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1. Abstract

Single Molecule Magnets (SMMs) are magnetic materials where the magnetic domains
comprise individual molecules. This feature can lead to the development of applications

related to high-density digital information storage.

In this project, new tetranuclear butterfly complexes [TM",Dy",(u3-OMe),(amino-
polyalcohol)z(carboxylic acid)s(MeOH)4](NOs)2 {TM = Co and V} have been tried to
synthesize utilizing different amino-polyalcohols and carboxylic acids as bridging ligands.
These complexes, which may display SMM behaviour, have been characterized by single
crystal X-Ray diffraction, when possible, and IR spectroscopy. [Co",Dy"(us-
OMe),(BDEA*),(02CPh)a(MeQOH)4](NOs); is the only complex which has been able to
crystallize as single crystals and further characterisation of the molecule has been
carried out. As for the other butterfly complexes, the synthesis of main {Co'",Dy",}
complexes have been verified by IR spectroscopy, while none of {V",Dy",} complexes

have been successfully synthesized.

*BDEA= doubly deprotonated N-Buthyldiethanolamine

2. Objective

This project consists in the synthesis and characterisation of new heterometallic 3d/4f
butterfly complexes which may display SMM behaviour. Specifically, the aim of the
project is the synthesis of {Co",Dy",} and {V",Dy",} tetranuclear butterfly complexes
using amino-polyalcohols and carboxylic acids ligands. In collaboration with Dr. Stuart
Langley at Manchester Metropolitan University, the magnetic properties of these

complexes will be investigated.
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3. Introduction

A traditional macroscopic magnet is composed of
magnetic domains, three-dimensional regions of the
material within which the spins are aligned (and which

contain many atoms or molecules), between which there

are domain walls. Hysteresis is observed in magnetisation
vs field (M vs H) plots because altering the magnetisation

requires the breaking of domain walls, which has an

associated energy-cost. Thus, the magnetisation can be  pomains after magnetisation
retained for a long time after removal of the field because _. . .
Figure 1. In a material that is
the domains persist.! not magnetized, the magnetic
domains point in random
In Single Molecule Magnets (SMMs), the magnetic directions. In a magnetized

domains do not comprise many molecules, rather they Material, all or most of the

magnetic domains are

comprise individual molecules and are magnetically arranged in  the same

isolated and are not interacting. SMM s therefore exhibit direction. The image has been
) ) ) . _ taken from the literature.?

the properties associated with traditional macroscopic

magnets, specifically retention of magnetisation and thus hysteresis in M vs H plots, but

on a molecular scale, and to date only at very low temperatures?.

Since SMMs can be considered as molecular analogues of classical bulk magnets, it was
realized it might be possible to develop them for new technological applications
involving the storage and processing of digital information. In contrast to bulk magnets
currently used for this purpose, the molecular nature of SMMs offers unique attributes
that may allow information to be stored with much higher densities, and to be processed
at unprecedented speeds3. Therefore, this has involved looking at the potential of SMMs
to fulfil applications in areas such as quantum computing or spintronic devices*. The
scale of the advance can be seen by considering a typical magnetic tape which might
store 90 minutes of music; if this tape was made of a material which displays SMM

behaviour, the tape could store 150 years of music®.
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3.1 Historical context

In the early 1990s, great excitement followed
the discovery that a molecular transition metal
coordination compound could, at liquid-
helium temperatures, retain magnetization for
long periods of time in the absence of an
field. The famous

external magnetic

dodecametallic manganese-acetate cage

[Mn12012(0Ac)16(H20)a] (also  known as
{Mn12}), as shown in Figure 2, became the
progenitor of a large family of magnetic
materials known as Single Molecule Magnets

(SMMs).3

In the more than two decades since then,

hundreds of SMMs have been reported and the
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Figure 2. Molecular structure of

[Mn12012(0Ac)16(H20)4]

scheme: Mn":

cluster. Colour
Orange; Mn": brown; O:
red; C: grey; H: white. All hydrogen atoms
are omitted, except for those belonging to
water molecules. The image has been

taken from the literature.®

field has become a prominent multi-disciplinary area of research, involving chemists,

physicists and theoreticians in a combination of synthesis, structure determination,

magneto-chemistry, spintronics and modelling.!

