

and 3 (Csy; three signals; 1:2:1 ratio) isomers is obtained. From
AGey = —RT In Kz—q, in which (from ™Ga NMR spectra) Kz«
(= [al[B]) = 5.0, S-GaW1,04° is 0.65 kcal mol~! higher in
energy than a-GaWy,04°". This finding is evaluated by analysis

of the X-ray crystal structure a-KaNag[GaW:204]-9.3H,0 [trigonal, oxygen) shifted electron density toward the fixed-diameter
space group P3;21, a = 18.9201(13) A, b = 18.9201(13) A, ¢ = W1,035 shell. We noted a correlation between increase in
12.5108(12) A, Z= 3, T= 100(2)K], comparison of the Shannon the relative stabilities of isomers and this shift in electron
and Prewitt radii and Pauling electronegativities of A”** and Ga®*, density toward the \WOss shell.

and insight from density functional theory calculations, which Using the clathrate modél,Poblet and co-workefs
predicted Ez — E, = 0.32 kcal mol ™. subsequently performed density functional theory (DFT)

calculation8 that evaluated electronic interactions between
the encapsulated (XQand shell (W-Oz¢) “fragments”. They
Until recently, the relative instability off isomers of  showed that the unprecedented stability3ef was due to
Keggin cluster anions was accepted as a general rule. In a”encapsmaﬂon of a larger, more electron-donatintf @45~
documented cases involving fully oxidized Keggin anions (To) moiety within a polarizable, fixed-diamet@rW;,0s5
in water, effectively complete conversions teisomer  (C,,) shell. This conclusion, while consistent with the
analogues were observédh 1999, however, as part of an  correlations noted aboveyas predicated on the assumption
effort to prepare Keggin tungstoaluminate catalysts for O that the encapsulated A oxoanion inf-1 was indeed
oxidations in watef,we observed equilibria betweghand  tetrahedral in structure, such that no unexpected distortion
0-[AI*W1204°" (8- and a-1).57° Using #’Al NMR spec-  was involved in stabilization of thg isomer. To verify this
troscopy, we found that, at 200, 5-1 was only 2.1 kcal  assumption, we obtained a high-quality X-ray crystal struc-
mol~* higher in energy than-1.2 An X-ray crystal structure  tyre of -18 and found no structural distortion.

i 3— — .
of a-1 showed that, as in-PW;,040°" (heteroatom, X = Poblet also predictédhat 8-Ga*W1.045 (3-2) should
. . " B .

*To whom correspondence should be addressed. E-mail: iaw@ ?e remtlvgly close in energy -G W1,0u0 (OL 2)' Using
sci.ceny.cuny.edu. 1Ga and'®3W NMR spectroscopy and X-ray crystallography,

T Emory University. we now show this prediction to have been correct.
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Figure 1. 7'Ga and!®3W NMR (inset) spectra before, during, and after
conversion of a 0.1 M aqueous solutioncoHs[GaW:204q] (o-Hs2) to an
equilibrated mixture ofx and isomers at 200C.

infrared (FTIR) spectrum (Figure S1 in the SI) includes a
strong band at 729 cm, assigned to the central Gay-0,4
moiety, and the UV-vis spectrum (Figure S2 in the SI)

features a broad absorption with a maximum at 266 nm,

typical of a-Keggin dodecatungstate anigh$he first and
second one-electron-reduction potentials2of—0.35 and
—0.57 V vs Ag/AgCI; Figure S3 in the Sl) are similar to
those ofo-1.11

Isomerically pureo-HsGaW;-O4 was obtained by dis-
solution of crystallinea-K;Na;GaWi-:O40 in water, the
addition of concentrated 430, and extraction with diethyl
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Figure 2. Equilibration ofa- and -2 (0.1 M) in water at 200°C. The
molar ratios off to a. isomers, obtained by integration @Ga NMR spectra,
are plotted as a function of time frotn= 0 h (nof isomer present) to=
168 h (7 days). The reported equilibrium const#gt. (the average of all
seven mole ratio values after equilibration), is 1/0.2, or 5.0.

Table 1. Relative Energies oft andj Keggin Isomers of
XMTW10408"-, where X+ = Ga*, AI3*, Si#t, and P+

DFT COSMC experimertt
Eﬁ _ Eu, AGﬁ - AG&,
X kcal molt  KeajculatedS—00) kcal mol?t  KopservefB—00)
Gat 0.32 1.7 0.65 5.0
Al3+ 2.37 55 2.1 9.1
Sitt 3.82 633 NA NAC
pot 4.57 2248 NA NAC

aValues calculated for X'W12040® "~ in a dielectric continuume(=
78), at 25°C. P Values for Xt = Ga** and AP+ refer to 0.1 M aqueous
solutions of the free acids, sX""W1,040, equilibrated at 200C. ¢ Not
reported. To our knowledge, fully oxidized isomers have not been
observed by Si or 3P NMR in equilibratedaqueous solutions.

