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This study identifies the principles that govern the formation and stability of Ln complexes of the (0t;-P2W17061)1~
isomer. The conditional stability constants for the stepwise formation equilibria, Kicong @nd Kaeong, determined by
3P NMR spectroscopy, show that the high log Kicond/l0g Kacona ratio predicts the stabilization of the 1:1 Ln/
(01-P2W17061)1%~ species. The value of log Kicong increases as the Ln series is traversed, consistent with the high
charge/size requirement of the basic a defect site. The conditional stability constants, K>, are very low and are
highly dependent on the countercations in the buffer. The source of the instability is understood from the crystal
structures of the early—mid lanthanide analogues, where the close contact of the (ot-P,W;706:)*~ units result in
severe steric encumbrance. The electronic properties of the oy defect along with the lanthanide ionic radii and
countercation composition are important parameters that need to be considered for a rational synthesis of lanthanide
polyoxometalates.

vacant POMs, such as Eu(Si\@s),** or Eu(RW17061)2' ",
identified by Peacock and Weakl&yncorporated into thin
films show weak luminescence upon exciting into the POM
framework?~15 Excitation spectra of thin films prepared by
layer-by-layer or soetgel techniques suggest that energy
transfer from the organic portion to Eu(lll) results in
luminescencé®!’ The Eu Preyssler ion has been incorporated
into films using layer-by-layer and sefgel techniques and,
indeed, retains its luminescence and photochromic prop#rtiés.

Introduction

Polyoxometalates (POMs) are transition-metal oxide clus-
ters that have the most applications in the area of heteroge
neous acid and oxidation cataly$ig.However, their unique
properties, such as redox tunability, electron withdrawing
properties, and their robust nature, are currently exploited
in multidisciplinary approaches, which should result in new
applicationg 7

The addition of lanthanides to POMs has recently expe-
rienced a renewed interest for the creation of luminescent
and electrochromic materials. For example, 1:2 Ln/mono-
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We have also incorporated £{8),Eu 03-P,W1706," into The study reported here addresses the formation and
mesoporous MCM-41 with retention of the luminescence, stability of the Lnay-PW1706:2% POM family. The mono-
albeit low?* However, to achieve the high luminescence vacantoy-P,W170s:1%" isomer is derived from the Wells
required for films, devices, and sensor applications, sensitiza-Dawson aniong-P,W1406,°~, where the vacancy is located
tion of the lanthanides will likely be required because the in the “belt” region. The creation of a vacancy in the cap
absorbance of lanthanides is inherently low. Therefore, to region results in thew,-P,W170s:1%" isomer. The nonequiva-
take advantage of the useful properties of POMs, mixed lence of the cap and belt positions impacts the chemical
organic-inorganic hybrids where the organic moiety sensi- properties of the WellsDawson POM ando; and a;
tizes the Ln luminescence will be required. To accomplish transition-metal-substituted products. For example, electron
this, the 1:1 Ln/monovacant POM families will be useful transfer properties are clearly different in the cap and belt
wherein the solvent molecules can be replaced by organictungsten regions. Added electrons are first introduced into
sensitizing groups. the belt region of the WellsDawson iort?22 Transition-
Although the 1:1 Ln/monovacant POM families have been metal cations substituted into the ando., positions clearly
identified;'>22°25 equilibria with the 1:2 Ln/monovacant show differences in electrochemistry; specifically, transition-
POMs render the stabilization of the useful 1:1 species very metal cations substituted into the position are more readily
difficult. This is especially problematic when trying to reduced than when substituted into thgposition34-37 This
produce organic soluble 1:1 species by metathesis reactionshas been ascribed to the orientation of the®P®&trahedron,
The multiple coordination requirements of lanthanides and positioning a basic oxygen atom near the site, thus,
the multiequilibria of lanthanide ions in aqueous solution as fayoring stronger coupling of the heterometal with the W
well as the often multiple basic sites of lacunary POMs atoms in the belt and variations in the protonation events.
significantly impact the solution’s composition. Also, subtle, Theoretical treatments are consistent with these findings; the
but nevertheless important, parameters that influence solutionowest unoccupied molecular orbital in the frontier orbitals
and solid-state speciation are the electronic and structuralof o-P, W06~ (d'1) consists of 96%:; characte?® These
properties of the POM defect, the lanthanide ionic radii, and structural and electronic differences, coupled with the
the solution conditions (pH, countercations, aging, etc.). The |anthanide ionic radii, also have a significant impact on the
specific objective of this study is to understand how these speciation and stability of lanthanide complexes in solution
parameters impact the solution and solid-state speciation ofgnd in solid state.
ZJSHTgi(;)r:sﬁgmﬂglgngggnsw ézﬁgpgg\i InT:;(;rrEZIrg Egigg;[:; In pursuing solid-state and solution structure and speciation
) ] 1 . H 77 - .
and reagents. This understanding will guide us in the ztu?r:ii,ot:qirl.%nspsegllizs Z(S?;tléu«;;dpzv?ﬁ%é%utiév&?czrﬁ
preparation of organieinorganic Ln POM hybrid materials [(H20).Ce(-PW:1,0s)]544, a self-associated s;;)ecies in
in aqueous and organic conditions that should improve thesolid state that dissociatés into a monomer in aqueous

I,\ljlmrlneicre?ﬁ;a p;r%pertklles | dvxgrr:]en [[nctc;]rp:)fria:gd. tlr?to fI|ITi]S. solution?® have been isolated. Here, we try to understand
oreover, this study shou pact oInerfields, the SPECIes 1,y the structural and electronic features of the

fﬁlﬂngheZiV\;lluﬁf':ﬁ?tf thte\;\(lji?hntlflrcat::)in of IE)e\g'StaC'c:'Cr a4-P,W1706:1% isomer impact the speciation and stability
Ms that W erac organic substrates for - ¢4 complexes and, thus, their synthetic potential. We
catalysis applications. Also, the principles uncovered in this : he findi 4 bed h for th f
study should facilitate the use ofi-P,W170s:1>~ POMs for are using the findings described here lor the purpose o
producing pure 1:1 Ln/POMs that should be useful precursors

the extraction of radiolanthanides and actinides and even, .
) ) i~ -~ for ternary complexes wherein the solvent (water) molecules
by means of the differential stability constants, the separation o
are replaced by organic ligands.

