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High-throughput reactions of aqueous solutions of 4-(phosphonomethyl)benzoic acid (HsPMBC) with
metal salts were carried out using, for the first time, ultrasonication as well as the previously described
conventional heating. On screening the influence of 12 divalent metal ions, two new compounds
([Ca(H,0),(H,PMBC),] and [Ni(H,0)4(H,PMBC),]) were discovered. Their formation fields were estab-
lished by systematically studying the systems Ni?* or Ca®*/HsPMBC/KOH. Both compounds crystallise in
the space group PI1 ([Ca(H,0),(H,PMBC),l: a = 4.6806(9) A, b = 6.1340(12) A, ¢ = 17.932(4) A, a =
83.84(3)°, p = 89.03(3)°, y = 85.65(3)°; [Ni(H,0)4(H,PMBC),l: a = 4.7713(10) A, b = 6.8621(14) A, c =
16.598(3) A, a = 83.42(3)°, f = 89.71(3)°, y = 83.50(3)°) and contain MOg-octahedra linked to form chains
by hydrogen bonded (H,PMBC™),-dimers formed between the carboxylate groups. The formation of
[Ni(H,0)4(H,PMBC),] was studied by in situ EDXRD and in situ IR spectroscopy. The increased formation
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DOI: 10.1039/c3dt52576g rate of [Ni(H,O)4(H,PMBC),] under ultrasonic irradiation as compared to conventional heating could be

www.rsc.org/dalton unequivocally attributed to the faster dissolution of the ligand HsPMBC.

Introduction

Ultrasonic synthesis has been mainly applied in the field of
organic synthesis," but it has also been used in the synthesis
of inorganic®> and inorganic-organic hybrid*® compounds.
Syntheses under ultrasonic conditions can be generally carried
out under relatively mild reaction conditions while locally
extreme conditions are present.”’ The main mechanism of
ultrasonic energy input is through acoustic cavitation. The
ultrasonic vibration causes the formation of bubbles in a
liquid. These cavities grow to a critical size until they rapidly
collapse. The conditions at the centre of such an implosion
are extreme and can reach temperatures of 5000 K and 1000
atm.® In addition the short time scale results in heating and
cooling rates greater than 10'® K s7".° In the vicinity of a solid
surface the implosion of cavities can lead to the formation of
so-called microjets. These lead to the removal of surface
material, thus producing highly reactive surfaces, the dissol-
ution of solid reactants or the decomposition of reaction
products.’
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In the field of inorganic-organic hybrid compounds, the
use of ultrasound has been employed mainly to synthesise
nano-particular reaction products.”'* Thus metal caboxylates
such as [Naj(NigLi,)(H,0)s0(H;0),]-CH;CN-18.5H,0 (H;L =
4,5-imidazoledicarboxylic acid),® [Zn(H,0)(BDC)],* or MOF-5
([Zn4(n4-0)(BDC);]) (H,BDC = terephthalic acid) have been
described.” A porous zinc imidazolate containing a photo-
switchable ligand has also been recently reported.® Though
the processing of pre-synthesised phosphonate compounds
into nanoscale material has been reported,™ to the best of our
knowledge no synthesis of metal phosphonates employing
ultrasonic synthesis has been reported up to now.

Phosphonate-based inorganic-organic hybrid compounds
have been intensively studied due to their immense structural
diversity and variability.">"* The introduction of additional
functional groups such as amine,"*" sulfonate,”* or
carboxylate™®*® groups allows to further increase the structural
complexity. Small changes in the reaction parameters often
lead to new phases and therefore high-throughput (HT)
methods have been shown to be extremely helpful in the sys-
tematic and detailed investigation of phosphonate-based
hybrid compounds.'*** However only in situ characterisation
techniques allow for the detailed investigation of product for-
mation."” Local structural changes in solid compounds can be
monitored by in situ IR-spectroscopy while the crystallisation
of compounds can be best investigated using X-ray diffraction
experiments. Hence, in situ IR spectroscopy was used, for
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Fig.1 Structural formula of 4-(phosphonomethyl)benzoic acid
(HsPMBC).