Isomer ratios ofs- to a-Hs2 were calculated by integration

ether. After drying and precipitation from warm water, the ¢ the7lGa NMR signals (6.5¢s pulse width and a 1-s delay).
free acid, an amorphous white solid, was obtained in 69% From these data (Figure 2), the equilibrium constépt,,

yield. When dissolved in BD, one singlet ad = 211.1 ppm
(vi2 = 110 Hz) was observed b{Ga NMR spectroscopy
(Figure 1;t = 0 h). As expected for amx isomer {4
symmetry), thé®W NMR spectrum featured a single signal
(12 equivalent W atoms; sé¢e= 0 h in the inset of Figure
1).

The relative energies gf- and o-2 were measured by
equilibration ofo-HsGaWi040 (0.10 M in water), for 7 days
at 200°C in a 25-mL Teflon-lined bomb. These conditions
are identical with those used in previous wérky which
equilibria betweerB- anda-1 was observed. Aliquots were
removed periodically, antGa NMR spectra were acquired
(Figure 1). Within 6 h, a new signal, assigned tofhisomer,
was observed at 207 ppmf, = 340 Hz). After 24 h, no

further changes were observed. To ensure that equilibrium

for isomerization of3-2to a-2 at 473 K Kg—o = [0]/[S]) iS

5.0+ 0.2. UsingAG = —RTIn Ks—, the 8 isomer is 0.65
kcal mol? (0.028 eV) higher in energy than tleeisomer.
This value is similar to that observed for solutionslgiX"*

= AI®"), equilibrated under identical conditioAsThere,
27AI NMR spectra indicated thats -, = 9.1, such thag-1

is higher in energy than theisomer by 2.1 kcal mot (0.09
evV).

In 2001, Poblet and co-workers reported DFT results for
the relative energies of the and isomers ofl and2 in
vacuo® They calculated thes—, — E,—1 = —7.8 kcal mot?
(—0.35eV) and thaEs—» — Eq—» = —4.19 kcal mof?! (—0.18
eV). In both cases, they found tifeéisomers to be lower in
energy than theiot analogues.

In 2004, however, Poblet and Lopez calculated updated

had_ _been reached, the experiment was continued f_or anEﬁ — E, values for X*W,0,68 "~ anions (X* = Al3*,
additional 6 days. The presence of three new signals in thegiu+ gnq B+).1415Rather than vacuum values, they now used

18 NMR spectrum of the solution (intensity ratio of
1:2:1p4822¢confirmed that thé'Ga NMR signal at 207 ppm
was due tq3-2 (Cs, symmetry) now present in equilibrium
with -2 (Figure 1, inset}3

(11) Geletii, Y. V.; Hill, C. L.; Bailey, A. J.; Hardcastle, K. I.; Atalla, R.
H.; Weinstock, I. A.Inorg. Chem.2005 44, 8955-8966.

(12) Lefebvre, J.; Chauveau, F.; Doppelt, P.; Brevard,JCAm. Chem.
Soc.1981, 103 4589-4591.

(13) These spectra are very similar to those shown in ref 10 (althaugh
andp isomers are not mentioned there).

a “conductor-like screening model” (COSM®&)in which
the solvent dielectric constant was setat 78 (water at
25°C). Foro- andf-1 (X = Al®"), these calculations gave
Es-1 — Eq-1 = 2.37 kcal mot? (0.104 eV), a value much
closer to the experimental value of 2.1 kcal md0.09 eV),
observed by?’Al NMR at 200 °C23 For a- and -2, their

(14) Lopez, X.; Poblet, J. Minorg. Chem.2004 43, 6863-6865.
(15) Poblet, J. M.; Lpez, X.; Bo, CChem. Soc. Re2003 32, 297—308.
(16) Klamt, A.J. Phys. Chem1995 99, 2235.
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Table 2. RadiP and Electronegativiti®sof Heteroatoms X~ and Meaf Bond

Distances (A) and Angles (deg) farX™W;,040@ M-

sum of
radius, X—ua-O
Xnt electronegativity X-us-O us-O—W andus-O—W O0—X-0 ref
Gat 0.61 1.81 1.799(7) 2.205(7) 4.004(9) 109.1(3) this work
Al3T 0.53 1.61 1.742(8) 2.265(8) 4.007(11) 109.5(6) 3
Siét 0.40 1.90 1.63(2) 2.35(2) 3.98(3) 109.5(4) 14
p5t 0.31 2.19 1.526() 2.438(3y 3.964(3) 109.5(2% 14

aShannon and Prewitt radii for the four-coordinatioh Xations.? Pauling electronegativities of the main-group elemeisierage values with uncertainties
(1o) in parentheses. Uncertainties not reported; values shown were calculated from scatter in published data.