of neighboring radiolanthanidé%:3!
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Experimental Section

General. All of the reagents were commercially available and
used without further purification. ¥ a;-P,W;7061] was prepared
following the method of Contantiforg. Synth.199Q 27, 71).

curve for each element was constructed. After the calibration curve
of each element was completed, the concentration (in ppm) was
determined for two solutions of each samp#y.36 and 94.729/
mL of [Eu(oy-PaW17061)2]*7, 33.96 and 67.84g/mL of [La(oy-
P2W17051)2] 177, 44.32 and 886Ag/mL of [Nd((ll-P2W17061)2]177,

Elemental analyses were carried out by inductive coupled plasma 5 54 ang 84.48g/mL of [Dy(cu-PW:17061):]27, 47.04 and 94.08

atomic emission spectrometry (Spectroflame M120E).
Synthesis and Crystallization of [Ln(oy-P2W17061)2]*"~
(Ln = La®*, Eud", Nd3*, Dy3", Ho3", Er3"). A prototypical
reaction for lanthanum is given. oKi[a;-P,W17061] (1 @,
0.20 mmol) was dissolved in 12 mL of buffer solution of LiOAc
(0.285 M) at pH 4.75 at room temperature, and 0.115 mL of
0.90 M LaC solution (0.10 mmol) was added slowly to the above
solution with vigorous stirring. The solution was stirred vigorously
for 15 min, followed by the addition of KCI (0.32 g, 4.29 mmol).
A white precipitate formed and was collected by filtration. The
white solid was redissolved in a minimum amount of LIOAc buffer
(0.285 M) pH 4.75 and, then, was placed in the freezetQ3%
After 3 days, colorless rectangular crystals had formed.
Elemental Analyses Elem Anal. Calcd for K4(H3O)sLa-
(01-PoW17061)5]4KCI-64H,0: La, 1.23; W, 55.23; P, 1.09; K, 4.84.
Found: La, 1.25; W, 57.29; P, 1.22; K, 4.84. Elem Anal. Calcd
for Ki4(H3O)3[Eu(a-P,W17061)2]-4KCI-64H,0:  Eu, 1.34; W,
55.17; P, 1.09; K, 4.83. Found: Eu, 1.34; W, 55.19; P, 1.11; K,
4.80. Elem Anal. Calcd for K(H30)s[Nd(0-P,W17061)2] 4K Cl-
64H,0: Nd, 1.37; W, 59.38; P, 1.18; K, 7.01. Found: Nd, 1.34;
W, 58.04; P, 1.18; K, 6.53. Elem Anal. Calcd for4H30)3[Dy-
(01-P,W17061)2] -4KCI-64H,0: Dy, 1.54; W, 59.28; P, 1.17; K,
6.67. Found: Dy, 1.55; W, 59.77; P, 1.14; K, 6.65. Elem Anal.
Calcd for K14(H30)3[H0((11'P2W17061)2]'4KC|‘64H20: Ho, 1.56;
W, 59.27; P, 1.17; K, 6.67. Found: Ho, 1.56; W, 59.03; P, 1.10;
K, 6.65. Elem Anal. Calcd for K(H3O0)s[Er(a-P,W17061)2] -4KCl-
64H,0: Er, 1.58; W, 59.26; P, 1.17; K, 6.67. Found: Er, 1.55; W,
57.90; P, 1.17; K, 6.52. The crystals of [lonfP,W170s1)2]1"~
(Ln = EW*, Nd®*, Dy3*, Ho*", Er*) were grown in the same

ug/mL of [Ho(a-P,W17061)2]Y7~, and 45.44 and 90.88g/mL of
[Er(oa-P2W17061)2]1""}. The concentrations in ppm were then
converted to weight percents of each element.

Collection of NMR Data. All of the NMR spectra were recorded
on a JEOL GX-400 spectrometer with 5 or 10 mm tubes. Resonance
frequencies are 161.8 MHz f&tP and 16.7 fo83W. Chemical
shifts are given with respect to external 85%PK, for 3P and
2.0 M NaWO, for 3. Typical acquisition parameters for
31p spectra included the following: spectral width, 10 000 Hz;
acquisition time, 0.8 s; pulse delay, 1 s; pulse widthu&%50 tip
angle). Anywhere from 200 to 1000 scans were required. For
183V spectra, typical conditions included the following: spectral
width, 10 000 Hz; acquisition time, 1.6 s; pulse delay, 0.5 s; pulse
width, 50us (45 tip angle). Anywhere from 1000 to 30 000 scans
were acquired. For all of the spectra, the temperature was controlled
to 25 + 0.2°. For 3P and®W chemical shifts, the convention
used is that the more negative chemical shifts denote upfield
resonances.

Conditional Stability Constant Determination. (A) Determi-
nation of the Conditional K;. (1) Sample Preparation.All of
the lanthanides were standardized by EDTA (standard solution,
Aldrich) with xylenol orange as an indicator. The molecular weight
of the ligand Kgou-P,W;70s;] was obtained by titrating
[0t-PoW17061] 10~ with CoCh (0.2979 M) (standardized by EDTA),
monitoring by UV~vis (the absorbance was recorded at 544 nm).
The procedure for the preparation of tH® NMR sample is as
follows: 0.0425 g of K ou-P,W17061] was dissolved in 2 mL of
lithium acetate buffer (pH= 4.75, 0.5 M, 20% RO), and 31.QuL
of LnCl3 (0.2004 M) and 25.L of EDTA (0.0974 M) were added.

fashion. The crystal shapes are all similar except for the size andThe solution was clear. Afte8 h atroom temperature, the solution
color. The Eu and Dy analogue crystals are colorless, the Nd reached its equilibrium. Th#P NMR spectrum was recorded. An
analogue crystals are light blue, and the Ho and Er crystals are gyternal standard, phosphoric acid (0.609013 M), which was

very light pink.
Elemental Analysis by ISP. (i) Standard Solution Preparation.

placed in a smaller tube inside of a 10-mm NMR tube, was used
to quantitatively monitor the concentrations of;{P,W;7061]%0".

The standard solutions of P (0.2, 0.4, 0.6, 0.8, 1.2 ppm), Eu (1, 2, At least four determinations were performed for each lanthanide.