example, to study the hydrogenation of carbon monoxide on a
CoMo catalyst'® or the crystallisation of paracetamol by anti-
solvent titration."® The formation of crystalline compounds
under solvothermal conditions has been investigated employ-
ing in situ energy dispersive X-ray diffraction (EDXRD)."
Examples are intercalation reactions,® the crystallisation of
thiostannates,?’ thioantimonates,>® metal oxides,* coordi-
nation compounds,”® composites,” or metal carboxylates.>
We have recently investigated the formation of crystalline
metal phosphonates using conventional as well as microwave-
assisted heating."**°

Based on our previous work, we have now studied the
use of 4-(phosphonomethyl)benzoic acid (H;PMBC, Fig. 1) as
a starting material in the synthesis of inorganic-organic
hybrid compounds.

Here we report the first application of high-throughput
ultrasonic synthesis for the investigation of inorganic-organic
hybrid compounds by studying the systems M>'/H;PMBC/
KOH/H,O (M>" = various divalent metal ions). In situ EDXRD-
and IR-spectroscopic crystallisation studies were carried out to
establish the influence of ultrasonic cavitation on product
formation.

14,15

Experimental
General

All chemicals are commercially available and were used as
received without further purification. Products were character-
ised by X-ray diffraction using a STOE Stadi P Kombi high-
throughput diffractometer, NMR spectroscopy (Bruker Avance
200 spectrometer at 200 MHz), IR spectroscopy (Bruker
ALPHA-FT-IR A220/D-01) and elementary analysis employing a
Eurovektor Euro EA Elemental Analyzer. Reactions were
observed via in situ EDXRD at HASYLAB F3, DESY Hamburg
and in situ IR-spectroscopy using a Mettler Toledo EasyMax™
automated reactor system.

Synthesis of 4-(phosphonomethyl)benzoic acid (H;PMBC)

The ligand H;PMBC was synthesised according to a literature
report'® by the reaction of 4-(bromomethyl)benzoic acid with
triethylphosphite and subsequent hydrolysis. In a round
bottom flask, a reaction mixture of 1.00 g (4.65 mmol) 4-(bromo-
methyl)benzoic acid, 4.00 mL (23.3 mmol) triethyl phosphite
and 20 mL toluene was heated under reflux for 12 h. Sub-
sequently the solvent and an excess of triethyl phosphite were

This journal is © The Royal Society of Chemistry 2014
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removed under vacuum and a white solid dispersed in a col-
ourless oil was obtained.

The mixture was treated with 40 mL toluene and 40 mL con-
centrated hydrochloric acid and heated under reflux and fast
stirring for 12 h. Solvent and liquid side products were
removed under vacuum. The light brown raw product was
recrystallised in water thrice to yield 945 mg (94%) H;PMBC.

"H NMR (500 MHz, DMSO, Fig. $11): § = 7.86 (2 H, d, ¥y x
= 8.08 Hz, HOOC-C~(CH-CH),~C), 7.37 (2 H, dd, *J;;; = 8.28
Hz, *Jpx = 2.21 Hz, HOOC-C-(CH-CH),~C), 3.06 (2 H, d, *Jpz =
21.84 Hz, P-CH,) ppm. *'P NMR (200 MHz, DMSO, Fig. S27):
§ = 20.27 (PO3H,) ppm. Elementary analysis: caled (%) for
CgHoO5P: C 44.46, H 4.20; found: C 44.28, H 4.19.

