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Abstract

Group 4 metal oxo clusters are atomically precise models for colloidal nanocrystals
as they consist of an inorganic core and an organic ligand shell. They are also important
building blocks for MOFs, 3D-printing and polymers composites. Recently, we have
elucidated their structure and ligand shell using solid state methods. Here we go one
step further studying these materials in solution. Dynamic light scattering is a common
technique to determine the solvodynamic diameter of nanocrystals. However, due to
their small size, clusters present difficulties to the automatic data treatment, available
in commercial software. Here we developed a data treatment method to fit DLS data
of clusters, where we separate the signal into a contribution from the clusters itself
combined with a contribution of number fluctuations. Additionally, diffusion ordered
spectroscopy (DOSY) is used to study how these materials affect the viscosity of the

solvent.
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Introduction

Group 4 metal oxo clusters are very interesting materials for material science as they can
be used as building blocks in MOFs! and 3D-printing.? Additionally, due to their small size
they show great potential in catalysis.?® Historically, single crystal XRD was the main charac-
terization technique in order to obtain structural data, requiring the synthesis to be carried
out with short and rigid ligands.* Zirconium and hafnium clusters form octahedron shaped
structures, MgO,(OH),(RCOO),,,with on each corner a metal atom and on each triangular
face an O-atom or OH-group.® The 124 positively charged inorganic cores are charge sta-
bilized with 12 organic carboxylate ligands (RCOO™) surrounding the core, thus creating a
hybrid object (Figure 1). These clusters exist as monomers, M;O,(OH),(RCOO),, (from
here on referred to as Zr6), or dimers, [MO,(OH),(RCOO),,], (from here on referred to
as Zr12). In the latter, four ligands are connecting 2 octahedra through a bridging binding
mode. We found that this dimerization depends solely on the sterical hindrance on the alpha
position of the carboxylic acid. For carboxylates with an R group on the alpha position (e.g.,
methylbutanoic acid) the monomer (Zr6) is formed. If the carbon on the alpha position is
a CH,, the clusters dimerize into a Zr12 regardless of the length of the ligands. These oxo
cluster can be seen as the smallest possible oxide nanoparticles.

Because of the short and rigid ligands, the solubility was rather limited precluding ex-
tensive characterization in solution. NMR has been used most often to study the surface
chemistry, e.g. ligand exchange, however it is not straightforward to distinguish monomers
from dimers.® This limited the possibility of studying these clusters in solution. Questions
like: does the dimer persists in solution and does this depend on the solvent, are difficult to
answer.

In recent work we use total scattering and Pair Distribution Function analysis to study
clusters that are capped with longer carboxylic acids, inspired by the nanocrystal field.”
While Dynamic Light Scattering (DLS) is another common technique to study nanocrystals,

the oxo clusters (0.5 nm) are at the lower detection limit of common DLS devices. Addition-
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Figure 1: (A) The octahedron shaped cluster core containing six Zr atoms held together
by eight O atoms of which four are protonated. (B) The different types of monomeric
clusters that have been reported in literature. (C) The dimeric cluster where four ligands
are connecting two octahedra.

ally, the data processing is a black box leaving the experimenter blind about data fitting.
These challenges inspired us to develop our own data processing method to characterize our
cluster samples using DLS.

Here we set out to study the clusters that we previously synthesized and characterized
in solution rather than as pure compounds. Therefore, we measured the materials in a
common DLS device but fitted the data manually. As it turns out the concentration of our
clusters solutions need to be relatively high and they always suffer from number fluctuations,
complicating the data processing. We show here how the data can be processed when
measuring samples that are nearing the lower detection limits of DLS. Additionally, we
studied the behavior of the clusters in solution using Diffusion Ordered Spectroscopy (DOSY)
NMR. Since we can estimate the size of the clusters, seeing as they are atomically precise
i.e. polydispersity is 0 (in contrast to nanocrystals), we can rearrange the Stokes-Einstein
equation and get an estimate of the viscosity of the sample, this way we can study how

adding the clusters influences the viscosity of the solvent.
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Results