4, 6 ppm), La (1, 2, 4, 6 ppm), Nd (1, 2, 4, 6 ppm), Dy
(1, 2, 4, 6 ppm), Ho (1, 2, 4, 6 ppm), Er (1, 2, 4, 6 ppm), W

A sample®’P NMR spectrum is shown in Figure 1a. The conditional
K equilibrium constants of [Lm(;-P,W17061)2]1"~ are displayed

(20, 40, 60, 80, 120 ppm), and K (1, 3, 5, 7 ppm) was prepared by in Table 1.

diluting a 1000 ppm ICP standard solution (GFS Chemicals, Inc.)

with distilled water.

(i) Sample Preparation. Crystals of [Ln(t-P,W17061)2]*"~ (Ln
= La®", El?", Nd®*, Dy3*, Ho*", Erft) were collected by filtration

(2) Standard Curve Preparation and Use.The calibration
curves of f3-PW17061]1%" versus the standard (STD) were obtained
by monitoring the3'P NMR spectra of four concentrations, 0.5,
1.2, 2.0, and 3.0 mM, under the same conditions as for the above

and were placed in uncovered, carefully labeled small vials, and competition experiments. The intensity @f;fP,W17051]1%/STD

then they were put into a desiccator (CaS& drying agent)

plotted against the concentration af,fP,W17061]'%~ gives a

vacuum for 1.5 h. The samples were left in the closed evacuatedstraight line, which means the intensity @f;fP,W;7;061]1%~ (the

desiccator overnight. Afterward, 0.0148 g of [BHPW170s1)2] 17,
0.0106 g of [La@i-P.W170g1)2]Y~, 0.0277 g of [Nd@u-
P2W17061)2]177, 0.0264 g of [Dy().l-P2W17061)2]177, 0.0294 g of
[Ho(au-PW17061)2] 17, and 0.0284 g of [Ex{;-PW17061)7] 17~ were
each dissolved in a 25 mL volumetric flask with distilled water. A
total of 2 and 4 mL of the first two solutions and 1 and 2 mL of
the latter four solutions from each flask were poured into individual
25 mL volumetric flasks to prepare the ICP samples.

(i) Method. The maximum wavelengths for the different

peak at—8.4 ppm, for example), versus the intensity of STD
Istp is proportional to the concentration ofuFP,W;7061]10.
S = I/lsto = «[L]y; & is obtained from théP NMR spectra.
Thus, [L} = S/«x can be used directly for the calculation §f,
(B) Determination of the Conditional K,. (1) Equilibrium
Constant Measurement of [Ln@-P,W17061)2]*"~ (Ln = Las",
Nd3*, Eust, Dy3", Ho®", Er3*) with Different Countercations
Monitored by 3P NMR. The buffer solutions of LiOAc (0.02 M),
NaOAc (0.02M), KOAc (0.02 M), and CsOAc (0.02 M) (30%D)

elements were selected (P, 213.618 nm; Eu, 381.970 nm; La,at pH 4.75+ 0.10 were prepared. In a 10-mm NMR tube, 0.06 g
379.478 nm; Nd, 406.109 nm; Dy, 353.170 nm; Ho, 345.600 nm; of (04-P,W17061)1% was dissolved in 2 mL of each of the above
Er, 337.271 nm; W, 239.709 nm; K, 766.496 nm). A calibration buffer solutions, and then different En{ [(o;-P2W170g1)10-/LN3"
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A STD eqg 1 in terms of the conditional equilibrium constants for EDTA
(K" cond) and the conditional equilibrium constant for the 1:1 Ln
(03-P,W17061) 19~ species, shown in eq 2.

_ LU, Kigng _ Ko @
e [LnL][L ']t chond K10“L
LnL <@L LaL L . . .
Ky andK' are the thermodynamic formation constants corresponding
L to eqs 3 and 4, respectively.
7 0 7 A4 Ln+L=LnL K, ©)
&, pgm
Ln+L'=LnL' K’ 4
B sTD Keong is equal to eq 5:
[LnL]
= - = 5
L EuL L cond [Ln][L] . o ( )
EuL
5 [L] is the sum of the equilibrium concentrations of the nonproto-
a nated form and all of the protonated forms of ligand L.
=L T+ HL DT+ HL2 ]+ (9)
L
T T T T o = |0} = - 1H — (7)
5 o & ppm 5 10 15 Ll @+ KH] + KPR HPP + - - 0)

Figure 1. Examples of31P NMR spectra for conditionaK; and K; H . . .
constants. (A) Equilibrium solution of B6, (as-PW10s)1%, and K" is thenth protonation constant of L; an analogous expression

competitive ligand EDTA at LiOAc (0.5 M) pH 4.75. STE standard, applies for the competitive ligand,' L

LnL = Eu(o-P.W17061)1% (B) 3P NMR spectrum of an equilibrium The mass balance equations for eq 1, whéndicates the initial
solution of E&* and @1'P2W17061)1‘} in a 1:2 ratio at NaOAc (0.04 M) concentration of the Speciesy are

pH 4.75. STD is the external standard (0.01228 M giP&, in H,0), EuL

is [EU((ll-P2W17061)]7_, Lis Iigand (11-P2W17061)10_, Eul, is [ELI((ll- — r

PW170s1)2]17~. Note: In spectrum B, we find that the downfielP peak [Ln]; = [LnL] +[LnL ] ®)
for EuL; (close to Eu) is broad and not easily observed, especially when in

low concentration (see Figure S5 in the Supporting Information). The [L]; = [LnL] +[L], 9
equilibrium expression is written in terms of the initial Eu concentration
and the POM concentration (see the Data Analysis section), the concentra- [L'];=[LnL]+ L], (10)

tions are higher for these species, and the resonances are sharp and, thus,

can be successfully integrated. . [ .
y 9 When egs 8, 9, and 10 are combined, the equilibrium expression

for eq 1 is reduced to a function of [{.and the initial concentra-

stoichiometric ratio= 2.2]} were added separately; the resulting y
ions.
m

solution was shaken for about 30 min and, then, was stored at roo
temperature for 5 h. Thé'P NMR spectra were recorded. The _
external standard was phosphoric acid (0:60913 M) in a small o= (ILn; = [L]; + LML

tube, which was placed inside a 10-mm NMR tube. The calibration ¢ (L] — [LALT — [Ln; 4+ [L]; — (LY
curves of @-P,W17061)1% versus STD were obtained at four
different concentrations, 0.5, 1.0, 2.0, and 3.0 mM, by monitoring
the 3P NMR spectra. The condition&l, equilibrium constants of