High-throughput ultrasonic syntheses

High-throughput ultrasonic synthesis was carried out in
Greiner bio-one Cellstar 24 well cell culture plates which were
sealed with viewseal transparent foil and ultrasonicated in the
water bath of a Hielscher UIO250MTP high-throughput ultra-
sound device. The device is specified in more detail in the
ESL

Metal salt screening. First, a metal screening experiment of
the system metal salt/H;PMBC/KOH was carried out in water
under ultrasonic irradiation using the molar ratios 1:1:0
and 1:1:3. As metal salts, MgCl,-6H,0, Ca(NO;),-4H,0,
SrCl,-6H,0, Ba(NO3),, Cu(NO;),-3H,0, MnCl,-2H,0,
FeCl,-4H,0, CoCl,-6H,0, NiCl,-6H,0, Zn(NO;),-6H,0, Pb-
(0,C,H3),-3H,0 and SnCl,-2H,O were used. The reactions
were carried out in 1.5 mL H,O and the overall concentration
of all reactants was 100 mmol L™". In sum, 24 reactions were
carried out according to the parameters given in Table S2.1 For
each reaction the ligand and the metal salt were weighed in as
a solid, while potassium hydroxide was added as an aqueous
solution with a concentration of 2 mol L. The reaction mix-
tures were ultrasonicated for 1 h at a power level of 50%. The
products were filtered off and analysed by PXRD.

The systems (Ca(NO;),-4H,0 or NiCl,-6H,0)/H;PMBC/KOH.
Since new phases were discovered during the metal screening
experiment using calcium and nickel as the metal ions, the
systems (Ca(NOj3),-4H,0 or NiCl,-6H,0)/H;PMBC/KOH were
investigated in more detail. All parameters were kept constant
and only the molar ratios of the starting materials were varied
in smaller steps (x:y:z = 1-2:1-2:0-7, Tables S3 and S57).
The products were filtered off and analysed by PXRD.

High-throughput investigations under conventional
solvothermal conditions

Conventional solvothermal synthesis was carried out in a high-
throughput autoclave with a capacity of 24 Teflon®-lined reac-
tors with a maximum volume of 2 mL each.?® The ligand was
weighed in while the soluble compounds were added as
aqueous solvents.

The same parameters as those used in the ultrasonic synth-
eses were employed for the solvothermal investigation of the
system Ca(NO;),-4H,O/H;PMBC/KOH (Table S471). For the
solvothermal HT study of the system NiCl,-6H,O0/H;PMBC/
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KOH the amount of base was varied in a smaller range
(x:y:z=1-2:1-2:0-3.5, Table S61). The reactors were heated
to 130 °C within 2 hours (heating rate = 0.88 K min™"), the
temperature was held constant for 52 h and then slowly
lowered to room temperature over a period of 12 h. The pro-
ducts were filtered off and analysed by PXRD.

Highly crystalline, pure phase [Ca(H,O),(H,PMBC),] and
[Ni(H,0),(H,PMBC),] were obtained using a molar ratio [M>*]:
[H;PMBC]:[KOH] = 1:1: 0. The compositions were verified by
elementary analysis: caled (%) for CaCysH,0012P5: C 37.95,
H 3.98; found: C 36.91, H 4.09; calced (%) for NiC;4H001,P5:
C 34.26, H 4.31; found: C 34.91, H 4.31. Comparison of the
measured and simulated PXRD patterns demonstrates also the
purity of the reaction products (Fig. S5 and S67).

In situ EDXRD studies

The formation of [Ni(H,0),(H,PMBC),]| was studied by in situ
EDXRD at HASYLAB, beamline F3 at DESY, Hamburg,
Germany. The white beam synchrotron radiation (4 to 55 keV)
was detected by a liquid nitrogen cooled germanium semi-
conductor detector system. The detector angle was set to
approximately 1.9°. The best results were obtained by collimat-
ing the beam to 0.2 x 0.2 mm®. To heat the samples a custom-
made reactor system heated using an external thermostat
(JULABO) was used (the reactor is described in more detail in
the ESIt). The reaction temperature of the reaction mixture
is achieved within 3 min.*® Ultrasonication was carried out
using a Hielscher UP200S ultrasonic processor (diameter of
the sonotrode = 7 mm) with a power of 200 W and a frequency
of 24 kHz.