The initial study focused in coordination complexes based on 3d metals, which led to

the first generation of SMMs, highlighting {Mn1,}, the first SMM synthesized; Mnss, the

largest Mn cluster; {Mng}, transition metal-SMM which presents the largest energy

barrier (See in section 4.1); {Fe}, the first mononuclear TM-SMM and {Co}, mononuclear

Co" transition metal-SMM. The structure of some of the most important transition

metal-SMMs is shown in Figure 3.
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Figure 3. Structures of main transition metal-SMMs: {Mns} or [Mn"s0,(MeSao)s(0,C-
thiophene),(EtOH)4] (left), the core of Mns is emphasized by black line. {Fe} or [Fe'(tpa™®)]
(middle). {Co} or [Co"(SPh)4]?* (right). Colour scheme: Mn: Green; Fe: orange; Co: purple; N: blue;
O: red; S: yellow C: light grey. H-atoms are omitted for clarity. MeSao= 1-(2-

hydroxyphenyl)ethanone oxime. tpaM®= Tris((5-mesityl-1H-pyrrol-2-yl)methyl)amine. Images

have been taken from the literature.”®?

Recently, particular emphasis has been placed on the design of new SMMs applying 4f
metal ions leading to the second generation of SMMs, as a result of their significant
magnetic anisotropy (see in section 4.1). Especially, Dy" ion (4f°) represents a very ideal
ion because, as a number of the late lanthanides (4f", n>7), it can provide stronger
magnetic anisotropy than the early lanthanides (n < 7)%°. Moreover, combination of both
d-block and 4f elements into one molecule has been proven to be synergistic, making
use of the magnetic properties of both metals.! Research into heterometallic 3d/4f
complexes has also led to a flood of intriguing SMMs, emphasising the appearance in

the last years of butterfly complexes.

In a 3d/4f heterometallic butterfly complex, the 4f ions are found in the central body
positions and the trivalent 3d ions occupying the outer wing positions!!, as shown in
Figure 4. Many compounds belonging to this family of complexes have been proven to
display SMM behaviour, with large anisotropic barriers and slow relaxation times *? (see

in section 4.1).
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Figure 4. Structures of {TM"Dy"} butterfly complexes (TM= Cr and Co).
[Cry"'Dy,"(OMe),(mdea),(hfacac)s] (above).
[Dy",Co",(OMe),(teaH)2(02CPh)s(MeOH)4](NO3),-MeOH-H,0  (bottom on the left) and
[Dy",Co",(OMe),(teaH)2(02CPh)s(MeOH)2(NOs),]-MeOH-H,0 (bottom on the right) are found to
cocrystallise in the same crystal. Solvent and H-atoms are omitted for clarity. Colour scheme:
Co": green; Cr'": yellow; Dy": purple; F: orange; O: red; N: blue; C: light grey. mdea= N-
methyldiethanolamine. hfacac = hexafluoroacetylacetonate. teaH*= doubly deprotonated
triethanolamine. Images have been taken from the literature.'12



3.2 Current challenges

One of the grand challenges in this field is still to design and to synthesize efficient SMMs
that function at temperatures likely to be of practical use. Currently, the unique
properties of SMMs are only accessible using liquid helium cooling, therefore, either the
operating temperatures need to rise significantly, or applications so novel and important

need to be discovered that temperature ceases to be an issue?.

Whilst at present this seems a massive challenge, researchers in the superconductivity
field faced a similarly challenging situation, and did make a huge step up in critical
temperature, from liquid helium to liquid nitrogen temperatures, and superconducting

materials are now used in a wide range of commercial applications?.

3.3 The project

Encouraged by the current challenge, the synthesis and characterisation of new
heterometallic 3d/4f butterfly complexes which may display SMM behaviour has been
performed. The project was carried out in the laboratories of the School of Science and
Technology of Nottingham Trent University (England) from February 2017 to May 2017

and research has been supervised by Dr Sophie Benjamin.

Before this investigation, some {Co";Dy",} butterfly complexes had already been

reported*1213 while {V",Dy",} butterfly complexes had not.