(11

The intensity of thedy-P,W;7061] 1% peakl, at —8.4 ppm versus
the intensity of the STD pedlkp is proportional to the concentra-

[Ln(ou-PaW17061)5]17~ at different countercations, tj Na-, K™, tion of [a3-PW1706] 10"

and Cg, are displayed in Table 1. At least four determinations |

were pgrfor_med for each analysis. A sample NMR spectrum is §= I_L = «L], (12)
shown in Figure 1b. STD

(2) Sample Standard Curve. The calibration curve of
(01-P,W17061)19 is the same as that in the determinatioKefong. — (ILn]; = [L]i + S/K)(S/%)

Data Analysis. (A) Determination of Conditional Formation “(IL] = §LT — [Ln]; + [L]; — Sfc)
Constants, Ky, for Ln(lll) al 1:1 Complexes Obtained from
Ligand—Ligand Competition Studies.Eq 1 represents the com-  Ed 13 can be reduced to the experimental integration data and the
petitive equilibrium expression that was set up and solved. In this initial concentrations of L and 'L shown in eq 14.
expression, Ln represents the lanthanide ion, L represents the

(13)

2
(01-P2W17061)10" ligand, and L represents the competitive EDTA K = (§/x) (14)
ligand. (L - /(LY — k)
LnL +L"=LnL"+L Keg (1) OnceKeq is obtained Kicongcan be calculated from eq 2 because
K'congiS known. Table S1 in the Supporting Information shows the
We can write the expression for the equilibrium const&at)(for conditional stability constants of Ln EDTA complexes at pH 4.75.
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Table 1. Conditional Stability Constants for Lanthanide Complexes.pP2W1706110~

lanthanide La Nd Eu Dy Er Yb Lu
log K;2 8.00+ 0.17 8.63+ 0.22 10.35+ 0.22 11.08+ 0.15 11.62+0.09 12.214+0.12 12.50+ 0.09
log Kz (Lit)° 2.190+ 0.017 2.069t 0.025 2.17H 0.003 2.132+ 0.008 2.233t 0.006 1.874+ 0.007 1.874+ 0.007
logKy (Nat)b 2.257+ 0.03 2.559% 0.009 2.421 0.022 2.493t 0.009 2.264+ 0.021 2.043t 0.033 2.042+ 0.008
log Kz (K*+)P 2.609+ 0.015 2.788+ 0.005 2.785+ 0.008 2.677 0.018 2.354 0.024 2.313t 0.054 2.139+ 0.026
log Kz (Csh)P 3.139+4+ 0.026 3.321 0.023 3.220t 0.041 3.099+ 0.014 2.517 0.006 2.521+ 0.003 2.185t 0.006
log Ka/Kz® 3.65 4.17 4.75 5.19 5.20 5.98 6.67

aKiconadetermined from competition experiments, monitored¥®/NMR, us

ing EDTA as a competitive ligand. Conditions: H.75; 0.5 M LING;

25 °C. See text and Supporting Information for detail&zcong determined by?’P NMR measurements, described in text and Supporting Information.

Conditions: pH= 4.75; 0.02 M Macetate (M= Li, Na, K, Cs); 25°C. ¢ Kacond

Sample calculations to obtaifeq and Kicong are shown in the
Supporting Information.

0.02 M LiOAc.

Table 2. Crystal Data and Structure Refinement for

K14(H30)s[La(au-PaW17061)2]-nH20

(B) Determination of Conditional Formation Constants,
Kacona fOr Ln(lll) al 1:2 Complexes.The reaction of Eu with
[01-P2W17061] 10~ forms the 1:1 complex. ExcessFP,W170g1] 10~
ligand sets up an equilibrium between the 1:1 and 1:2 complexes,

as demonstrated in eq 15. We are assuming here that the 1:1wa)\/elength,ﬁ\

complex of LnL forms immediately, LA~ L — LnL, thus, there
are no noncoordinated Ln ions present in the solution.

Ln+ L —LnL + L = LnL, Kyeong (15)

The mass balance equations are shown in eqs 16 and 17, belowZ

[Ln]o = [LnL], + [LnL ], + [Ln], (16)
[L]o=[LnL] + [L], + 2[LnL,], 17)
Hence,
[LnL], = [Ln], — [LnL], (18)
and
[LnL], = [L]o — [L], — 2[LnL,], (19)
therefore,
[Ln]o — [LnL ], = [L], — [L], — 2[LnL,], (20)
[LnLol, = [L]o = [L]. — [Ln]o (21)
[Lnt] =[] = [Llo + 2[Ln] (22)
[LnL ], [Llo— [L] — [Ln]o 23)

Kacona= [LnL] [L], - ([L]; — [L] o + 2[Ln]p)[L],

[L] can be expressed in terms &fk, as for Kicong above, and
Kacona Can be calculated using/x and the initial concentrations.
An example of the data analysis is shown in the Supporting
Information.

Single-Crystal X-ray Structure Determination. Blocklike
crystals of [Lau-P,W17061)2]*"~ were isolated from the solution
and examined under a thin layer of mineral oil using a polarizing

microscope. A suitable crystal was chosen and mounted on a glass

fiber while still coated in oil; the crystal was then immediately
frozen to 100 K on a Bruker Nonius Kappa CCD diffractometer
equipped with a sealed tube Mo anodeo(Kadiation, A =
0.71073 A) and a graphite monochromator. Because crystals of
[Eu(o1-P2W17061)2]*"~ turned dark or broke into pieces once out
of the oil, the selected crystals were mounted in the loop to make
sure the crystals stayed in the oil and then quickly placed in a stream
of cold nitrogen. Data collection, indexing, and initial cell refine-
ments were all handled using accompanying Nonius software. The

empirical formula KaLaPsW340158
formula weight 9589.09
crystal system monoclinic
space group C2lc
temp, K 100 K

0.71073
a, 41.339(8)
b, A 15.636(3)
c, A 24.988(5)
o, deg 90
S, deg 104.53(3)
y, deg 90
vol, A3 15635(5)