The linker H;PMBC (50.4 mg) was dispersed in 2945 pL
water in a 2-5 mL glass vial (Biotage AB, 351521) and an
aqueous solution of NiCl,-6H,0 (555 pL, 210 mmol L") was
added. The vial was immediately inserted into the oven at
50 °C and the ultrasonic probe was lowered into the reaction
mixture. The ultrasonication and the EDXRD measurement
were started with a time delay of ca. 30 s. In order to investi-
gate the effect of ultrasonication on the product formation the
amplitude of the ultrasonic probe was altered in four steps
from 20, 50, and 80 to 100% of the probe’s maximal output.
The pulse-pulse mode factor was kept constant at 10% s .
The temperature was measured directly after each reaction was
stopped (57.6, 58.8, 63.7, and 68.0 °C, respectively). For com-
parison with conventional heating one reaction was carried
out under conventional heating at 60 °C.

In situ IR spectroscopic studies

The formation of [Ni(H,0),(H,PMBC),] was also investigated
via in situ IR spectroscopy using a Mettler Toledo EasyMax™
automated reactor system with an integrated heating and
cooling control system and equipped with a ReactIR™ time-
resolved ATR-IR spectrometer with an AgX-fiber probe (the
reactor system is described in more detail in the ESI}). The
ultrasonic probe (Hielscher UP200S, diameter of the sonotrode
=7 mm) was directly immersed in the reaction mixture. The
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processor was set to 20% amplitude and the pulse-pulse mode
factor was set to 10% s .

One experiment was carried out at room temperature and
two at 50 °C in water and the molar ratio of Ni** : H;PMBC was
kept constant (1:1). While one reaction at 50 °C was carried
out starting from a dispersion of 432 mg H;PMBC in 30 mL of
an aqueous solution of 238 mg NiCl,-6H,0, the other two
reactions (at room temperature and 50 °C, respectively)
were carried out starting from a clear solution of 432 mg
H;PMBC in 25.2 mL water, which was obtained in the reactor
by ultrasonication. After the ligand was fully dissolved 4754 uL
of the aqueous solution of NiCl,-6H,0 (210 mmol L)
were added.

Crystallographic studies

The compounds [Ca(H,0),(H,PMBC),] and [Ni(H,0)s-
(H,PMBC),] were studied by single-crystal X-ray diffraction. A
single crystal of each compound was selected under the polar-
isation microscope and measured with a IPDS-2 Imaging
Plate Diffraction System from STOE & Cie with graphite-mono-
chromated Mo-K, radiation (1 = 0.71073 A) at 293 K. The data
were corrected for Lorentz polarisation and absorption effects.
The crystal structures were solved by direct methods using
SHELXS-97*" and the refinement was performed against F>
using SHELXL-97.”” All H atoms connected to carbon atoms
were located using a riding model with C-H = 0.97 A for ali-
phatic H atoms and C-H = 0.93 A for aromatic H atoms and
were refined isotropically with Ujso(H) = 1.2Ucq(C). The
H atoms connected to oxygen atoms were located in the differ-
ence map, their bond lengths were set to ideal values of 0.82 A
and finally they were refined using a riding model with
Uiso(H) = 1'5Ueq(0)'

Results and discussion
High throughput investigations

High-throughput ultrasonic synthesis was implemented for
the metal screening and focused investigation of aqueous reac-
tions of 4-(phosphonomethyl)benzoic acid (H;PMBC) with
salts of different divalent metal ions (M = Mg, Ca, Sr, Ba, Mn,
Fe, Co, Ni, Cu, Zn, Pb, Sn). Two metal salt: H;PMBC : KOH
molar ratios (1:1:0 and 1:1:3) were studied. Addition of a
base into the starting mixture mainly leads to clear solutions
or the formation of products of low crystallinity at the end of
the reaction. In the absence of a base four highly crystalline
products are observed while the others are either X-ray amor-
phous or of low crystallinity (Fig. S31). Two of the crystalline
compounds are known ([Mn(H,0),(H,PMBC),]'> and
[Zn(H,0),(H,PMBC),]'") and two new hybrid compounds
([Ca(H,0),(H,PMBC),] and [Ni(H,0),(H,PMBC),]) were discov-
ered in this experiment (Fig. 2).