Figure 3. Thermal ellipsoid plot (50% probability) af-2.

COSMO calculatiol (¢ = 78) gaveEsz—, — E,—» = 0.32
kcal mol! (0.014 eV), again much closer to the value
provided by "Ga NMR (this work)!® These results are
summarized in Table 1, along with data folXV;,04¢& "~
anions containing 3f and P heterotaoms.

The DFT calculatiorfsshow that3-W1,036 shells are more
polarizable than theia-isomer analoguesi¢W;,036) and,
as a result, are stabilized to a greater extent by electron
donation from X+O4&"~ “fragments”. The close agreement
between theory and experiment in the data in Table 1 thus

X" and Pauling electronegativit®@sof the corresponding
main-group elements, X.

In all cases, the Xu4-O andu,-O—W bond distances sum
to ca. 4.0 A and the central™XO,® "~ oxoanion is a nearly
ideal tetrahedron (6X—0 angles are all close to 109)5*

As X" is varied within the third period from® to Si** to
Al®*t, cationic radii (Table 2; coordination number 4)
increase in increments of 0.09 and 0.13 A and electronega-
tivities decrease from 2.19 to 1.61. Moving down group Il1A
from AI3* to G&*, the cationic radius increases by 0.08 A,
while the electronegativity nowcreasesrom 1.61 for Al

to 1.81 for Ga. This simultaneous increase in both the cation
sizeand the electronegativity explains why the increase in
the X—u,-O bond distance observed upon replacement of
Al3* by G&* (+0.06 A) is smaller than the 0.09 and 0.13 A
increments observed wheriXis varied from P* to Si* to
Al3F,

In addition, the larger electronegativity of Ga attenuates
the extent to which an increase in the radius éf Xand,
thus, in the size of the central"’X0,&"~ oxoanion, is able
to stabilize thes isomer by delivery of electron density to
the polarizable3-W,,049 shell. As a result, the equilibrium
constantKs—q, and the difference in energy betwegénand
a-2 (X" = Ga**, Kg—q = 5.0; AG = 0.65 kcal mot?) are
only slightly smaller than those for™X = AI3t (Ks—q =
9.1; AG = 2.1 kcal moi?).

suggests that the electron-donating ability of the encapsulated  Acknowledgment. We thank the DOE (Grant DE-FC36-

X" Q48" oxoanions generally increases a% Xs varied
from P* to G&*.

At the same time, the experimental results show that a
change in X* from AlI*" to G&" has a relatively small effect
on the relative energies of the respectrand o isomers.

To investigate this in more detail, we obtained an X-ray
crystal structure ofi-K;NagGaW;040.1°

The structure of thex-GaW;;04¢°~ anion is shown in
Figure 3. In Table 2, key bond lengths and angles are
compared with analogous data from the seriesX""W,-
048 "~, where X = AI3*, Sf* and P*. Included in Table
2 are Shannon and Prewitt cationic r&tiif the heteroatoms

(17) Poblet, J. M., private communication.

(18) At200°C (15.5 bar), the dielectric constant of water is ca. 38: Shock,
E. L.; Oelkers, E. H.; Johnson, J. W.; Sverjensky, D. A.; Helgeson,
H. Faraday Trans.1992 88, 803-826.

(19) The X-ray-quality crystals af-KoNag[GaWi204]+9.3H,0 were grown
by adding KCI to an aqueous solution@f2, prepared by modification
of the procedure in ref 10. The crystal system is trigonal, space group
P3,21,Z = 3, pcaica= 4.150 g cnm3, a= 18.9201(13) Ab = 18.9201-
(13) A, c=12.5108(12) A, and&/ = 3878.5(5) R. The final statistics
based orF2? are R1= 0.0380 and wR2= 0.0917 forl > 20(l).
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Supporting Information Available: Optimized syntheses of
(X-KzNag[GaW1204o] and (1-H5[GaW12040]; FTIR and UV-vis
spectra and a cyclic voltammogramaK ;Nag[GaW;,0,q] (Figures
S1-S3); experimental details, crystal data, and structure refinement
parameters fou-K ;Nag[GaW;,04q]-9.3H,0 (Table S1); select bond
lengths and angles (Table S2); ratios of the average errors in the
crystal structures of HGaW;;04q and a-KoNag[GaW,;04q)*
9.3H,0 (Table S3); full structural data in CIF format; and a
discussion of the structure reported in ref 21. This material is
available free of charge via the Internet at http://pubs.acs.org.

IC051789N
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