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ABSTRACT: Polyoxometalate (POM)-monolayer stabil-
ity constants, K, for three POM anions vary with the cation
size, in the same order as that for increasing ion-pair
formation with @-SiW;;03,°~ (1) in the early nucleation
phase of monolayer self-assembly: Li* < Na" < K" < Cs™.
Cryo-TEM images demonstrating the use of the cation size
to rationally control monolayer formation provide
definitive evidence that the POM monolayers are electro-
statically stabilized (ionic) shells, analogous in that respect
to the monolayer walls of “hollow” POM-macroanion
vesicles.

ryogenic transmission electron microscopy (cryo-TEM)

was recently used to directly image the intact “solution-
state” structures of POM-protected silver (Ag)" and gold (Au)*
nanoparticles (NPs) in water. Those findings represented a
significant contribution to the establishment of structure/
reactivity relationships for POM-protected metal(0) NPs,®> a
growing class of catalytically active nanostructures.

Data obtained using 14-nm-diameter Au NPs led to a
structural model involving the extensive incorporation of
countercations into the POM monolayer itself.” Accordingly,
POM-protected metal NPs might be viewed as pivotal
of electrostatically stabilized
structures ranging from two-dimensional arrays of POMs on
planar surfaces® to the spherical single walls of hollow POM
vesicles.® If this electrostatic model is correct, the stabilities of
the POM monolayers on Au NPs should vary with the nature
of the integrated countercation, just as do lattice enthalpies of
crystalline POM salts and energies of cation association with
POMs in solution.”

Now, using three representative POM anions and a series of
alkali-metal cations, we show that POM-monolayer stability
constants, K, vary with the size and properties of the cations in
the same order as that observed for cation—anion association
(ion-pair formation) in solution: Li* < Na* < K* < Cs*.* Using
a-Siw;;05,% (1; Figure 1A), it is then demonstrated that
larger cations associate more extensively with the cluster anions
even during the early “nucleation” stage of monolayer
formation. On the basis of these findings, we then show how
the alkali-metal cation size can now be used to rationally
control the formation of ionic monolayer shells of cluster
anions on Au NPs.

The above was achieved by the combined use of UV—vis
spectroscopy and cryo-TEM imaging (Figure 1)."*° Panels C

. . 4
members in a continuum

-4 ACS Publications  © 2012 American Chemical Society

7436

3 |
< 0.4

0.0 +———F——r-+
400 500 600 700
Wavelength (nm)

Figure 1. Reaction of 1 with a citrate-stabilized, 14-nm-diameter Au
NP: (A) structure of 1 (polyhedral notation); (B) UV—vis spectra of
citrate-stabilized Au NPs before (black) and after (red) monolayer
formation by 1; (C and D) cryo-TEM images of citrate- and 1-
protected Au NPs, respectively. Bar = 10 nm.

and D are cryo-TEM images of citrate- and 1-protected Au
NPs, respectively. While citrate ions are not observed,
molecules of 1, each containing 11 W atoms (Z = 74) for
more effective imaging, are readily seen in panel D as a “ring”
surrounding the perimeter of the Au core. Moreover, when 1 is
added to solutions of the citrate-protected Au NPs,
replacement of the organic ligands by metal oxide clusters
causes a significant change in the surface plasmon resonance
(SPR; panel B). This absorbance change can be used to
quantify the thermodynamics and kinetics of POM-monolayer
assembly.

In Figure 2, absorbance values (526 nm) are plotted as a
function of the Mgl concentration, where M = Li*, Na*, K*, and
Cs". For each plot, Au NPs were prepared using citrate salts
containing the same cation as that in the POM salt, so that each
reaction mixture contained only a single type of cation. As the
Ml concentrations increase, absorbance increases until
reaching a plateau (a Langmuir type I isotherm). Fitting of
the data to a function describing the dependence of absorbance
on [Ml] (red curves; see the Supporting Information, SI)
gives the monolayer stability constants, K, in Table 1.
Analogous constants were obtained for Mo[AIW,;050] (My2;
the a isomer for M = K' and a—f mixtures for the other
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Figure 2. Adsorption isotherms at ca. pH 6.3 for reactions of citrate-
protected Au NPs (3.1 + 0.7 X 1077 M) with M1, where M = alkali-
metal cation. These are (from bottom to top) Li* (#), Na* (A), K
(@), and Cs* (M). The red curves are fits to eq S4 in the SL