A more detailed investigation using the Ca®* and Ni** salts
was subsequently carried out using the HT ultrasonic reactor
as well as HT conventional solvothermal conditions. The
results of the investigation of the system Ca(NOj;),-4H,0/

This journal is © The Royal Society of Chemistry 2014
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@® [Ca(H,0),(H,PMBC),]
@ [Mn(H,0),(H,PMBC),]
_ ®|Ni(H,0),(H,PMBC),]
@ [Zn(H,0),(H,PMBC),]
Q X-ray amorphous/low crystallinity
O no precipitate

Fig. 2 Outline and results of the metal screening investigation using high-throughput ultrasonic synthesis. Molar ratios of metal salt: H;PMBC : KOH
in the reaction mixture are depicted. The reaction products are symbolised by different backgrounds.

Ca(NO,), - 4 H,0/ %

B [Ca(H,0),(H,PMBC),] M phase mixtures
O no precipitate

Ca(NO,), - 4 H,0/ %

W [Ca(H,0),(H,PMBC),] M phase mixtures
[ no precipitate

Fig. 3 Results of the investigation of the system Ca(NO3),-4H,0/HsPMBC/KOH studied by HT ultrasonic (left, 50% power, 1 h (Tax = 70 °C)) and HT
conventional synthesis (right, 130 °C, 52 h). The products were analysed by PXRD.

H;PMBC/KOH are depicted in Fig. 3. At low concentrations of
potassium hydroxide the crystalline phase [Ca(H,0),-
(H,PMBC),] is formed. At higher base concentrations either no
precipitate or products of low crystallinity were observed. At
the molar ratio 1:1:1 single-crystalline colourless needles
were obtained and subsequently analysed by single-crystal
X-ray diffraction.

The results of the system NiCl,-6H,O/H;PMBC/KOH are
depicted in Fig. 4. At low amounts of potassium hydroxide the
compound [Ni(H,0),(H,PMBC),] is found independently of
the synthesis method employed. At higher base concentrations
either X-ray amorphous reaction products or no precipitates
were formed under ultrasonic reaction conditions (¢ = 1 h,
50 °C). In contrast, the solvothermal route (¢ = 130 °C, 24 h)
leads at higher concentrations to clear solutions and further
increase of the amount of base results in the formation of a
crystalline product (Fig. S4t), which could not be further
characterised due to variations in the composition. At the

This journal is © The Royal Society of Chemistry 2014

molar ratios 1:1:0 single-crystalline light green needles were
obtained and subsequently analysed by single-crystal X-ray
diffraction.

The crystal structures of [Ca(H,0),(H,PMBC),] and
[Ni(H,0),(H,PMBC),] were determined from single-crystal
X-ray diffraction measurements. Detailed information about
the crystal data and structure determinations is summarised
in Table 1. Selected interatomic distances and bond angles are
given in Tables S7 and S8,T respectively. The hydrogen bonds
in the structure are detailed in Table 2. The measured PXRD
patterns of [Ca(H,0),(H,PMBC),] and [Ni(H,0),(H,PMBC),]
obtained by conventional as well as ultrasonic synthesis and
the comparison with the calculated PXRD patterns are shown
in Fig. S5 and S6,t respectively.

The asymmetric unit of the calcium phosphonocarboxylate
is shown in Fig. 5 and it contains one Ca*" and H,PMDC™ ion
each and one water molecule. The Ca*'-ions are located at an
inversion centre and are octahedrally surrounded by the

Dalton Trans., 2014, 43, 414-422 | 417
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NiCl, - 6 H,0 / %

B [Ni(H,0),(H,PMBC),] [ no precipitate
N unknown crystalline product

Fig. 4 Ternary diagram of the results of the system NiCl,:6H,O/HsPMBC/KOH studied by HT ultrasonic (left, 50% power, 1 h (T,,ax = 70 °C)) and HT
conventional synthesis (right, 130 °C, 52 h). The products were analysed by PXRD.

