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Abstract: The mechanochemical synthesis of a coordination
polymer by using a preformed metal coordination complex and a
pyridyl based spacer has been successfully performed. The (1-L).
coordination polymer has been rapidly obtained reacting the neutral
square planar complex [((EtO).PS;),Ni] (1) and 4,4'-bipyridine (L) at
room temperature using two different mechanochemical approaches
(Neat Grinding and Liquid Assisted Grinding method). The products
were characterized by X-ray Powder Diffraction, IR Spectroscopy,
Scanning Electron Microscopy, Thermogravimetry and Differential
Scanning Calorimetry techniques. In parallel (1-L). was prepared by
conventional solvent-based methods and the X-Ray crystal structure
of the polymer, obtained as a single crystal, compared to the

mechanochemical data.

Introduction

Coordination polymers can be prepared by the self-assembly of
naked metal ions or neutral metal complexes and donor
molecules via coordination bonds and/or weaker interactions
such as Van der Waals forces and H-bonds, and combine an
intrinsic beauty to promising applications in fields as varied as
gas storage, ion exchange, chemical sensing, catalysis, energy
transfer, and separation.! The resulting assemblies can be
directed by using as spacers between the metal nodes, organic
molecules designed in order to have a pre-defined number of
donor atoms in chosen positions, even if the flexibility of the
ligand and different accessible conformations need to be
examined and taken into account during design.? Moreover, in
order to increase the overall control on the final structure, cis-
protected metal building blocks or neutral coordinatively
unsatured metal complexes can be used in place of naked ions,
thus reducing the degrees of freedom of the system and
avoiding the presence of counterions.!

A typical example of this building strategy has been reported
successfully by Aragoni et.al. by using neutral coordinatively
unsaturated phosphonodithioato Ni(ll) complexes, as neutral

building blocks and bipyridyl-type as neutral ligands in a

solution-based batch process. However, the properties of these
crystalline materials are critically dependent on the deliberate
creation of a crystalline network structure, planned using
properly designed building blocks and this continues to be a
challenge. The aspects to be evaluated in developing a network
based on coordination polymers are the building blocks, i.e.
metal nodes and organic spacers, the metal coordination
environments, and also the formation conditions such as solvent,
temperature, metal-ligand molar ratio, and weak secondary
interactions.

In the last decades, mechanochemical methods based on
grinding or ball-milling of the reactants have also been exploited
in the field of crystal engineering.®! These approaches have the
aim of breaking and forming supramolecular interactions with no
need for the intermediacy of a solvent, thus providing an
alternative and green way to crystal engineering.
Mechanosynthesis, briefly defined by IUPAC as a chemical
reaction that is induced by the direct absorption of mechanical
energy,l® is emerging as a powerful synthetic technique for
environmentally-friendly and energy-efficient synthesis. It offers
short reaction times, low-cost starting materials and avoids large
guantities of solvent and high temperatures compared to
conventional solvent-based methods.[’l  Mechanosynthesis
typically rapidly promotes solid state reactions and sometimes
can induce improved reactivity of reagents resulting in new and
unexpected reaction products. Furthermore, there are
encouraging recent demonstration of industrial scale up. (8

While mechanochemistry goes back nearly two centuries,! it is
only in the last 30 years that the method has been developing in
different broad areas of chemistry ranging from inorganic
chemistry,1*% to organic,' supramolecular chemistry!®® including
the synthesis of coordination polymers,*? and pharmaceutical
solids.*3

Mechanosynthesis can be carried out using manual (mortar and
pestle) or non-manual methods such as extrusion or ball milling,

the latter being the most widely used in the research laboratory.



Two different ball milling synthetic methods, called Neat
Grinding (NG) and Liquid-Assisted Grinding (LAG or ILAG for
ion LAG),™ are known.'®! NG is a solvent-free method while in
the LAG method small amounts of solvent are added to the solid
reaction mixture. The reaction kinetics is often favoured by the
presence of a liquid phasel*® ¢l and different structures can be
obtained from the same precursors by changing solvents.[”] A
careful solvent selection, as well as its accurate dosing, is
therefore required.!*®!

Mechanochemical methods normally provide microcrystalline
powders and therefore single crystal diffraction methods can not
usually be applied for structural characterization. X-ray powder
diffraction is the main technique used to characterize
microcrystalline powders although it remains more challenging
than single crystal structure analysis in terms of deriving
accurate structural information. !