4

calcd density, g/cfh 4.074
abs coeff, mm? 25.692
F (000) 16652
6 range, deg 1.46-27.57
limiting indices —53<h<53,-20<k<20,-32<1<32

34400/17934 [R(irt)0.0557]
full-matrix least squaresiéh
17934/0/568
1.070
R1=0.0744, wR2= 0.1953
R# 0.1162, wR2= 0.2360
10.493 and-7.549 eA3

reflns collected/unique
refinement meth
data/restraints/parameters
GOF onF?

final R indices [ > 20(1)]

R indices (all data)

largest diff.peak and hole (e&)

SHELX package of software was used to solve and refine the
restructures. The heaviest atoms were located by direct methods,
and the remaining atoms were found in subsequent Fourier
difference maps. Data for crystals of KH3O0)s[Ln(ot3-P,W17061)2] *
nH,O (Ln = Nd®", Eu*, Er") were collected using a cryoloop
that was then frozen at 100 K. These crystals decomposed easily
upon removal from the freezer and during the X-ray experiment.
The crystal data and structure refinement data for the La(lll)
analogue are displayed in Table 2, and those for Nd(lll) and Eu-
(I are displayed in Table S2 in the Supporting Information.
Selected bond lengths are displayed in Table 3. The X-ray crystal
structure of the La derivative is shown in Figure 2.
Platon/SQUEEZE was used to determine the void volume in
each of the three structures, approximating to an additional 50
hydrogen-bonded water molecules per unit cell. The void volumes
present were 1899%or La, 2016 & for Nd, and 2054 Afor Eu,
representing 12.1, 12.6, and 24.5% of the unit cell volumes,
respectively.
Comments on the Crystal Structures It is typical to observe
peaks adjacent to the W atoms in POMs, as seen in these
structures’?=46 The large residual peaks and hid®y,: values

(41) Sluis, P.; Spek, AActa Crystallogr., Sect. A99Q A46, 194—206.

(42) Ortega, F.; Pope, M. T.; Evans, J. H.IBorg. Chem1997, 36, 2166~
2169.

(43) Sazani, G.; Dickman, M. H.; Pope, M. Thorg. Chem.200Q 39,
939-943.

(44) Wasserman, K.; Lunck, H. J.; Palm, R.; Fuchs, J.; Steinfeldt, N.;
Stoesser, R.; Pope, M. Thorg. Chem.1996 35, 3273-3279.

(45) Xin, F.; Pope, M. Flnorg. Chem.1996 35, 5693-5695.

Inorganic Chemistry, Vol. 44, No. 10, 2005 3573



Zhang et al.

Table 3. Selected Bond Lengths and Angles for [ba{P,W17061)2] "~

Lal-09 2.480(11) Ne-O2N 2.467(4)
Lal-021 2.471(5) Ne-O6N 2.445(8)
Lal-039 2.506(7) NeFO11N 2.378(11)
Lal-061 2.445(10) Ne-O9N 2.475(10)

EtrO11E 2.402 (25)
Et-O2E 2.351 (35)
EttO9E 2.402 (47)
EtrO6E 2.411 (36)

EtO22E 2.397 (15)
EtO26E 2.365 (18)
EtO31E 2.356 (56)
EtO27E 2.378 (26)

observed in the Eu and Nd analogues may also be due to thefore, by varying the solution pH, EDTA can be used as a
decomposition of the crystals as the data is being collected. competitive ligand for the measurements of formation
constants of a variety of lanthanide complexes that have
different binding strengths.

At stoichiometries> 2, an equilibrium can be set up
between the 1:1 and 1:2 species that can be examined by
3P NMR spectroscopy. Thus, when the approach described

Results

1. Stability Constant Determination. The conditional
stability constants, 1061conda(€q 24) and lo&Kzcond (€9 25),
for Ln complexes of ¢:-P,W170s1),%~ shown in Table 3,
were determined usingP NMR spectroscopy. An advantage in the Experimental section is used, the conditiokang
to this 3! NMR method is that, in addition to a direct can be determined from th&P NMR. Koeong iS highly
determination of the concentrations, the exact speciation independent on the countercation (Table 3) and on the
solution can be monitored. Understanding the speciation is concentration of the counterion. Measurement&.of,qfor
critical, especially in the case of theu(P\W17061)™", the Eu/pu-PW17061]1% complex as a function of Liions
because this POM is unstable and easily isomerizes to theshow that the lod<2congValue decreases significantly as the
(02-P2W17061)'*” isomer and, at low pH, decomposes to the | j+ concentration increases (Supporting Information). For
(0-P2W14062)°~ Wells—Dawson POMY“¢ The chemical  example, 10gKcond ranges from 2.177 0.003 at 0.02 M
shifts of the u-P2W17061)'” and (2-P2W1:061)' ligands |+ t0 0.779+ 0.024 at 1.0 M Li (Supporting Information).
and their lanthanide complexes are quite different; therefore,\we did not measure the protonation constants of the
we can easily verify that only thex{-P,W170¢1)'%" species [a1-PW1706]1% ligand and, thus, cannot calculate the
and the Ln(lll) complexes are in solution. Figure 1 shows thermodynamic stability constants. However, this study
sample®'P experiments to determir€icond and Kacond allows a valuable comparison of the conditional stability
constants across the lanthanide series.

The only other studies of the stability constants of Ln(lll)
complexes of thex;-P,W;706:1%" isomer were reported by
Ciabrini and Contant for the Ce(lll) analogl@Our data
(K1,K2, log Ki/log Ky) are consistent with the conditional
stability constants reported in that study for the Ce(lll)
complexes of thex;-P,W,706;1% isomer (1 M LiNG; log
K1 6.6; log K, 1.5; log Ky/log K, 4.4) using

Ln+ (0'~1'F)2V\Il7061)1(F = (H,0),Ln (al'P2W17061)77
chond (24)

(H,0),Ln (ay-P,W;,0g) " + (01-PW, 060 =
Ln (al'P2W17061)2147 Kacond (25)