4. Basics of Single Molecule Magnet behaviour

Theoretical basis of Single Molecule Magnets is provided below for a more accurate

comprehension of SMM operation.



4.1 Fundamental considerations

Single Molecule Magnets are individual molecules which have a significant energy
barrier (U) to a change in orientation of their molecular spin. This property allows the
orientation of the spin to be maintained below a blocking temperature (Tg) upon
application and removal of a magnetic field, thus allowing digital information to be

stored on a single molecule.

To display SMM behaviour, a complex must have a non-zero total ground spin state, S.
Furthermore, molecules need to be well isolated in the solid state, otherwise bulk
magnetic behaviour may be observed. This is usually achieved by the use of ligands with

bulky organic peripheries, thus many SMMs present complex structures?.

The origin of the barrier lies in the magnetic anisotropy associated with the 3d and 4f
metal ions found in the structures of SMMs.! The anisotropy of the magnetisation is the
result of zero field splitting (ZFS), which is quantified by the parameter D. ZFS lifts the
degeneracy of the 25+1 Ms spin states of a complex due to magnetic dipolar interactions
between unpaired electrons and interactions with excited states via spin-orbit coupling®.
The effect of ZFS is fairly well understood in 3d complexes, but less so for 4f complexes?,

so the explanation is focused on the former.

In a complex with a Ms=0
Moz LR 7
. e 7
total spin S there are =2
M= 5
2S + 1 possible spin M;=6
Ms=7
states, each sublevel A

described by a spin

Energy

guantum number Ms.

The Ms quantum

Mg=0 Ms<0
number depends on S
Figure 5. Schematic representation of the splitting of the S = 1C

and ranges in value ground state of {Mn1,} into 21 sublevels by ZFS. This image has been

from S to -S in takenfrom literature.!

increments of one. The degeneracy of the 2s + 1 Ms spin states can be lifted via ZFS, as

shown in Figure 5. The form of the ZFS depends on the symmetry of the molecule.



Hence, ZFS may arise if the symmetry of
the SMM is lower than cubic. If no
anisotropy is present, the M;s states all

have the same energy.4

Energy

Each Ms state corresponds to a different

orientation of the spin projection, and

Ms= S can be considered spin up and Ms

0° 90° 180°

= =S spin down (Figures. 5 and 6) or 1 o ) o
Angle of magnetisation to anisotropic axis

and 0 in binary coding, respectively. Ms
Figure 6. Energetic preference of the spin projection in

states split in zero field according to Eq.
P g 9 an SMM. The energetically most favourable direction for

1. Therefore, when D is negative, Ms= +S  the spin projection is called anisotropic axis. This image
H 1
become lower in energy than the has been taken from literature.

intermediary sublevels Ms with S>Ms> -S 1, as shown in Figures 5 and 6.
E(M;s) < D-Ms? (Eq. 1)

The size of the energy barrier to spin reversal is related to both D and S according to

Eq.2.

U=|D|-S2 (Eq. 2)

The energetically most favourable direction for the spin projection is called anisotropic
axis or easy axis. Hence, to magnetize a SMM the magnetic field is applied through the
easy axis to lower the energy of one well and to increase the energy of the other.
Therefore, in a magnetic field the equilibrium now favours the orientation of the spin
aligned with the magnetic field and magnetisation of the SMM occurs, as shown in

Figure 7.
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Ms=0

Ms‘—‘—s

|D}S?
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Figure 7. Spin down is stabilized under the applied magnetic field and, after removal of the field

and at sufficiently low temperatures, magnetisation persists because there is insufficient

thermal energy to make some of the particles jump over the barrier and reverse their

magnetisation. This image has been taken from the literature.®

However, if the particles are given enough time, half of them will be in the left well and

half in the right well at equilibrium because the two minima have the same energy. The

system will no longer be magnetized in zero magnetic field and this process is called

relaxation of magnetization, which can also be promoted by quantum tunnelling.®

4.2 Magnetic measurements

The success (or not) of an SMM can be

measured by the magnetic blocking
temperature (Tg) which is the highest
temperature at which an SMM displays
hysteresis in plots of magnetization (M)
versus magnetic field (H) (Figure 8).
and Sessoli have

