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Zirconium tetramandelate (2-hydroxy-2-phenylacetate) has been
used for selective gravimetric analysis of zirconium for over 70 years.
Herein its crystal structure is reported from synchrotron powder X-ray
diffraction and 3C solid-state NMR. The complex is a rare example
of isolated zirconium cations, rather than the clusters prevalent in
aqueous solutions.

In 1947, Kumins reported the precipitation of zirconium by
mandelic acid (2-hydroxy-2-phenylacetic acid),' and most
importantly, this was in the presence of a number of other
metal cations, meaning it could be used as a selective and
quantitative gravimetric analysis reagent for zirconium. Alter-
native methods of separation or determination of zirconium
content include spectrophotometrically, using alizarin,”’ or
with other gravimetric reagents such as 8-hydroxyquinoline,*
or the first to be reported, cupferron.” Kumins’ method argu-
ably has become the most commonly used, subject to various
improvements over time.®® The affinity of mandelic acid for
zirconium is such that it can selectively operate in the presence
of a range of other metal cations in solution including tita-
nium, iron, vanadium, aluminium, chromium, thorium, cer-
ium, tin, barium, calcium, copper, bismuth, antimony and
cadmium." Kumins proposed that zirconium mandelate was
most likely a tetramandelate, a simple salt containing four
anions per zirconium atom: Zr(C¢Hs;CH(OH)CO,H),, but its
crystal structure has never been determined.

A number of other authors expanded on Kumins’ work;
Hahn found that the method was still applicable in strongly
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acidic solution, and that hafnium was also precipitated by man-
delic acid.'® Feigl proposed a chelate-type structure whereby
coordination of mandelate to zirconium took place through the
a-hydroxy oxygen and the acidic carboxylate oxygen,'" an idea later
confirmed by Hahn and Weber."” It was subsequently found that
the use of strongly acidic conditions is key in ensuring the
formation of the tetramandelate; otherwise other compositions
such as Zr(OH)(C¢HsCH(OH)CO,H); result.'* In contrast to the
idea of a simple ML, complex, Larsen and Homeier formed the
hypothesis that zirconium tetramandelate is in fact polymeric,
despite the use of concentrated hydrochloric acid during synthesis
that would solubilise Zr**."> This is consistent with the oxophilic
nature of zirconium and its propensity for hydrolysis in aqueous
solution.™ Indeed, the most studied solution species are based
upon the so-called zirconium tetramer, a slightly distorted square
array of zirconium atoms linked together by double hydroxy
bridges. Such an arrangement was first found to be the basis of
the structure of solid zirconium oxychloride,"” and then later
found to also exist in aqueous solution.'® It is common in the
solid state to find zirconium intricately linked with oxygen in
chains or clusters, for example, the [ZrO4(OH),] octahedral
clusters that form part of the structure of the archetypal metal-
organic framework (MOF) UiO-66," and in other materials may
also be present in individual clusters capped by carboxylate
ligands.”**' Chains featuring oxygen and anion-linked zirconium
atoms can be found in the layered structures of the hydrated
zirconium sulfates and nitrates.>> >* Chains of edge-sharing ZrO,
polyhedra are found in the structure of the MOF MIL-140, and
chains of edge-shared ZrOg units commonly feature in MOFs with
phenolate linkers.”® Herein we present the synthesis and struc-
tural characterisation of zirconium tetramandelate, which pre-
sents the uncommon situation of isolated zirconium centres.
The reaction between zirconium salts and mandelic acid in
acidic aqueous solution is rapid and produces a white crystal-
line solid. We tested a number of approaches to producing
zirconium mandelate, including varying reaction temperature,
the stereochemical form of the mandelic acid used and the
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choice of zirconium salt precursor. In all cases, the mandelic
acid was present in slight excess, a 4.5x molar ratio relative to
zirconium, and the reaction medium was a 9:1 mix of de-
ionised water and 35% hydrochloric acid, respectively, in an
attempt to prohibit the formation of condensed zirconium
species by hydrolysis. Solid reagents were added to a Teflon™-
lined autoclave, followed by the hydrochloric acid solution and
stirred magnetically for 20 minutes. The autoclave was then
heated in an oven at 90 °C for 18 hours and allowed to cool
slowly (1 °C min™") to room temperature. The most crystalline
product was made from zirconium sulfate tetrahydrate and
(R)-mandelic acid (Fig. S1 and S2, ESIt). It was observed that the
initial precipitation of solid when using the sulfate was delayed
compared to with other zirconium precursors such as zirco-
nium oxychloride and zirconium acetylacetonate, suggesting a
kinetic effect in the solution formation of the salt, possibly a
reason for the increased quality of the product. Higher reaction
temperatures resulted in decomposition of the mandelic acid
and no crystalline product. The resulting solid was collected by
vacuum filtration and washed with deionised water and ace-
tone, and then dried at 75 °C in air before further study.