Table 1 Crystal data and structural refinement for [Ca(H,0),(H,PMBC),]
and [NI(H20)4(H2PMBC)2]

Table 2 Hydrogen bonds in the structure of [Ca(H,0),(H,PMBC),] and
[Ni(H20)4(H2PMBC),]

Empirical formula CaC,6H,004,P, NiC;6H54014P>
T/K 293 293
Wavelength/A 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P1 Pi

alA 4.6806(9) 4.7713(10)
b/A 6.1340(12) 6.8621(14)
cl/A 17.932(4) 16.598(3)
al® 83.84(3) 83.42(3)
pl° 89.03(3) 89.71(3)
y/° 85.65(3) 83.50(3)
VIA® 510.38(17) 536.36(19)
z 1 1

Deate/g cm™ 1.647 1.737
u/mm™* 0.528 1.127
F(000) 262 290

GoF on F* 0.885 1.119

Ry [1> 26(I)]" 0.0660 0.0372
WR, [1> 20(I)]? 0.0637 0.0812
Data/restraints/parameters 2768/0/143 2458/0/152
Largest diff. peak and hole/e A~ 0.273/-0.263 0.282/-0.433

“Ry = T |Fo| = |Fel | X|Fol. * WRy = (ZIW(Fs” = FEP VX (FY).

oxygen atoms of the water molecules (O4) and the phospho-
nate groups (01, 02).

The CaOg polyhedra are bridged by HO;P-groups to form
one-dimensional chains along [100] which are further stabil-
ised by 03-H11---O2 hydrogen bonds (Fig. 6, left). These
chains are connected into layers along [211] by hydrogen
bonds between the carboxylic acid groups of two ligand mole-
cules H,PMBC~ (05-H12B---:O6 and O6-H12A.--O5) and
further by 04-H9---O2 hydrogen bonds into a three-dimen-
sional structure (Fig. 6, right).

The crystal structures of [Ni(H,0),(H,PMBC),] and pre-
viously reported [Zn(H,0),(H,PMBC),] are isomorphous."* The
asymmetric unit of [Ni(H,0),(H,PMBC),] is shown in Fig. 7

418 | Dalton Trans., 2014, 43, 414-422

D-H---A D-H H---A D--A D-H--A

[Ca(H,0),(H,PMBC),] ) ) )
05-H12B--06°  0.82A  1.82A  2.619(3)A 166°
06-H12A---05° 0.82 A 1.80 A 2.619(3) A 175°
03-H11---02 0.82 A 1.95 A 2.7572(18) A 166°
04-H9---02 0.82 A 2.01A 2.8214(18) A 173°
04-H10---01 0.82 A 2.09 A 2.776(2) A 141°

[Ni(H,0),(H,PMBC),] ) . )
02-H1---03 0.82A  1.81A  2.6252)A 174°
05-H2---04 0.82 A 1.79 A 2.607(3) A 1720
06-H3---03 0.82 A 1.87A  2.6879(19) A 1720
06-H4---03 0.82 A 1.96 A 2.7496(19) A 163°
07-H5---06 0.82 A 2.07 A 2.783(2) A 146°
07-H6---01 0.82 A 1.95 A 2.728(2) A 159°

¢ A site occupancy of 0.5 was used for the H-atoms H12A and H12B.

Fig. 5 Asymmetric unit of [Ca(H,0),(H,PMBC),]. A site occupancy of
0.5 was used for the H-atoms H12A and H12B.

and it contains one Ni*' and H,PMDC~ each and two water
molecules. The Ni**-ions are located at an inversion centre and
are octahedrally surrounded by oxygen atoms of the two water
molecules (06 and O7) and one phosphonate group (O1).

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Crystal structure of [Ca(H,0),(H,PMBC),]. CaOg-polyhedra bridged by phosphonate groups (left) are connected by hydrogen bonds
between the carboxylic acid groups of adjacent H,PMBC™ ions. The formation of O—H---OP bonds leads to the connection of adjacent layers (right)

— two layers are distinguished by different shades.

Fig. 7 Asymmetric unit of [Ni(H,0)4(H,PMBC),l.