The problem can often be solved by growing single crystals by
conventional solution-based methods and then comparing the
resulting structure, via simulation of powder XRD patterns, with
that formed by solid—solid mechanosynthesis.') It is worth
noting that crystallization from solution and mechanical methods
do not always yields the same product, especially when solvate
species are formed and when nucleation of crystals is under
solubility control.l?°!

Several papers dealing with the synthesis of Coordination
Polymers (CPs) and Metal Organic Frameworks (MOFs) by
mechanochemical methods are reported in the literature. Many
of these regards the synthesis of CPs/MOFs by ligand addition/
exchange, ligand addition with elimination of a by-product or
acid-base reaction of transition metal salts with appropriate
ligands expanding the coordination sphere of the metal.®?: 21 |n
other papers mechanochemical methods were adopted to
induce a selective cleavage of bonds in coordination complexes

compound giving rise to coordination unsatured compounds

which
can be
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nds in solution reaction and NG or LAG.?2

Under these considerations and with the aim of finding new
systems that could yield more predictable results, a systematic
study to explore the mechanochemical reactions between
neutral pre-formed coordination compounds and organic
spacers was undertaken. Despite the mechanosynthesis of CPs
has already been extensively investigated, to the best of our
knowledge the mechanochemical synthesis by using neutral
coordinatively unsatured dithiophosphato Ni(ll) complexes has
never been investigated before and could extend the rich of this
field.

We present here a mechanochemical approach for reactions
between 0O,0'-diethyl
dithiophosphato Ni(ll) complexes [((EtO).PS;).Ni] (1) and 4,4'-
bipyridine (L), to yield a coordination polymer (1-L).. Moreover,

neutral  coordinatively  unsatured

conventional solvent-based synthesis of (1-L). was also carried
out in order to confirm its structure by single crystal analysis and

compare it to that obtained by mechanosynthesis.

Results and Discussion

The reaction of 4,4'-bipyridine (L) and the nickel dithiophosphato
complex [Ni((EtO)2PS,),] (1) (Scheme 1) under solvothermal
conditions afforded a crystalline compound which was isolated
and identified by means of single crystal X-ray diffraction as the

coordination polymer of formula (1-L).
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Scheme 1. General scheme of the reaction between complex 1 and ligand L
to give (1-L)- coordination polymer.

Crystallographic data are reported in Table 1 and the
asymmetric unit with selected bond lengths and angles in Fig. 1.
Examination of the data reported in Table 1 shows a good
agreement between the single crystal and powder data with
minor discrepancies especially evident in the higher values of
the c lattice parameter in the powder data. These differences
can be ascribed to the free rotation of the ethoxy P-substituents
that is evident even at 120 K (see thermal ellipsoid
displacements of atoms C6-C9 in Fig.1) and become more

evident at the temperature at which XRPD patterns were
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recorded (298 K) giving rise to increasing disorder and therefore

a minor packing efficiency.

Figure 1. Ellipsoid drawing (70% probability level) of the asymmetric unit of
(1-L)-, with atom numbering scheme. Selected bond lengths and angles:
Ni1—S1, 2.5057(8); Ni1—S2, 2.4948(7); Ni1—N1, 2.0750(17); P1-S1,
1.9769(8); P1—S2, 1.9821(8) A; S1—Ni1—S2, 82.01(3); S1—Ni1—N1, 88.76(5);
S2—Ni1—N1, 90.21(5)°.

Compound (1:-L). is a 1D polymer formed by axial coordination
of L to the Ni' ion of the square-planar dithiophosphato complex
1. The [Ni(EtOPS,),] units are bridged by the organic spacers L
—L—[Ni(EtOPS3)2]-L—

in Fig. 2. The coordination

to form neutral chains
[Ni(EtOPS;),]-L—

environment around the nickel ion

parallel
as shown
results in a distorted

octahedron with four sulfur atoms from two bidentate
dithiophosphato units in the equatorial plane and two nitrogen
atoms, from different bipyridine units, occupying the axial
positions. The coordination of the neutral donor L induces
variations in the bond distances and angles in the NiS,s
coordination framework similar to those found for analogous
molecular adducts between phosphonodithioato complexes and
pyridine derivatives, which is ascribed to the reduced net
positive charge on the central Ni®*l. As shown in Fig. 2a, the
main structural feature of (1-L). is the presence of linear chains
that closely resemble the analogous polymer [Ni(EtOdtp),L]-
formed by reacting the dithiophosphonato complex [Ni(EtOdtp)2]
[where EtOdtp = (4-MeOPh)(EtO)PS,] with L.*¥ The Ni---Ni
distances between bridged dithiophosphato units of 11.24 A are
very similar to those of 11.38 A found in [Ni(EtOdtp),L].. The
chains are aligned in planes that pack in an antiparallel fashion

(shown in blue and yellow in Fig. 2b) due to the presence of
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glide planes perpendicular to the (010) direction with glide
component (1/2, 0, 1/2).