Initial characterisation by thermogravimetric analysis
(Fig. S3, ESIf) confirmed the number of mandelate ligands
per each zirconium cation to be 4. Fourier-transform infrared
spectroscopy (Fig. S4, ESIt) showed that bands relating to the
0-O-H stretch® at 3438 cm™ ", and that for the free carbonyl C=0
stretch at 1712 cm ™' as seen in the spectrum for mandelic acid,
were absent for the zirconium mandelate product. A very broad
band possibly from the coordinated o-OH was seen in the product
spectrum centred at 3392 cm ', and the presence of a pair of
C=0O0 stretches at ~1579 cm ' and ~1381 cm ", separated by
approx. 202 cm™ ', was consistent with unidentate coordination of
the carboxylate group.”® Such a bonding mode is also known for
magnesium and barium mandelates, although in these cases the
0-OH group does not participate in ligand-metal coordination.?
Zirconium K-edge EXAFS spectroscopy (Beamline B18, Diamond
Light Source, Fig. S6, ESIt), detected only Zr-O correlations and
no Zr-Zr correlations, as seen for the zirconium tetramer, in
ZrOCl,-8H,0, for example, implying the presence of isolated
zirconium centres in the material.

Reaction at room temperature with stirring resulted in a
product that was of inferior crystallinity compared to that made
hydrothermally; this has been observed also in the crystallisation
of other metal mandelates, such as those of divalent transition-
metal cations.*® Even for the most crystalline sample, scanning
electron microscopy showed the material to be made up of
submicron-sized crystallites (Fig. S5, ESIt), which were not suita-
ble for single crystal diffraction studies. High-resolution X-ray
powder diffraction data were measured from a capillary-mounted
sample of zirconium mandelate (Beamline I11, Diamond Light
Source) and a model for the crystal structure of the material was
determined (see ESIf). Successive improvements to structural
models were aided by NMR crystallography,*** whereby mea-
sured spectra were compared to those calculated from the model
structure. Adjustment of torsional angles within the ligands and
Zr-C distances was made to give the best possible match between
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Fig. 1 Final Rietveld fit to the PXRD data. The open circles are the

measured data, the red line the fit and the black line the difference curve.
The blue ticks show the position of allowed Bragg peaks.

experimental and gauge-including projector augmented wave
(GIPAW)** calculated NMR spectra, and consistency with powder
diffraction data (see ESIT). Fig. 1 shows the Rietveld fit to the
powder XRD data, Table 1 the crystal structure parameters, and
Fig. 2 the "H & "*C cross polarisation (CP) magic-angle spinning
(MAS) NMR spectra with the GIPAW calculated peak positions
from the final crystal structure model. Not seen by PXRD directly
was the location of the «-OH hydrogen atom, inferred from IR
spectroscopy, the presence of which was confirmed by 'H NMR
(Fig. 2). It was located by considering the possibility of hydrogen
bond formation between o-OH groups and C—O groups on
neighbouring complexes in the unit cell.