Gatteschi, Villain,

proposed Tg as being the temperature at

(v)

magnetization to relax is 100 seconds.

which the time taken for the

3
Therefore, the larger the energy barrier to
spin reversal (U), the longer magnetisation
can be retained and the higher the

temperature this can be observed at.!
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Figure 8. Hysteresis in the field dependence of
magnetisation at different temperatures at a
fast average sweep rate of 800 Oe-s7}(0.08
Ts) for [K(18-crown-
6)1[{[(Me3Si),N].Dy"(THF),}]. This SMM
presents one of the highest T values observed
to date (8,3 K). This image has been taken from
the literature.?’
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The relationship between the barrier to relaxation of the magnetisation and the ground
spin state S led to a vast effort towards building the compounds with the highest
possible nuclearity, in an attempt to maximise U. However, it was found the anisotropy
constant D to be inversely proportional to S%. Therefore, incorporating large numbers of
paramagnetic transition metal ions in a compound may be antagonistic to generating a

large magnetic anisotropy.4

The bottom line in all of this is that a good SMM needs a large thermal barrier (U) and
no (or slow) quantum tunnelling of magnetisation (QTM), so that the blocking

temperature (Tg) is as high as possible®.

5. Single crystal growth

In this section a description of X-ray diffraction, the main technique used to characterize
the products in this project, and different crystallization techniques carried out during
the research are explained. Hence, a more accurate comprehension is provided before

the explanation of the Experimental Part in section 5.

5.1 X-ray diffraction

As the expected products in this project are supposed to be paramagnetic, nuclear
magnetic resonance (NMR), one of the most powerful characterization techniques,
cannot easily be used to characterize them. Therefore, crystal growth was carried out to
characterize the tetranuclear {Co",Dy">} and {V",Dy",} complexes by single crystal X-

ray diffraction.
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Single crystal X-ray diffraction (XRD) is a
crystallographic method for determining
atomic structures (an X-ray diffractometer
is shown in Figure 9). A beam of X-rays
strikes a crystal and is diffracted. From the
angles and intensities of the diffracted

rays, a 3D map of electron density of the

crystal can be constructed and the

Figure 9. Single crystal X-ray diffractometer. A
arrangement of atoms and bonds within crystal is mounted and displayed in the screen

the crystal can be inferred. This technique Placed at the top right. Image has been taken

from the literature.
is one of the least ambiguous and most
complete ways of characterizing a compound. In order to take advantage of these
benefits, the compound in question has to be rendered as a crystal of suitable size and

quality.1®

The most promising crystals for XRD are transparent and have sharp edges.'8. For
diffraction work, the object is to obtain a small number of crystals with the mentioned
features. As long as this is achieved, yield is irrelevant and purity is likely to be enhanced.
To this end, crystals should be grown slowly, taking from minutes to months depending
on the system. To understand why this is important, the process of growth at a crystal
surface must be visualized: the greater the rate at which molecules arrive at the surface,
the less time they have to orient themselves in relation to molecules already there and
random accretion is more likely, leading to crystals which are twinned or disordered.
Suitable growth conditions include the absence of dust and vibration: if these are

present they can lead to crystals which are small or non-singular.?°

5.2 Crystal growth techniques

Each technique for growing crystals relies on creating a situation where the solute can
no longer dissolve in the solvent. This usually involves preparing a saturated solution
then altering the conditions, such as temperature and volume of solvent, so that the
solvent is unable to contain the material in it. If the change is slow enough, the solute
molecules have time to arrange themselves and pack closely, creating a well-defined

crystal.?!

14
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Different crystal growth techniques were carried out throughout the project in order to
obtain the best possible crystals. Furthermore, many of them had to be adapted for use
with air-sensitive compounds due to V" willingness to oxidize into V"V and V¥ compounds
under aerobic conditions. Therefore, working under inert atmosphere was required and
such conditions demand the use of Schlenk flasks and the Schlenk line to carry out the

reactions under N, atmosphere.