Table 1. Stability Constants for POM Monolayers®

Langmuir stability constants,

K (mM )¢
POM Li* Na* K TMA*® Cs'
1 74+16 103+06 79 +13 13845 750 + 260
2 95+05 149+07 150+13 20040 ¢
3 <04 07+01  S52+13 24304790 2530 + 180

“Uncertainties are estimated by curve fitting; see the SL bFor
clarification, the isotherm for TMA" is provided separately, as Figure
S2 in the SL “Csy2 is poorly soluble.

cations) and for salts of the Preyssler ion M;,[NaP W;,0;,]
(M43). For all three anions, the stability constants, K, increase
in the order Li* < Na* < K* < TMA* < Cs* (Table 1).°
This trend parallels the general tendency of POMs (and
other anions) B to associate (ie., form ion pairs) more
strongly with larger alkali-metal cations, which, in water,
possess smaller hydrated radii and smaller energies of hydration
(Table 2, columns 1—4). (While TMA" is structurally unique

previously reported,” the K values for a series of plenary and
monodefect Keggin anions increased monotonically with the
anion charge (from S— to 9—), suggesting that the defect site
provides no unique stability to the POM monolayer. The
importance of the POM charge is further supported using the
Bronsted acid—base properties of 1. Adjusting the pH from 6.3
to 4.6 converts 1 (Na* electrolyte) to its monoprotonated form,
[a-HSiW,,055]7~ (pK, = 5.2,"* with protonation occurring at
the formally W—O~ ligands at the defect site). The resultant K
value (ca. 7 mM™) is close to the value of 8 mM™" for
unprotonated [a-PW,;;055]”" (see Figure S3 in the SI).

The more favorable association of POMs with larger cations
implied by the data in Table 1 was confirmed by evaluating the
relative extents of ion pairing with 1 in the early nucleation™
stage of monolayer formation. For this, the NPs themselves were
used as SPR “sensors” to detect the initial rates of citrate place
exchange'® by 1 at the Au surface. The relative extents of ion
pairing follow directly from the exponential dependence of the
rate on the net charge of the approaching anions: The {
potential of the citrate-protected Au particles is =39 + 4 mV,
indicative of a negative potential at the slipping plane (ca. S nm
from the Au surface; see Table S1 in the SI). This potential
increases to a value of ¥ = {/0.37 at the Stern layer (ca. 0.5 nm
from the Au surface),'® presenting an energetic barrier shown
to be approximated'” by —q¥/RT, where q is the net charge of
the approaching anion (eq 1).

k; = k, exp(—q¥/RT) (1)

In eq 1, k; is the rate constant for POM adsorption at the Au
surface (nucleation) and k, is the rate constant in the absence
of a potential-energy barrier. Hence, an increase in cation
association with 1 within the double layer should increase the
rates of POM nucleation at the Au surface (Figure 3).

Table 2. Cation Properties and Ion Pairing during
Nucleation of 1 on the Au Surface

hydrated hydration effective
ionic  radius,” energy,” POM
cation  radius,® A A keal mol™! k2 M~'s!  charge®
Li* 0.60 3.40 —-123 0.5 £ 0.1 -8
Na* 0.95 2.76 -97 0.7 £ 0.1 =79
K 1.33 2.32 =77 44+ 04 =7.5
TMA* 322 ~6.3 =52 21 +1 =71
Cs* 1.69 2.28 —63 105 £ 6 —6.7

“Values for Li*, Na*, K*, and Cs* are from ref 11 and those of TMA*
are from refs 12 and 13. ®Error is based on >3 identical experiments;
see the caption to Figure 3. “The effective charge of 1 in the presence
of Li* (5.4 mM) was set at 8— (no ion pairing) to obtain relative values
for the larger cations.