The solvodynamic radius via Dynamic Light Scattering

Zirconium oxo clusters with M;O,(OH), as a core were synthesized and capped with a range
of ligands: propionic (C3), butanoic (C4), hexanoic (C6), octanoic (C8), decanoic (C10),
dodecanoic (C12), oleic (C18), methylbutanoic (C5’) and methylheptanoic acid (C8’). We
optimized the synthesis and purification in previous work.” The cluster were dissolved in
chloroform and dynamic light scattering measurements were performed in a Malvern Zeta-
sizer Ultra with a 633 nm laser. Taking first Zr12-butanoate, different concentrations of
cluster were measured to find the optimum. As can be seen in Figure 2A, the lowest concen-
trations (0.1 and 1 mg/mL), do not show much signal apart from the solvent background.
Upon increasing the concentration, irregularities in the intensity plot are observed , indicat-
ing that the samples suffer from number fluctuations. Additionally, the samples with these
concentrations were measured 20 times and visually the sample with a concentration of 10
mg/mL looks the most consistent (See Figure S1-S4).

Therefore, the clusters are measured with a 10 mg/mL concentration in chloroform, in
order to have enough signal while limiting the number fluctuations.

Figure 2B shows the intensity auto-correlation functions, which exhibit two main fea-
tures: an initial fast relaxation, which is well reproducible, and a subsequent series of slow
relaxations, whose amplitude and rate showed considerable within-run variations. According
to light-scattering phenomena described elsewhere,® we attribute the first (fast) relaxation
to coherent scattering from clusters undergoing unrestricted Brownian motion. In contrast,
the second (slow) relaxation is attributed to the fluctuation in the number of scattering
entities in the scattering volume. This phenomenon is referred to as number fluctuations.?
The scattering volume is defined by the intersection of the laser beam and the field of view
of the detection optics and is small, being on the order of nanoliters.® Number fluctuations

in these experiments do not contain useful information about particle size. Therefore, we
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Figure 2: (A) Intensity plot as a function of time for the Zr12-butanoate clusters at different
concentrations in CHCl;. The lowest concentrations, 0.1 and 1 mg/mL do not show much
signal, mainly solvent. Whereas the higher concentrations, 50 and 100 mg/ml show irreg-
ular baselines indicating that these samples suffer from number fluctuations. (B) Intensity
auto-correlation functions and (C) particle size distribution of Zr12-butanoate clusters after
manual fitting.

use only the first relaxation for particle sizing via the Stokes-Einstein theory, and the second
one is not of any interest.

In the presence of number fluctuations, the intensity-auto-correlation function (also
known as the second-order coherence/correlation function) may be modelled by a sum of

three terms:®

g2(t) =12y | gi(t) P +2y(1 —y) | gu(t) | +(1 — y) gnr(t) (1)

where ¢ (t) is the so-called field auto-correlation function (also known as first-order co-
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herence) of the light scattered coherently off the particles undergoing Brownian diffusion,
and gyp(t) is the term representing number fluctuations. The positive constants expressed
via 1 > y > 0 are the weights of the linear combination. The first two terms—in our case,
appears as the fast relaxation—contain information about particle dynamics, and the last
terms appears as the slow relaxation. These two decays have partial overlap, and while their
distinction is critical, subsequent separation from one another is not trivial. In the absence
of number fluctuations, the relation would be expressed as go(t) — 1 =| g1(t) |?, which is
known as the Siegert relation.!!