NiOg-polyhedra are connected in the [100]-direction by
three hydrogen bonds: 02-H1:---O3, O7-H5---06 and O7-
H6---O1 (Fig. 8, left) to form chains. Two ligand molecules
H,PMBC~ form a dimer by O5-H2:--:O4 hydrogen bonds
between the carboxylic acid groups and connect the NiOg-poly-
hedra to form one-dimensional chains along [211]; thus layers
are obtained (Fig. 8, right). These layers are connected in the
[010]-direction by O6-H4---O3 bonds to form the three-dimen-
sional network (Fig. 8, right).

In addition to these hydrogen bonds the structure contains
another hydrogen bond (0O6-H3---O3) from one of the coordi-
nating water molecules to a neighbouring phosphonate group
of the same chain.

Both compounds [Ca(H,0),(H,PMBC),] and [Ni(H,0),-
(H,PMBC),] crystallise in the space group P1. Compared to the
compounds based on H;PMBC reported in the literature®>°
they show several similarities. The reported compounds
(Table S1t) were all obtained in solvothermal syntheses and
predominantly crystallise in the space group P1. Common
structural motifs in these structures are isolated metal-oxygen-
polyhedra and hydrogen bonds between carboxylic acid groups
- both motifs are also observed in [Ca(H,0),(H,PMBC),] and
[Ni(H,0)4(H,PMBC),].

In situ EDXRD crystallisation measurements

The formation of [Ni(H,0),(H,PMBC),] was investigated using
ultrasonic reaction conditions as well as conventional heating
at HASYLAB, beamline F3 at DESY, Hamburg, Germany. While
the conventional synthesis was carried out under stirring at
60 °C, the amplitude of the ultrasonic horn was varied
between 20 and 100%. The spectra were recorded in time inter-
vals of 1 min each (Fig. 9). The intensity of the 001 peak
was determined by integration and used for the evaluation.
The reaction progress a was calculated by normalising the

Fig. 8 NiOg-polyhedra connected into chains via hydrogen bonds along [100] (left). Two chains (coloured light grey and dark grey) formed by
(H,PMBC™),-dimers and connected by hydrogen bonds into a 3D structure viewed along the a-axis (right).

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Reaction progress of the formation of [Ni(H,O)4(H,PMBC),] as
observed from the intensity of the 001 peak. The first four reactions
were carried out under ultrasonication, while the last one was carried
out at 60 °C under stirring and conventional heating.

intensities to 1 and the results of these measurements are
shown in Fig. 9.

Though the quality of the data is insufficient to allow for
quantitative analysis of the measurements, qualitative com-
parisons can be made. The induction times as well as the time
periods before full crystallisation depend on the synthesis
method as well as the amplitude of the ultrasonic horn. The
reaction rates of ultrasonic reactions are clearly significantly
higher than the one of the reaction carried out under conven-
tional heating. Higher amplitudes result in a noticeable
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increase in the reaction rate. We attribute this to higher rates
of cavitation caused by the higher energy input of the more
intense waves (the intensity of a mechanical wave scales with
the square of its amplitude). The observed effect cannot be
attributed merely to the reaction temperature since the temp-
erature of the reaction mixtures after ultrasonication at 20%
amplitude is 57.6 °C.

In situ IR spectroscopic studies

The acceleration of the formation of [Ni(H,0),(H,PMBC),] due
to ultrasonication must be due to the implosive collapse of
cavitations, which occurs in the pure solution or in the vicinity
of particles of the starting materials. Since H;PMBC only
slowly dissolves in water, the rate determining step in the for-
mation of [Ni(H,0)4(H,PMBC),] could be the dissolution of
the ligand, a process which would be assisted by the formation
of microjets.

In order to prove this hypothesis the reaction progress was
investigated by in situ IR spectroscopy, which permits the time-
dependent, semiquantitative determination of the concen-
tration of linker molecules in solution and the solid reaction
product. Hence three reactions were carried out, one starting
(at 50 °C) from a reaction mixture in which the ligand is only
dispersed in water and two (at room temperature and 50 °C)
where a clear solution of the linker, obtained by ultrasonica-
tion in the reactor, was combined with the solution of the
metal salt. The time-dependent IR spectra of two of these reac-
tions are depicted in Fig. 10.