relative to the other cations, it fits within the overall trends in
Table 1.) Similarly, monolayer stability constants, K, increase
with alkali-metal cation size (crystallographic radii) because of
the more favorable electrostatic interactions that result from
shorter distances between the POM anions and the smaller
hydrated countercations and/or from the smaller energetic costs
associated with the cations’ partial dehydration. These issues
also play a role in the well-known decrease in the aqueous
POM:-salt solubility as alkali-metal countercations are varied
from Li* to Cs".

When 1 and AIW,;05,” (2) are compared, the K values are
consistently larger for the more negatively charged anion. As
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Figure 3. SPR responses (at 526 nm) during the initial nucleation
phase of monolayer formation by Mgl. Data were acquired after rapid
(stopped-flow) mixing of lithium citrate-stabilized 14-nm-diameter Au
NPs (6.2 + 1.3 X 107° M, and 6.0 mM Li*) with equal volumes of 0.6
mM M;l, where M = Li* Na*, K, TMA*, and Cs* (4.8 mM in each).
Each curve is an average of 20 traces, and the initial rates were
determined from the early linear portions of each curve, ca. 1 s for K*
and TMA" and 0.2 s for Cs™.

Rate constants k; were obtained from the early portions of
the curves in Figure 3. The k; values (column S of Table 2)
increase markedly with the cation size. Relative net charges,
calculated using eq 1 (column 6; see the SI), decrease from Li*
to Cs”, reflecting greater degrees of cation association with 1 in
the diffuse region (<$ nm) from the Au surface. Hence, even at
the earliest stage of monolayer assembly, the larger cations
(including TMA*) associate more extensively with 1. This
provides an independent line of evidence that the stability
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constants, K, in Table 1 similarly reflect more favorable
interactions of POM anions with the larger cations.

Definitive support for the stabilizing role of cation—anion
interactions in POM-monolayer shells was provided by cryo-
TEM. The K value for the Li* salt of the Preyssler ion (3 in
Table 1) is ca. 0.4 mM™". As such, very little POM-monolayer
formation (i.e., ca. 2%) should occur when a lithium citrate-
protected Au NP solution is made 0.05 mM in Li,3. As
expected, no POMs are observed at the perimeter of the Au
core (Figure 4A). By contrast, on the basis of the large K value

Figure 4. Cryo-TEM images of citrate-protected Au NPs after reaction
with Li* and Cs* salts of 3: (A) Li;,3 (0.05 mM) in lithium citrate-
protected Au NPs; (B) Cs;,3 (0.05S mM) in cesium citrate-protected
Au NPs. Bar = 10 nm.

of 2530 mM™! for the Cs* salt of 3, the same concentration of
Cs143 (0.0S mM in a cesium citrate-protected Au NP solution)
should result in complete (99%) monolayer formation. The
predicted structure is confirmed by cryo-TEM (Figure 4B).

In summary, the role of cations in the formation and stability
of POM monolayers on 14-nm-diameter Au NPs has been
evaluated using three POM anions and a series of alkali-metal
cations and TMA". Two primary lines of evidence demonstrate
that the monolayer stability is a function of cation—anion
interactions in the POM-protecting shell: (1) monolayer
stability constants, K, increase as the hydrated radii and
hydration energies of the alkali-metal cations decrease from Li*
to Cs', and (2) larger alkali-metal cations (with smaller
hydrated radii) associate more extensively (ie., more energeti-
cally favorably) with 1 even in the early nucleation phase of
monolayer formation. These findings provide definitive support
for a structural model involving an electrostatically stabilized
(ionic) shell involving POM anions and structurally integrated
cations."®

Finally, cryo-TEM images directly confirm that the
quantitative information provided here can be used to predict
and rationally control the self-assembly of metal oxide cluster-
anion-protecting ligand shells on Au NPs.
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Experimental details, cryo-TEM images, thermodynamic data,
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