The crystal structure shows the presence of isolated zirconium
centres coordinated by two oxygen donor atoms from each of the
four mandelates (Fig. 3a). Each of the mandelate ligands is bonded
via the oxygen of the o-hydroxy group and by one of the carboxylate
oxygens. The second carboxylate oxygen is terminal. Upon inspection

Table 1 Crystallographic data of Zr(CeHsCH(OH)CO,H)4

Crystal structure determined from Powder data

CCDC 2004875
M, /g mol™* 695.78
Crystal system Monoclinic
Space group (no.) Pc (7)

alA 17.0775(7)
b/A 5.63423(10)
c/A 16.9860(4)
B () 114.885(3)
VIA® 1482.62(8)
z 2

Pealc/mg m 3 1.558

T/K 298
Radiation type Synchrotron
A 0.82445

20 range/° 2-50

Rp/% 3.5

pr/o/o 4.9

Ryp/% 1.7

GoF 17

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Solid-state NMR spectra (vo(*H) = 600 MHz) of zirconium mandelate
with assignments: top: "H-"C CP MAS (v = 12.5 kHz, contact time = 1.5 ms,
16 co-added transients for a recycle delay of 60 s). Bottom: *H one-pulse
(vr = 60 kHz, 4 co-added transients for a recycle delay of 103 s). The
experimental data (blue plots) are overlaid with GIPAW calculated chemical
shifts (green bars). The noticeable discrepancies for the a-OH protons is
attributed to the close proximity of these to the zirconium cation.

of the unit cell, it can be seen that one of the two zirconium centres
is coordinated by only (R)-mandelate, and the other only (S)-
mandelate ligands (Fig. 3b). Thus, racemisation of mandelic acid
must take place in solution during the course of the reaction, as only
(Rymandelic acid (or (S)) was used as a precursor, yet both stereo-
chemical forms are present in the final product. Powder X-ray
diffraction patterns of the obtained solids showed that the same
material was produced regardless of whether the R or S form of
mandelic acid was used in the synthesis (Fig. S1, ESIt).

(b) = All R mandelate
hgands

All S mandelate
ligands

Fig. 3 (a) View of the four mandelate ligands around each zirconium
atom. The zirconium centre is coloured turquoise, with oxygen, hydrogen,
and carbon atoms in red, white, and black, respectively. (b) A single unit cell
of zirconium mandelate, with the different stereochemical forms of the
mandelate ligands on each of the zirconium centres indicated.
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Mandelic acid is known to racemise readily in both acidic and
basic solution,® and the occurrence of this during synthesis of
mandelate-containing materials to generate both stereochemical
forms in the final product has been seen previously in mandelates
of manganese, iron, cobalt, nickel and copper.’® In these com-
pounds, which have layered structures, each metal(u) cation is
surrounded by six oxygen atoms, four of which arise from two
mandelates that both coordinate via the o-OH oxygen and a
carboxylate oxygen. The remaining two oxygen atoms arise from
the coordination of a further two mandelate ligands (each via a
carboxylate oxygen), both of which bridge to other metal
centres (Fig. 4a). A number of other metal mandelates are also
known, including zinc and beryllium mandelate,* neodymium
mandelate,*® gadolinium, terbium, dysprosium and erbium
mandelate,®” europium mandelate*® and rhodium mandelates.*®
Coordination through both the carboxylate and o-hydroxy groups
is common amongst these, and the mandelate may also bridge
two metal centres, see for example Fig. 4b. A few structures are
known for materials featuring a combination of mandelate and
other ligands, and these contain similar bonding motifs for
mandelate, for example in complexes of Cu®" (Fig. 4c and d).**'

In summary, we have demonstrated that with a strongly
chelating ligand it is possible to avoid the hydrolysis of zirco-
nium in aqueous solution, which would otherwise occur so
readily leading to zirconium oxyclusters in the solid state. To
our knowledge, complexes that contain isolated Zr centres have
rarely been reported. In solution, EXAFS has been used to
detect the existence of monomeric carbonate complexes under
specific concentrations,**** and potassium salts of zirconium
malonate and of zirconium 2,6-dicarboxypicolinate (the latter
also containing a nitrogen donor) have been reported, where
the monomeric zirconium complexes are separated by the
additional cation.** Our results suggest there is more to learn
about the aqueous chemistry of zirconium and that with ligand
design, novel coordination complexes and networks may be
possible.

Fig. 4 Examples of the coordination of mandelate in the solid state. (a) The
arrangement of mandelate ligands around Cu(i) as described by Beghidja et al.*°
(b) A schematic of the repeat unit of the layered structure of neodymium
mandelate*® (c) The dinuclear Cu complex [Cu(opy)(mandelate)],-8H,0.*
(d) The mononuclear Cu mandelate complex Cu(mandelate),(NHx),.*°
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