The Schlenk line consists of two manifolds, as shown in Figure 10, one attached to a
vacuum pump and the other to a source of inert gas. It allows Schlenk flasks to be
evacuated of air and moisture and refilled with the inert gas via the side arm of the flask.
The side arm is fitted with a ground glass stopcock which allows the flask to be isolated

from the atmosphere.??

Vacuum
INEM a5 IN  — Inert gas out

_“ Two-way stopcocks

Vacuum :  Gas: off: allow easy switching
Applied :Applied: between gas and
: : : vacuum
\ 4 \ 4 v

Attached to Schlenk flasks via tubing

Figure 10. Basic Schlenk line and types of Schenk flask
available. Image has been taken from the literature.??

Four main crystal growth techniques were carried out during the project, which are

described below:

e Slow evaporation: this is one of the simplest methods and is generally the first
attempted. It is only suitable for compounds that are air and moisture stable at room
temperature. It involves the slow evaporation of the solvent from the solution

containing the compound until saturation is reached and crystals begin to form.

15
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Cooling: The technique involves cooling a saturated solution. As the temperature
drops, the solvent's ability to dissolve the solute decreases and excess solute

precipitates out. If the rate of cooling is slow enough, crystals should form.

Liquid/Liquid diffusion or layering technique: This technique involves the slow
diffusion of one solvent into another. Two solvents are added to a vessel so that they
form distinct layers (Figure 11). A solvent in which the compound is moderately
soluble is chosen as the first solvent and forms the bottom layer. A less dense
solvent, in which the compound is insoluble, is chosen as the second solvent and
forms the top layer. Solvent 2 gradually diffuses into solvent 1, creating a solvent
mixture with lower solubility for the compound than that of pure solvent 1. As
solvent 2 increasingly diffuses into solvent 1, the solubility decreases more and
more, forcing the product to precipitate, which may form crystals at the liquid/liquid

boundary.

Air-Stable Versions
Air-Sensitive w
Version

e

= Solvent 2

Time
—_—

Solvent 2

Solvent 1 with dissolved
compound

Figure 11. The liquid/liquid diffusion or layering
technique for growing crystals. Image has been taken
from the literature.??

Vapour Diffusion: This technique involves the diffusion of the vapor of a volatile
solvent, in which the compound is not soluble, into the solvent containing the
sample to be crystallized (Figure 12). The theory behind it is similar to that of the
layering and is considered as a slow layering. The advantages of this method include

the relatively slow rate of diffusion, its controllability and its adaptability, for

16
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example in combination with Schlenk techniques to grow crystals of air-sensitive

samples.?°

Diffusion

More volatile solvent

Time
Sample dissolved in
less volatile solvent

Figure 12. Vapour diffusion technique for air stable
compounds. Image has been taken from the literature.?

In the Experimental Section not all the explained crystal growth techniques appear since
just those procedures which provided better results are explained. However, before
reaching the explained procedure, in many cases the other crystal growth techniques

were tested.

6. Experimental Section

6.1 Reagents and hazard and precautionary statements

Main reagents with their purity and chemical formula are listed in Table 1 in conjunction
with Table 2 which shows hazard and precautionary statements of these reagents. All

chemicals and solvents were obtained from commercial sources.

17
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Table 1. List of the main reagents used during the project.

Reagent Purity Formula
Acetonitrile anhydrous 99,8% =
Methanol anhydrous 99,8% —OH
Cobalt (Il) nitrate hexahydrate 98,0- Co(NO,),6H,0

102,0%

Cobalt (ll) chloride hexahydrate 99,999% CoCl,-6H,0
Dysprosium (lll)nitrate hydrate 99,9% Dy(NO3)3-XH,0
Vanadium (lll) chloride 97% VCly
Trichlorotris(tetrahydrofuran)vanadium ¥ VCl3-3THF

o-Toluic acid 99% OH

O
Benzoic acid >99,5% ©)J\OH
@{L

18
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(0]
2-Clorobenzoic acid 98% @OH
Cl
OH
Triethanolamine >98% H
Ho >SN0
|
N-Methyldiethanolamine (MDEA >99%
y ( ) ° HO/\/N\/\OH
N-Buthyldiethanolamine (BDEA) >98,6%
Ho/\/N\/\/OH
OH
N,N-Bis(2-hydroxyethyl)-2- H
aminoethanesulfonic acid (BES) 299% N
/,
HO™ " ~">g
7 OH
OH
e e o L on
Ho >N S
Triethylamine >99% \
\/Nv
Sodium methoxide 95% Na* "0

*Trichlorotris(tetrahydrofuran)vanadium was

synthesized from commercial VCl; and

commercial tetrahydrofuran in the laboratory and purity was not calculated.