Figure 2: Packing views of (1:-L)~ showing the linear polymeric chain (a) and
the parallel planes packing in the different directions (evidenced in blue and
yellow color) due to the presence of glide planes perpendicular to the (010)
direction with glide component (1/2, 0, 1/2) (b).

could also be

Coordination polymer (1-L)«

mechanochemically by grinding the powders of 1 with L in the

prepared

ball milling apparatus.?® The complexity of the milling process
can be simplified in two different elemental mechanical actions
by which energy is transferred from the milling tools to the milled
powder: collision and attrition. The mechanism of collision
prevails when the milling device contains a limited number of
balls. On the contrary it is expected that the attrition mechanism
prevails when the mill begins to be filled up with balls.?4l In all
our experiments the collision regime is dominant respect to the
attrition one.® However, although several studies are already
published, the mechanism of the mechanochemical processes,

which gives rise to the products, remains an open research field.
[15b, 16b, 26]



Table 1. Summary of X-Ray single crystal and powder data and structure
refinements parameters for compound (1-L)~ obtained by conventional and
grinding methods (NG 10 min and LAG 5 min). (<D> average crystal size; o
microstrain)

Compound (1-L)- conv (1-L)~ conv (1-L)- (1-L)=
solv-based solv-based NG 10 min LAG 5 min
sample sample

XRD method  single powder powder powder
crystal

Crystal system monoclinic monoclinic monoclinic monoclinic

Space group C2lc C2lc C2lc C2lc

alA 19.099(4) 19.71(2) 19.78(2) 19.74(2)

b/A 11.842(2) 11.25(2) 11.24(2) 11.23(2)

c/A 12.957(3) 14.15(2) 14.36(2) 14.24(2)

B/° 112.93(3) 116.7(5) 116.8(5) 116.7(5)

V /A3 2698.9(11) 2776(3) 2848(3) 2820(3)

z 4 4 4 4

T/K 120 298 298 298

Dcaic /g cm3 1.441 - - -

6 min-max /° 3.3-27.5 5-80 5-80 5-80

<D>/nm - >100 37 60

o/ % - <0.1 0.6 0.4

Wavelength/ A 0.71073 1.54056 1.54056 1.54056
(MoKa) (CuK a) (CuK a) (CuK a)

R indices  Ri1=0.030; Rwp=10.0 Rwp=9.2 Rwp=5.8

(all data) WR: = 0.0705

w™t = [02(F%,) + (0.0320P)? + 2.1046P] where P = [F2, + 2F%,.];

n
= Zi,ldFexp.il ~NFeateiD/ T Fopl:

1
n . /2
WRZ = { é [W(Fezxp,i - Fczalc,i)z]/znil[W(Fezxp,i)z]} )
i=1 .

Ry = 100 * Y w; (liexp _ Ifalc)z /2?:1(Wiliexp)2.

The XRPD patterns recorded on samples at different selected
time intervals during the mechanosynthesis are shown in Figure
S1. After 5 min of milling the pattern (showed in Fig. S1 a)
indicates the almost complete formation of coordination polymer
(1-L).. However, small peaks due to reagents were barely
evident, particularly faint peaks at 8.78, 12.19 and 13.51 26
degrees due to nickel complex 1 and peaks at 12.57 and 25.62
20 degree belonging to L. After 10 min milling the complete

conversion of reagents into the green colored (1-L). compound
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was achieved. Its pattern corresponds to that recorded for the
coordination polymer obtained by conventional solvent-based
methods (Fig. 3 ¢ and a, respectively), with no residual peaks
due to unreacted reagents detectable.

Rietveld refinement (Fig. S3) of the NG XRPD pattern indicated
a good agreement with the experimental structure obtained from
powder structure solution of the sample prepared in the
conventional solvent-based manner (Table 1). The isotropic
size-strain model indicated an average crystal size of 37 nm and
a 0.6% microstrain for the NG sample which contributed to slight
packing difference compared to conventional solvent-based

sample.

intensity(a.u.)