For clusters of identical solvodynamic radius, the field-auto correlation function decays

QkBTl

oz v (Stokes-Einstein relation), where

exponentially: g;(t) = e with an exponent of I’ = ¢
r is the solvodynamic (solvodynamic) radius, kg the Boltzmann constant, T the temperature,
0

(the viscosity of the solvent, ¢ = %nsin(%) is the amplitude of the scattering vector (also

known as momentum transfer), 6 the scattering angle, A\ the wavelength of the scattered
light, and n the refractive index of the solution. 21

Polydispersity, in our case a smooth distribution of the solvodynamic radius and thus T,

affects the relaxation of g;(¢), which may be expressed via an integral equation

g1(t) = /p(F)eFtdF (2)

An equivalently formula may be given via the solvodynamic radius

0 (t) = / p(r)e Tty (3)

where p(r) is the so-called scattering-intensity-weighted distribution of the solvodynamic
radius. These two distribution, p(r) and p(T"), are closely related, one may be obtained
from the another by applying the rule of transforming random variables.® For example, the

probability density function of the intensity-weighted solvodynamic radius is given by
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p(r) = pI'(r))- (4)

Our goal is to formulate a parametric model of Equation 1, to regress the mathematical
model against the experimental data. By this, we simultaneously aim to a) separate number
fluctuations gy p(t) from coherent scattering, and b) analyze the corresponding fast relaxation
g1(t) in terms of solvodynamic radius distribution.

Given that the clusters are expected to exhibit a modest distribution, we model ¢, (¢) via
a reparametrized form of the Gamma distribution, which is also known as the Schulz—Zimm
distribution. " Accordingly, via the definition of the Gamma distribution and rule of trans-
forming random variables, the distribution of the solvodynamic radius may be expressed via

two parameters

__rz v, \1/Pdl
€ roPdl- (Pdl-r)

™ (par)

where 7 is the Z-average solvodynamic radius, Pdl is the polydispersity index, and ~(z)

p(r) = ()

is the Gamma function y(z) = [ e™"-¢*~'dt. The corresponding autocorrelation function

18

67“2 ﬁ
t pu—
9:(0) <67‘Z+Pd1-/<a-Q2-t> (6)

The Z-average and PdI have a central place in DLS analyses, as

kT

where Kk = .
™

upon modest polydispeisty, their value approximate the mean and the relative variance
(Var/Mean) of the number-based distribution of the solvodynamic radius.
The slow relaxation we describe via a stretched-exponential function, also knowns as

Kohlrausch function?2?

gvr(t) =e "7 (7)
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In this case, we are not at all interested in inferring the values of the two empirical
parameters (7 and v), as we use Equation 7 for a purely phenomenological purpose, we
simply need to describe adequately the number fluctuations part in the experimental data
relevant tour analysis. Regression was nonlinear and unweighted, minimizing least squares.

The result of the fit is shown in Figure 2B. The black line is the coherent scattering
of the clusters, while the red dotted line represents the slow relaxation from the number
fluctuation. The same fitting routine has been applied to the entire series of clusters, where
we noticed significant number fluctuations for the shorter ligands and less so for the longer
ligands (Figure S5-S12). Figure 3 shows the average of the size distribution, provide by
the above described method and the automatic fit within the Malvern software. The latter
also provide the Z-average from the cumulant fit. The high portion of number fluctuations
in the samples with short ligands, lead to higher Z-averages and incorrect size distributions.
The manual fit more accurately displays the trend of increasing solvodynamic radius of Zr12
clusters with increasing ligand length. Interestingly, the solvodynamic radius saturates when
the ligand reaches a length of 10 carbons. This could be due to ligand configuration changes
such as coiling, thus reducing the ligand shell thickness. As a second hypothesis, one can
consider a monomer-dimer equilibrium that is affected by the ligand length and which shifts
towards monomer for longer chains. Indeed, even in solid state, we have recently shown that
the Pair Distribution Function of oleate capped Zr6 clusters, can be described by a mixture
of monomer and dimer.?!