19
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Table 2. List of hazard and precautionary statements of the main reagents used during the

project.

Reagent

Hazard and precautionary statements

Acetonitrile anhydrous

Hazard statements

Highly flammable liquid and vapour.

Harmful if swallowed, in contact with skin or if
inhaled.

Causes serious eye irritation.

Precautionary statements

Keep away from heat, hot surfaces, sparks, open
flames and other ignition sources. No smoking.
Wear protective gloves/ protective clothing.

Methanol anhydrous

Hazard statements

Highly flammable liquid and vapour.

Harmful if swallowed and in contact with skin.
Precautionary statements

Keep away from heat, hot surfaces, sparks, open
flames and other ignition sources. No smoking.
Wear protective gloves/ protective clothing.

Cobalt (I1) nitrate hexahydrate

Hazard statements

May intensify fire; oxidiser.

Very toxic to aquatic life with long lasting effects.
Precautionary statements

Avoid breathing dust/ fume/ gas/ mist/ vapours/
spray.

Wear protective gloves/ protective clothing/ eye
protection/ face protection.

Dysprosium (lll)nitrate
hydrate

Hazard statements

May intensify fire; oxidiser.

Causes skin, eye and respiratory irritation.
Precautionary statements

Keep/Store away from clothing/ combustible
materials.

Avoid breathing dust/ fume/ gas/ vapours/ spray.

Vanadium (lll) chloride

Hazard statements

Harmful if swallowed.

Causes severe skin burns and eye damage.
Precautionary statements

Wear protective gloves/ protective clothing/ eye
protection/ face protection.

Trichlorotris(tetrahydrofuran)
vanadium

Hazard statements
Flammable solid.
Harmful if swallowed and in contact with skin.

20
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Precautionary statements
Keep away from heat, hot surfaces, sparks, open
flames and other ignition sources. No smoking.

Benzoic acid

o-Toluic acid

2-Clorobenzoic acid

Hazard statements

Causes skin irritation and eye damage.

May cause respiratory irritation.

Precautionary statements

Avoid breathing dust/fume/gas/vapours/ spray.
Wear protective gloves/eye protection/face
protection.

Triethanolamine

Hazard statements

Non-hazardous substance
Precautionary statements

None listed. Wear PPE as a precaution.

N-Methyldiethanolamine
(MDEA)

N-Buthyldiethanolamine
(BDEA)

Hazard statements

Causes severe skin burns and eye damage.
Precautionary statements

Wear protective gloves/protective clothing/eye
protection/ face protection.

N,N-Bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid
(BES)

Hazard statements

Causes skin and eye irritation.
May cause respiratory irritation
Precautionary statements
Avoid breathing dust.

N,N-Bis(2-hydroxyethyl)-3-
amino-2-
hydroxypropanesulfonic acid
(DISPO)

Hazard statements

Non-hazardous substance

Precautionary statements

None listed. Wear Personal Protective Equipment
(PPE) as a precaution.

Triethylamine

Hazard statements

Highly flammable liquid and vapour.

Toxic in contact with skin and if inhaled.
Precautionary statements

Keep away from heat/sparks/open flames.

Wear protective gloves/protective clothing/eye
protection/face protection.

Sodium methoxide

Hazard statements

Self-heating: may catch fire.

Causes severe skin burns and eye damage.
Precautionary statements

Protect from sunlight.

Wear protective gloves/protective clothing/eye
protection/face protection.