Upon addition of the Ni-salt solution the background
intensity of the spectra changes abruptly. Subsequently new

mll“ll“lllmhl“‘
[
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Time
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Fig. 10 Typical sets of time-dependent IR spectra. Experiments were carried out at room temperature (A and B) and at 50 °C (C and D) starting

from clear solutions.
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Fig. 11 Comparison of the IR spectra of the reaction mixture after full crystal-
lisation (bottom) with the microcrystalline product obtained in autoclaves (top).

bands that are due to the formation of the final product are
observed.

The comparison of the IR spectra of the final product in the
in situ experiment and the final product obtained by solvo-
thermal synthesis is depicted in Fig. 11. The IR bands at 944
and 995 (P=0), 1021, 1086 (C-O-H), 1099 (P(=0)-O-H),
1128, 1162, 1177, 1256 (P=0), 1293 (P=0) and 1318 (carboxy-
late group) cm™" as measured by the conventional IR spectro-
meter are characteristic of [Ni(H,0),(H,PMBC),] and
correspond to the bands at 948, 1011, 1022, 1090, 1101, 1128,
1164, 1177, 1258, 1295 and 1321 cm™" as measured by the in
situ IR spectrometer. These assignments are based on litera-
ture data.*®

The in situ measurement (Fig. 10A and B) at room tempera-
ture and starting from clear solutions can be correlated to the
processes occurring in the reaction. During the first 111 min
the dissolution of the linker molecules can be followed by the
characteristic P=0 and P-O-H bands at 990 and 1059 cm™".
Upon addition of the Ni-salt (111 min) the intensities of the
characteristic bands decrease abruptly due to the dilution of
the linker solution. Subsequently the intensities of these
bands decrease further (within 33 min), while new bands at
1011 (P=0), 1090 (C-O-H) and 1101 (P(=0)-O-H) cm™ that
are due to the formation of the final product are observed.

In order to elucidate the origin of the higher crystallisation
rate upon ultrasonication of the reaction mixture as observed
in the in situ EDXRD investigations, reactions starting from a
clear solution and from a dispersion of the ligand were carried
out at the same temperature (50 °C) as the EDXRD experi-
ments. The in situ IR-spectra of the measurement starting
from clear solutions are shown in Fig. 10C and D. Upon
addition of the Ni-salt solution (~110 min) the bands which
are due to the formation of [Ni(H,0),(H,PMBC),] (1011, 1090
and 1101 cm™") evolve to maximal intensity within approxi-
mately 10 minutes. A quantitative comparison of the two
in situ investigations at 50 °C is shown in Fig. 12. To evaluate
the crystallisation process quantitatively, the characteristic

This journal is © The Royal Society of Chemistry 2014
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Fig. 12 Reaction progress (a) measured via in situ IR spectroscopy
starting from a dispersion of the linker (squares) and clear solutions
(circles).

P=0 band of [Ni(H,0),(H,PMBC),] at 1011 cm™" was inte-
grated. In order to compensate for variations of the absolute
intensities the integrated intensity of the water band at
1636 cm™" was used as a standard. The intensities of the P=0
band were normalised in order to calculate the reaction pro-
gress a (Fig. 12).

The product formation starting from a clear solution is far
more rapid than in the case of a ligand dispersion as the start-
ing material. In the first case the product formation is com-
plete by approximately 10 min, while in the latter case it takes
approximately 80 min. Thus, the acceleration of the synthesis
through ultrasonication that was observed in the in situ
EDXRD investigation can be attributed to the accelerated dis-
solution of the ligand.

Conclusion

Using high-throughput ultrasonic synthesis two new com-
pounds, [Ca(H,0),(H,PMBC),] and [Ni(H,0),(H,PMBC),], were
discovered. Their crystal structures were determined from
single-crystals which were obtained by conventional solvo-
thermal synthesis. In situ EDXRD and IR spectroscopies have
allowed us to determine the role of ultrasonication in the
acceleration of the formation of [Ni(H,0),(H,PMBC),].
The rate determining step was found to be the dissolution of
the ligand H;PMBC.
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