29

Figure 3: Comparison of XRD patterns for compound (1:L)- obtained by a)
NG after 10 minutes grinding, b) LAG after 5 minutes grinding and c)
conventional solvent-based synthesis samples.

Further milling of the powder did not change the structure of the
products and therefore at 10 min of milling the synthesis can be
considered as having concluded (Fig. S1 a-e). It is noteworthy
that the XRPD peaks for the NG 10 minute sample are in the
same position as the conventionally prepared sample, but the
intensity and width, and therefore size and strain, are
significantly different. This can be explained by the continuous
reduction of crystallite grain size, due to the repeated fracture of
the powders induced by milling, accompanied by progressive
dispersion and intimate mixing at the atomic level, which

promotes interdiffusion of the starting compounds and their solid



state reaction. Moreover milling induces structural disorder
giving broader peaks with different intensities.

With the aim of optimizing the synthesis, we also explored the
LAG method by adding a few microlitres of ethanol, normally
used as solvent in the conventional solvent-based synthesis, to
the starting powder reagents. Examination of Figure 3b shows
that the use of solvent reduced the reaction times: LAG
mechanosynthesis can be considered concluded after 5 minutes
of milling (Fig. S2 a-d). The 5 minute LAG XRPD pattern is very
similar to the 10 minute NG synthesis (Fig. 3a-b). Rietveld
refinement (Fig. S3 and Table 1) of the LAG sample indicated an
average crystal size of 60 nm, which is slightly bigger than the
NG sample. The microstrain of the LAG sample is very similar
to the corresponding NG sample.

The FTIR spectra of the samples obtained by NG, LAG and
conventional solvent-based methods are reported in Fig. S4.
The most characteristic ring vibration v(C-N), v(C-C) and
pirydine breathing mode can be observed in the range (cm™):
1600.0-1608.9, 1533.4-1537.5 and 1006.8-1018.3, respectively.
These bands are shifted at higher frequencies compared to free
4,4'-bipy?”, thus confirming 4,4'-bipy coordination to the nickel
metal complex.

SEM micrographs of the compound (1-L). prepared by
conventional solvent-based synthesis and using NG and LAG
mechanosyntesis methods highlight the different morphology of
the samples (Fig. 4): the conventional solvent-based sample is
mainly constituted of well-defined microcrystals (left), whilst NG
and LAG samples show irregular shaped aggregates of
nanocrystals with rough surfaces. Moreover the LAG sample
forms as smaller aggregates in comparison to the NG sample.

In order to determine the thermal behavior of the samples TGA
and DSC measurements were conducted on compound (1-L)«
prepared by conventional solvent-based, and mechanochemical
NG and LAG methods (Fig. 5).

Figure 4: SEM images of compound (1-L)-: micro-crystals from conventional
solvent-based synthesis (left), NG sample after 10 minutes grinding (middle),

LAG sample after 5 minutes grinding (right). Magnifications are reported in the
bottom of the micrograph (bar= 10um).
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TG and the corresponding derivative dTG curve of the sample
prepared by conventional solvent-based synthesis (Figure 4a
left) shows three main mass loss (and dTG peaks) in the
temperature range of i) in the range 217-241, (ii) 339-466 °C and
(iif) 780-957°C. The first and second steps of the TG curve
reflect thermal decomposition of the organic parts of (1-L)«; the
mass remaining after the first step (73.9%) corresponds, as
expected, to the loss of L. The plateau observed from 466 to
780 °C is consistent with the presence of the bis(dithio-
metaphosphato) nickel(ll) [Ni(S.PO).] moiety, in agreement with
the data reported in literature for the analogous [Pt(EtOPS:,);]
platinum complex. 281

At higher temperature, decomposition of the sample is observed,
with formation of a residue product identified as nickel
phosphate Ni;P>O7 by XRPD analysis (data not shown).

In Fig. 5 (right side) DSC thermograms of (1-L). samples are
also reported, along with those of L and 1 reagents for
comparison. In agreement with the TG analysis, the DSC curve
of the conventional solvent-based sample shows a no reversible
asymmetric exothermic peak at 223°C due to decomposition of
(1:L)- into [Ni(S2PO).]. No peaks are observed in the DSC curve
at temperatures lower than 220°C indicating that the polymer
(1-L)- is stable up to this temperature.