Focusing on the Zr6 clusters with methylbutanoate and methylheptanoate ligands, we
find a similar pattern with a higher portion of number fluctuations for the shorter chain, thus
skewing the automatic fitting. However, the manual fit provides reasonable solvodynamic
sizes and interesting allows to differentiate monomers from dimers. Indeed, Zr12-butanoate
clusters appear to have a higher solvodynamic diameter than the Zr6-methylbutanoate clus-
ters, despite having the same ligand shell thickness. Interestingly, the solvodynamic diameter

did not increase for the clusters with methylheptanoate ligands. Here we cannot invoke a
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Figure 3: The solvodynamic diameter of the Zr12 clusters with different ligands (presented
by their carbon content), determined either by the automatic fit of the Malvern software and
our described fitting routine taking into account the number fluctuation. The average of the
size distribution and the Z-average from the cumulant fit are both plotted. The errors are
determined based on the triplicate measurements.

monomer-dimer equilibrium to explain the trend and we thus favor the coiling hypothesis.

The effect of the clusters on the viscosity of solvents

Another technique that allows us to study materials in solution is Diffusion Ordered Spec-
troscopy (DOSY) from which the diffusion coefficient of the species is obtained. Here we
subjected both a Zrl2-butanoate cluster and a Zr6-methylbutanoate cluster to a DOSY
measurement. Since their ligands have nearly the same length the effect of the ligand on the
diffusion coefficient is canceled out and we look merely to the difference between monomeric
versus dimeric clusters.

As can be seen from the 2D DOSY plots above both the monomeric (left) and dimeric
(right) species diffuse slower compared to the solvent, which is indicated with CDCl,. By

fitting the decay, we get precise values for the diffusion coefficients. The diffusion coefficient
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Figure 4: 2D DOSY spectra of both the monomeric (A) and dimeric (B) clusters in a 20
mg/mL concentration in chloroform.

for the monomeric species is 638.28 um?/s while the dimeric species diffuses slower at a
rate of 565.29 um?/s. From these values the diameter of the species can be estimated, by
assuming that they are spherical. The monomeric species is estimated to be 1.27 nm whereas
the dimeric species is estimated to be 1.43 nm.

By reducing the concentration from approximately 20 mg/mL to only 1 mg/mL we see
a big difference indicating that the viscosity of these 20 mg/mL solutions is significantly
different from pure chloroform. At 1 mg/mL, the diffusion coefficient for Zr12-butanoate is
669.9 um? /s and the corresponding calculated diameter is therefore only 1.206 nm, which is

smaller than previously obtained values. (See SI)

Experimental

The zirconium oxo clusters were synthesized and purified according to our previously
published method.” All measurements were performed with a Zetasizer Ultra instrument
(Malvern Panalitical) equipped with a HeNe laser (633 nm, 10 mW) and an APD detector.
The respective amount of cluster was weighed into a 4 mL-vial, and solvent was added un-
til the required concentration was reached. Next, the solution was filtered (Acrodisc one,
GFX/0.2 pm wwPTFE) into a glass cuvette with square aperture (PCS1115) to remove

dust from the solution. The following material settings were used: for ZrO,, refractive in-

10
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Figure 5: Fit of the DOSY data for both the monomeric (A) and dimeric (B) cluster species
with a concentration of 20 mg/mL in chloroform. Based on the fit the diffusion coefficient
is obtained which is subsequently used to estimate the solvodynamic radius.

dex = 2.15 and absorption = 0.001; for the solvent (chloroform) refractive index = 1.45
and viscosity = 0.563 mPa.s. Before each measurement, the instrument was equilibrated at
25°Cfor 120 s, and each measurement was run 3 times. DLS spectra were collected in batch
mode, measuring unfractionated samples, using adaptive correlation, which benefits from

the statistical analysis of short runs, and aims to produce the most sample-representative

and ’steady-state’ correlation function.

DOSY measurement

For the DOSY measurement 0.0058 mmol cluster (10 mg Zr12-C4, 10.94 mg Zr6-C5’) was
dissolved in 500 pL. CDCl;. Of this solution 100 pL was added to a 3 mm NMR tube which

was fitted inside a 5 mm NMR tube. P1 was determined to 10.663 ms for Zr12-C4 and

11
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10.675 ms for Zr6-C5’. D20 and p30 were equal for both measurements and were 0.07 and

1250, respectively.
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