The conditionaK;congwas determined using a competitive
method with EDTA as the competitive ligand, according to spectrophotometric and potentiometric techniques. It is
eq 1. From our previous wotk*®and that of other&? it was expected that th&; andK; values, measured in 1.0 M Li
clear that, at 1:1 stoichiometry, only the 1:1 complex existed would be lower than ours that are measured in 0.5 M Li
in solution, and thus, the 1:2 species was not considered inbuffer.
this Kicongdetermination. Indeed, thiéP NMR for theKicond 2. Synthesis and Crystal Structure. Treatment of
experiment showed no evidence of the 1:2 complex nor any (o;-P,W17061)1% with LnCls in a lithium buffer resulted in
other complex involving theoG-PW17061)**" ligand. the precipitation of a white solid that, upon crystallization,

The ligand EDTA met the following conditions for a gave crystals with the 1:2 Lrf-P,W;7061)'% (Ln = La,
competitive ligand: (1) Lanthanide EDTA complexes are Nd, Eu, Er) formulation. The formulation of #{HsO)s[Ln-

well characterized and only form a 1:1 complex, whose
thermodynamic formation constant is known. (2) The value
of the formation constant of LnEDTA complexes are
compatible with the formation constant @f;FP,W170g1] %"
with lanthanide(lll) ions at the pH (4.75) chosen for the
experiments (about lo¢l ~ 10). Strong complexation of
EDTA with Eu(lll) is well-known, and the thermodynamic
binding constant is about 18-10'°. Lowering the pH results

in a competition between protons and EDTA, and the
conditional equilibrium constanK(cong may be lowered to
match the conditional equilibrium constant for Ln/
(01-PW17061)t0". At pH 2—6, the conditional formation
constant for EUEDTA changes from 3.91 to 12¢7&here-

(46) Zhang, X. Y.; O’'Connor, C. J.; Jameson, G. B.; Pope, MIin®rg.
Chem.1996 35, 30—34.
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(01-P2W17061)2] - xH20 for the analogues was confirmed by
an elemental analysis of the crystals.

Synthesis, crystallization, and X-ray crystallographic analy-
ses of the 1:2 Lnt{3-P,W17061)*% (Ln = La, Nd, Eu, Er)
species were compromised by the lack of stability, as
expected by the low stability constants. Indeed, crystal
decomposition hindered the X-ray diffraction analysis. All
of the crystals (La through Er) showed the 1:2 formulation
and, moreover, confirmed unambiguously that the

(47) Contant, R.; Ciabrini, J.-B. Chem. Res., Synaj®77, 222 J. Chem.
Res., Miniprint1977 2601-2617.

(48) Contant, R.; Teze, Anorg. Chem.1985 24, 4610-4618.

(49) Martell, A. E.; Smith, R. M.Critical Stability ConstantsPlenum
Press: New York, 1974; Vol. 1.

(50) Ciabrini, J.-P.; Contant, RI. Chem. Res., Miniprin1993 2720~
2744,
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crystals of [Ln¢y-PW17061)2]*" are dissolved in solutions

of Li*, only the 1:1 species and ligand are observed, vide
infra. The3'P NMR spectra for the Eu(lll) analogue and the
La(lll) and Nd(lll) analogues¥0.1 M KCI) are shown in
Figures 4 and S2 (Supporting Information), respectively.
Table S3 in the Supporting Information shows #e NMR
chemical shifts for the La, Nd, and Eu analogues. i
NMR spectrum for the Eu species, perhaps because of the
shift reagent properties of Eu(lll), shows two sets of peaks,
whereas the peaks are broadened and slightly unsymmetrical
for the La and Nd analogues. Thus, we speculate that there
are two species with the formulation of 1:2 in solution. The
major species for the Eu(lll) analogue shows two P
Figure 2. Ball-and-stick representation of the 1:2 [batP2W17061)2] " resonances, consistent with the equivalence of eagh (
(green= La; blue=W; red = O; pink = P). P,W17061)1%" unit. This species may represent a species, with
Ci point group symmetry, where theu-P,W17061)% units

are rotated to be “trans” to each other. The minor species
appears to show a “doublet” in the downfield region, possibly
consistent with theC, symmetry of the 1:2 species, as
isolated in the crystal structure. Preliminary excitation

( 01-PW17061)t® POM maintained its integrity. Figure 2

shows a ball-and-stick diagram of the La(lll) analogue that
gave the highest quality data. Figure S1 in the Supporting
Information shows representations of the La and Eu ana-

. 0 L
logues with 50% ellipsoids. spectroscopy (0.5 M KCI) shows one type of Eu(lll)

: 10~
The Yb and Lu 1:2 Lnk,-P2W1/Oe1) °~ analogues could  opyironment. Luminescence lifetime measurenféritsaken
not be isolated. Crystals that were isolated after about aweelﬁn 0.5 M KCl in D,0 and HO for the Eu(lll) analogue show

from the prep designed. to give the 1:2 Lan{P,W17041)'%" = 0.34, suggesting that no water molecules are bound to
analogue were determined by X-ray crystallography t0 be e £y(111) center, consistent with the 1:2 formulation.
the 1:2 Lu/fo-P,W:1706)™ complex. Obtaining thisu, The83WW NMR spectrum for the La(lll) analogue, Figure

product is corlaistent with the lack (.)f stabi_lity 9f the 1.2 Lu/ S3in the Supporting Information, shows 16 peaks (2 overlap
(al:gz\\;vvlzgm)m dg?mag.leg and isomerization to the .~ 545 ppm) and is consistent with the major species, as
(02-PW1 6_1) crivative. observed in thé’P NMR spectrum, representing a species
Thg relative orientation of th_e t\{vaul lobes can be  where the two d-PW17061) 10~ units are equivalent. These
described by two angles, shown in Figure 3. The first angle \egonances are at different chemical shifts from those of the
describes the “rotation” of the units relative to each other. lacunary and 1:1 species. The resonances for the minor
This angle can be assessed by constructing a plane througlpeies are likely not observed as described below. Although
both phosphorus atoms and the lanthanide atom in each unitisay NVR spectroscopy is very sensitive, the low abundance
and then calculating the angle between these planes. Thigy 183y (14%) renders the spectra difficult to obtain for
angle does not show significant variation, changing from species of low symmetry. They-PW:7061)1>~ POM ligand
11T, 108, and 112 for La(ll), Nd(lll), and Eu(lll), possesse€; point group symmetry; thus, all 17 W atoms
respectively. The second angle, which shows significant 5re ot equivalent. For the major 1:2 species where, we
variation, can be described as an “opening up” of the units. postulate, the twoo(-P,W17061)10 lobes are equivalent, 17