Similar thermal behaviors were observed for the samples
obtained by mechanochemical NG (b) and LAG (c) methods (Fig.
5, left), with formation of the same degradation compounds, with
small differences only in the temperature of the first step, which
is slightly lower (196 °C) in comparison to that found for the
conventionally prepared sample (220 °C). The corresponding
DSC exothermic peaks are in agreement, with a shift of
temperature from 223 to 209 °C. Moreover, in ball milled
samples, particularly the NG one, the DSC peaks due to
polymer decomposition are broader than those recorded for the
conventional solvent-based sample, which is consistent with
smaller and/or more disordered (1-L)- particles.

Synthesis with a 2:1 - L:1 molar ratio was also carried out in
order to evaluate the existence of compounds with different
stoichiometry, but even after a long milling time (20 minutes)
coordination polymer (1-L). was the only compound obtained.
The XRPD pattern of this sample (Fig. S5) shows peaks due to
excess L, thus confirming the presence of unreacted reagent.
DSC measurement (Fig. S6) confirmed the presence of
unreacted L, showing an endothermic peak assignable to L
melting. Moreover, after washing with ethanol and drying, the



milled powder was analyzed by XRPD and DSC (S5 and S6)

confirming its (1-L)- nature.
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Figure 5: TG and dTG curves (left side ) and DSC (right side) of compound

(1-L)~ obtained with a) conventional, b) NG and c) LAG methods. In DSC plots,

L and 1 thermograms were also reported for comparison.

Conclusions

Mechanochemical reaction of neutral 0,0
diethyldithiophosphato Ni" complex (1) with 4,4'-bipyridine (L)
allows the formation of a 1D coordination polymer (1-L).. This
coordination polymer can also be obtained by conventional,
solution-based, The mechanochemical

synthesis. protocol

developed gave (1-L). polymer with significant benefits
compared to solution-based protocols and confirmed the ‘green’
nature of this methodology: reactions are much faster (less than
one hour compared to several hours) and the use of high
The NG

mechanochemical approach gives yields comparable to those

temperatures and solvents are avoided.
obtained from LAG but the latter is more efficient at reducing the
reaction time. Moreover, as well known in the literature, 29 the
solvent acts as a ‘lubricant’ for kinetic acceleration of the
reaction, as a heat sink for exothermic reactions, as a dispersant
for product removal from the reaction sites, as a suspending
agent for the reactants, and as a crystallization promoter. As a
consequence, the average crystal size in the LAG sample is

slightly larger than that obtained in NG samples.
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Further systematic work is now in progress in our laboratory with
the aim of studying mechanochemical synthesis of coordination
polymers starting from different metal complexes with different

bipyridyl-based spacers.

Experimental Section

4,4'-bipyridine (CioHsN2, 99%, Sigma-Aldrich) was used as received
without  further
[((EtO)2PS2)2Ni]

procedure.® The mixture of reagents was milled using a shaker ball-mill

purification. The dithiophosphato

to the

complex
(1) was synthesized according literature
(Spex 8000, CertiPrep, Metuchen, NJ) in a 30 mL teflon coated stainless-
steel grinding jar. Two 5 mm diameter zirconia balls (0.40 g) were used.
In order to prevent excessive overheating of the jar the experiments were
carried out alternating milling and rest period at 5 min intervals. In the
LAG synthesis ethanol (96%, Sigma-Aldrich, without further purification)
was used as the solvent. The effect of milling was monitored by X-ray
powder diffraction (XRPD) performed on small portions of the powder
sampled at different milling times. XRPD patterns were recorded at 40 kV
and 30 mA on a Seifert X3000 diffractometer using CuKq radiation in
Bragg Brentano geometry and equipped with a graphite monochromator
and scintillation counter. The data were collected between 5.00 and
80.00° 26, with a 0.05° 26 step size. In order to obtain a satisfactory
signal-to-noise ratio in the X-ray pattern an appropriate acquisition time
was selected. The CSD BU was used to compare experimental and
deposited structures. The Maud software 2 was used for Rietveld
refinements, and the peak profiles were modelled by using the pseudo-
Voigt profile function. Recommended fitting procedures were adopted
and the instrumental profile broadening was derived from the fitting of
XRPD data obtained from standard samples.?3 The scale factor,
background contribution, lattice parameter, unit cell, average crystallite
size, micro-strain were refined. The Rup-factor was used as an indicator
of goodness of fit.