This angle is assessed by constructing planes through bothjines would be observed. For a minor species where the two
phosphorus atoms, the apical phosphorus oxygen atoms, an -P,W1:061)1%" lobes are not equivalent, 34 resonances

a bridging oxygen in the cap region. This angle changes from yqy1q be observed. Given the low concentration of this
64.5, 77.2, and 81.8 for La(lll), Nd(lll), and Eu(lll), ~ gpecies, its lack of symmetry, and the inherent low abundance
respectively, reflecting the spreading apart of the POM lobes. 5 tne 183y nucleus, it is highly likely that the 34 resonances

~ The X-ray crystallography data reveal the source of the are buried in the noise of the spectrum. The multinuclear
instability of the 1:2 complex. The Ln(lll) center is bound, NMR data and the luminescence spectroscopy suggest that
in a square antiprismatic coordination geometry, to two there may be two types of 1:2 Lioi-P,W;70¢1)1%" species
(0u-P2W17061) 1 units. As expected, the ErO bond lengths  in solution, and it is very likely that they are conformers
decrease as the Ln series is traversed. As a response to thgnd differ only in the disposition of theo{-P;W170g1)10"
decreasing bond lengths, the tVQ'(PZWNOG.l)l(} moieties units relative to each other. Further experiments are warranted
spread apart, as seen from the increase in the acute angleo investigate the temperature dependence of the putative
which represents the spreading apart of the two conformations. It is very likely, however, that the determi-

(01-PaW17062) '~ moieties (Figure 3). The acute angle results nation ofKacongiS 0n a mixture of conformers, with the 1:2
in closer contact of the POM lobes, resulting in steric formulation.

encumbrance.

3. Multinuclear NMR Spectroscopy. The3!P NMR and (51) ygol{r%akg, W. D., Jr.; Sudnick, D. R. Am. Chem. Sod.979 101
18 . . . _ .

W spectra of the 1:2 species can only be obtainedld,D  55) Horrocks, W. D., Jr.; Sudnick, D. ciencel979 206, 1194-1196.
that is high in salt content, using either KCI or CsCIl. When (53) Horrocks, W. D., JrMethods Enzymoll993 226, 495-538.
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Planes that describe Rotation Planes that describe Spreading Apart of POMs
Figure 3. Display of angles between twa{-P,W17061)1%~ units in [Ln(at-P2W17061)2] 7.

there are significant amounts of the 1:1 species and the ligand
as well as the 1:2 species.

Discussion

The 1:1 Ln/¢u-P,W17061)*% species has recently been
documented both in solution and in the solid state. The 1:1

3, ppm -1 -5 Ce(lll)/(0u-PW17061)!*” species is a “2:2" dimer in the solid
Figure 4. P NMR Data for [Eugu-PW:Osr)s] "~ dissolved in 0.125 state wherein the Ce(lll) is nine coordinate, bound to four

M KCI (30% D;0). oxygen atoms of the lacunarg{P,W170e;) POM, four
water molecules, and to a terminal-@ of an adjacent

c (01-P2W17061)1° moiety?® The molecule decomposes into

)\ A Cs’ a 1:1 monomer in aqueous solution. We described the 1:1

formulation across the lanthanide series by luminescence

1

A A B ¢ By K measurements and complexometric titratf8msd found a
5 monomer in the solid state for the Lu(lll) analogd€ontant
JA A‘ c l B Na® described the formation of the 1:1 and 1:2 Ce(lll) species in
B aqueous solutioff. Our data Kicondg Kacons 109 KicondlOg
__lA Al l 51 Li* Kacond are consistent with the conditional stability constants
reported in that study.
' ! | ! ! ! I ! The increase dKicong as the lanthanide series is traversed,
8 10 12 '145, pp,,;16 18 20 2 is consistent with our synthetic observations that isolation
Figure 5. Speciation dependence of 0.01 mmol of [Mg,W17061)2] 17~ of the 1:1 Ln/(u-P;W1:061)'% species is more facile for
on the countercation (0.04 M) in water monitored 3 NMR spectro- the later lanthanides than for the early to mid lanthanies.
scopy. (A) Ligand ¢-PaW17061] 1. (B) 1:1 [Nd(eu-PW17061)] . (C) 1:2 Our conditional stability constant data support the notion that

[Nd(at-PaW17061)2] 17~ the high basicity of thex; vacancy requires high charge/

size cations for stabilization. The high basicity of the
A dependence on the countercation was observed and isdefect has been ascribed to the orientation of thg3PO
consistent with the stability constant measurements. Crystalstetrahedron within the cavity of the YO framework,
of [Nd(as-P2W17061)7]*"~ dissolved in an aqueous buffer positioning a basic oxygen atom near thesite. This basic
clearly show the speciation dependence on the counterionoxygen is bound to one P atom and one W atom, compared
(Figure 5). The 1:2 complex is stabilized by 'C®.04 M); to the oxygen atoms of the RO tetrahedron near the;
an equilibrium between the 1:2 and 1:1 complexes and thesite that are bound to one P atom and two W atoms, Figure

(01-P,W17061)'%" ligand is observed in 0.04 M Kand N&, 6.50 It is also likely that the later, heavier lanthanides with
and only the 1:1 complex and theufP,W17061)% ligand shorter Lr-O bond lengths will be suitably accommodated
are observed in 0.04 M tibuffer. in the o, defect site to stabilize the resulting 1:1

Titration of (@u-PaW:17061)'%~ into a 1:1 Eult-PaW1/061)1%" Ln(0u-PaW17061)'%" species.
solution in a dilute KCI medium shows the buildup of the  The 1:2 Ln/fu-P,W17061)°" complexes have been more
1:2 species (Figure S4 in the Supporting Information). At a elusive. Contant notes that these species form only in high
1:2.5 Eu(l)/(@1-P,W17061)% stoichiometry, it is clear that ~ sodium content and are unstaBldn an early publication,
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o, P, Wy70¢,

oy P, Wy70¢,

Figure 6. General representations of [Ln(ll§4-P,W17061)]7~ and
[Ln(I)( ou—P2W17061)]"~ complexes showing the position and composition
of the defect sites. The defect site of the-P,W1706:1% is considered
highly basic primarily because of the oxygen atom, circled in violet, that is
bound to one P atom and one W atom. This site appears to require high
charge/size ions for stability.