X-ray structure determinations and crystallographic data for compound
(1-L)~ were collected at 120(2) K by means of combined phi and omega
scans on a Bruker-Nonius Kappa CCD area detector, situated at the
window of a FR591rotating anode (graphite Mo-K, radiation, 1 =
O.71073A). The structures were solved by direct methods, SHELXS-97
and refined on F2 using SHELXL.134

Anisotropic displacement parameters were assigned to all non-hydrogen
atoms. Hydrogen atoms were included in the refinement, but thermal
parameters and geometry were constrained to ride on the atom to which
they are bonded. The data were corrected for absorption effects using
SORTAV. 33

The structure has been deposited with the Cambridge Crystallographic
Data Centre: deposition number CCDC 1517440.

Sample morphology was observed using scanning electron microscopy
(SEM) (S-4100, HITACHI). The samples were fixed on a brass stub using



carbon double-sided, coated with gold blazers SCD 004 sputter coater
for 2 min and observed under an excitation voltage of 10 kV.

FT-Infrared spectra were recorded on a Thermo Nicolet 5700
spectrometer at room temperature using a flow of dried air. Middle IR
spectra (resolution 4 cm™) were recorded as KBr pellets, with a KBr
beam-splitter and KBr windows.

FT-Raman spectra (resolution of 4 cm™) were recorded as KBr solid
mixture on a Bruker RFS100 FT-Raman spectrometer, fitted with an In-
Ga-As detector (room temperature) operating with a Nd-YAG laser
(excitation wavelength 1064 nm) with a 180° scattering geometry. The
excitation power was modulated between 100 and 250 mW.

Elemental analyses were performed with an EA1108 CHNS-O Fisons
instrument.

Differential scanning calorimetry (DSC) measurements were performed
at atmospheric pressure using a Perkin-Elmer instrument model DSC7
having a maximum temperature detectable of 600°C using crimped
aluminum crucible. The measurements were performed under Ar flow (40
mL mint). Samples of 5 mg were encapsulated in aluminum crucibles
and scanned with a heating rate of 10°C min'tin the temperature range
of 40-360 °C where the most significant transformation are present. The
calorimeter was calibrated by measuring the melting temperature of
metallic indium and zinc (99.999 mass% purity) and the temperature was
obtained with an accuracy of +0.5 °C.

Thermogravimetric analysis was carried out on a TGA-SDTA 851 Mettler-
Toledo instrument using an alumina sample pan under Argon flow (50
mL mint) with a heating rate of 10 K min' in the temperature range 40-
1000°C. The instrument was calibrated with zinc and iron standard

samples and the temperature was obtained with an accuracy of +2 °C.

Syntheses of [((EtO),PS2)2Ni-L)]«, (1-L) .

Conventional solvent-based synthesis: complex 1 (21.4 mg, 0.05
mmol) and L (7.8 mg, 0.05 mmol) were reacted at 140 °C in a high
pressure Aldrich tube in 30 mL of EtOH. After complete dissolving of the
reagents, the reaction mixture was slowly cooled to room temperature.
After a few days (1-L). (13.0 mg, 0.02 mmol, 47% yield) was obtained as
green crystals suitable for X-ray analysis. M.p.: 210 °C (d). Elemental
analysis found (calc. for C1sH26N204P2S4Ni; formula mass = 585.31 Da):
C, 36.98 (36.94); H, 4.40 (4.82); N, 4.83 (4.79); S, 19.71 (21.91). FT-IR
(KBr, 4000-400 cm™): 2974 vw, 2284 vw, 1608 s, 1535 vw, 1490 w, 1409
m, 1388 w, 1221 m, 1160 w, 1070 vw, 1042 s, 1018 vs, 956 vs, 815 vs,
774 s, 729 w, 682 s, 665 m, 634 vm, 552 w, 482 vm, 470 m, 452 w, 440
w 426 m, 412 w cm™. FT-Raman (3500-100 cm, 200 mW, solid in KBr,
relative intensities between parentheses related to the highest peak
taken equal to 10.0): 2928 (3.5), 1614 (10), 1295 (9.8), 1022 (7.2), 550
(3.5), 92 (6.3) cm™.

NG synthesis: equimolar quantities of complex 1 (0.1712g, 0.4 mmol)
and L (0.0637g, 0.4mmol) were placed in the jar. The NG synthesis was

also performed in the 2:1 (L:1) molar ratio, and the resulting product

compared to those obtained by conventional and equimolar NG synthesis.
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LAG synthesis: equimolar quantities of complex 1 (0.1712g, 0.4 mmol)
and L (0.0637g, 0.4mmol) were placed in the jar along with 50 pL of

ethanol.
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