2500
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Lanthanide lon

Figure 7. Graph ofK; for the formation of [Ln¢{u-P.W17061)2]1"~ as a
function of the lanthanide ion and countercation. See text and Table 3 for
conditions.

we noted that, upon crystallization of solids that were
prepared with 1:2 La#(3-P,W17061)1% stoichiometry, we

considered is the severe steric strain imposed on the 1:2
complex as a result of the decrease of bond lengths as the
Ln series is traversed. These competing forces apparently
place the mid lanthanides at the highiéstvalue. The steric
issues are particularly important in the case of the later
lanthanides. The Yb and Lu compounds cannot be isolated.
A preparation designed to produce the 1:2 Lu(lll)/
(01-P2W17061)1% species lead to crystals of the 1:2 Lu(lll)/
(02-PW17061) 10" species, confirming the lack of stability of
the 1:2 Lu(lll)/(01-P,W17061)1% complex.

The concept that the countercation influences the equilibria
was discussed by Ciabrini and Contant, who report that the
1:2 Ce(Ill) species could be formed only in highNeontent
and was unstablf®. The effects of counterions in the
formation of 1:2 Th/q.-P,W17061)'* was put forth by Kirby
and Baker; they postulated that the™ Kon supports
the formation of the “syn” compleXt We and others
have observed that Cspromotes the 1:2 formation of
EU(P\M_]_O39)211— and K(SiV\111039)2.15‘55'56The stabilization
of the 1:2 Ln/(u-P,W17061)*% species by K and Cg is
evident from this study. This effect of Csappears to be
quite general. It is likely that the oligomerization of the Ln
POMs is due to the ion pairing of the larger countercations
to the POM surface, possibly anchoring the POMs close to
the Ln(lll) center, positioning the POM for optimal binding.

In studies by Hill and Weinstock the larger and less
extensively solvated alkali-metal cations form smaller (more
intimate) association complexes with §%™\V/W 1,040} ¢~

[X = P(V), Si(IV), Al(111)] family of POMs.57-%8In a similar
fashion, we suspect that the C®ns and, to an extent, the
K* ions are binding to surface sites of POMs and thus
stabilize the 1:2 structures in solution.

Another factor that may play into the countercation
stability is the affinity for the @;-P,W17061)1%" POM for
Li*. Contant revealed that the Idg value for the Li ion
complex of the ¢;-P,W17061)*% species was 3.7, whereas
for Nat and Kt, the logK values were significantly lower,
ca. 0.7. The loK values for Li" and Na& complexes of

observed small, broad (often multiplet) peaks appearing close(0-P2W17061)*%~ were closeP? This suggests that Li
to the peaks that represent the 1:1 compound. We did notcompetes very effectively for theq-P,W1061)'>~ POM and,

see such resonances in tH® NMR spectra for the later
lanthanides. We postulated that these were the 1:2 sp&cies.
In this study, we have isolated 1:2 LafP,W;7061)'%
species for the eartymid lanthanides. The stability constant
data Kzcong, Solution speciation data, and crystallography
suggest the rationale for their formation and high instability.
The conditional logK;congcOnstants for Ln complexes of
(01-P2W17061)% are much lower than the lok;cong CON-

perhaps, as suggested by Ciabrini and Contant, in the defect
site. Indeed, this notion is consistent with §t? NMR work
(Figure 5) where the 1:2 Nai{-P,W;70,)'%~ decomposes
completely into the 1:1 species and ligand when dissolved
in a buffer prepared with L. Na", K*, and C¢ promote

the 1:2 formation, and Csexclusively promotes the forma-
tion of the 1:2 species.

A comparison with the lanthanide complexes of

stants. The 1:2 complexes are quite unstable in the solid stategt-P.W1706:1'%" is very interesting and informative. A few
decomposing easily even under low temperatures, as expestudies report stability constants (conditional and thermo-

rienced during crystal structure data collection. Kgong
constants are dependent on the countercation fla", K+,

and C<) and on the lanthanide ionic radius as well. The
maximumkK; occurs at Nd(lll) (Figure 7); this likely reflects
two components. The first is that the charge-to-size ratio of
the Ln(lll) ion impacts the electrostatic affinity for thue
defect. This is reflected in the later lanthanides having a
higher affinity for thea, site. The second component to be
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dynamic) for Ln complexes af,-P,W;706,1%". These studies  sensitizing groups, to form hybrid inorgariorganic lan-
suggest thatK; and K, remain constant over the thanide POMs.

seriegh8%61or increase slightly from La to Eu and remain

constant from the mid to late lanthanid@sGenerally, the Conclusion

thermodynamic lod<; and logK; are on the order of 10.35

12.7 and 6-8.1, respectively, and logy/log K; are ca. 1.36 The stabilization of the 1:1 Lrdg-PW:170e1)'*” complexes
1.70. Ciabrini reported conditional constants for Ce i) with respect to the 1:2 complexes is due to the high
P,W1/06:11% (log K; = 8.8, logK, = 6.0, logKy/log K, = conditional stability constankicons and the very 1owKzcong
1.47)% Our own data on lanthanide complexes @ The low Kacong is derived from the severe steric strain due

PW17061,2%~ using NMR competition methods and lumi-  to the proximity of the €1-P,W17061)'%" lobes to each other
nescence titrations, are consistent with these studies. We findas the Lr-O bond lengths decrease across the lanthanide
that, for Ln complexes afi,-P.W17061,2% log K is relatively series. Countercations play a significant role in tuning the

constant for lanthanides spanning the Ln series(L#) at Kzcona@nd, thus, the stabilization of the 1:2 complex. These
ca. 11.3-12.5 and logK; is also constant, ranging from 5.8 principles can be used for the design of syntheses to produce
to 6.6 and the lody/log K ratio = 1.95-2.00%3 aqueous and organic soluble 1:1 &P, W1706:1% com-

In contrast, the lodK1condlog Kacongratio for the lanthanide  plexes that can be further reacted with a variety of organic
01-P,W1706:'% series is 3.65 for La(lll), increasing to 6.67 ligands.
for Lu(lll). These are even slightly underestimated because
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