21



6.2 Description of the experiments

The synthesis of {Co",Dy",} and {V",Dy",} tetranuclear butterfly complexes was carried

out using two families of polydentate ligands:

Amino-polyalcohols: TEA, MDEA, BDEA, BES and DIPSO

Benzoic acid and derivatives: benzoic acid, o-toluic acid and 2-clorobenzoic acid

Synthesis of butterfly {Co">Dy'";} complexes
The synthetic strategy focused on synthesizing tetranuclear {Co",Dy",} complexes using

the two families of polydentate ligands as follows:

Using different amino-polyalcohol ligands and benzoic acid.

Using different benzoic acid derivatives and triethanolamine (TEA).

All reactions were carried out under aerobic conditions. Under these conditions Co"

oxidized into Co". Scheme 1 shows the followed synthetic strategy.

OH
2Dy(NO,)5-5H,0 COCH
1) Et3N, MeCN
+ +4 + 2R—N W[Co'"sz”'z(pg-OMe)z(RN(CHZCH20)2)2(02CPh)4(MeOH)4]2+
2 Co(NO,),6H,0 8
OH
R= -CHj -(CH,);CH; -(CH,),OH,
-(CH,),SO3H, -CH,CH(OH)CH,SO,H
OH
2Dy(NO,)5'5H,0 COOH g
. . X , 1) EtN, MeCN .
+ + N —»[Co'" Dy"" (n,-OMe), (teaH),(O,CPhX),(MeOH),]**
HO—/_ 2) MeOH 2Dy ol 2 20, 4 4
2 Co(NO,),6H,0
OH

X=-CH; -Cl
Scheme 1. Reaction scheme of the synthesis of butterfly {Co",Dy",} complexes. According to the
literature!? the product may have various combinations of MeOH and NOs* ligands, e.g.,
(MeOH),4 (cationic complex) or (MeOH),(NOs); (neutral complex).



Synthesis of [Co'"',Dy"'>(ns-OMe)z(teaH)2(02CPh)s(MeOH)2](NOs),]-MeOH-H,0 (1a) and
[Co",Dy'">(n3-OMe)2(teaH)2(02CPh)s(MeOH)s](NO3)2:MeOH-H20 (1b). Co(NOs3),-6H,0
(0.15 g, 0.5 mmol) and Dy(NO3s)3-5H,0 (0.22 g, 0.5 mmol) were dissolved in MeCN (15
ml), followed by addition of triethanolamine (teaHs) (0.07 ml, 0.5 mmol), benzoic acid
(0.12 g, 1 mmol), and triethylamine (0.35 ml, 2.5 mmol) to give a purple solution. This
was stirred for 6 h, after which the MeCN was removed and the residue redissolved in
MeOH (10ml), which was allowed to stand. Within 2-3 days blue/purple needles of 1 (1a
and 1b) had crystallized. Crystals were filtered by vacuum filtration and cleaned with

some ml of Et,0. The approximate yield was 56%

The same experiment was carried out using CoCl,-6H,0 (0.12 g, 0.5 mmol) instead of

Co(NO3);:6H,0 as cobalt source and 1 was obtained in an approximate yield of 20%.

Synthesis of [Co",Dy",(us-OMe):(bdea),(0.CPh)s(MeOH)s](NOs3), (2). The same
procedure was used to synthesize 2 except that N-buthyldiethanolamine (bdeaH,) (0.08
ml, 0.5 mmol) was used in place of triethanolamine (teaHs). Within 2-3 days black
needles of 2 had crystallized. Crystals were filtered by vacuum filtration and cleaned

with some ml of Et,0. The approximate yield was 23%.

Synthesis of [Co";Dy";(us-OMe)z(mdea),(02CPh)s(MeOH)s)(NOs3)2:(3). The same
procedure was used to synthesize 3 except that N-methyldiethanolamine (mdeaH,)
(0.06 ml, 0.5 mmol) was used in place of triethanolamine (teaHs). Within 2-3 days grey
powder of 3 appeared. Powder was filtered by vacuum filtration and cleaned with some

ml of Et,0. The approximate yield was 29%.

Synthesis of [Co",Dy"»(ns-OMe)2(besH)2(02CPh)s(MeOH)4](NO3),:MeOH-H,0 (4). The
same procedure was used to synthesize 4 except that N,N-bis(2-hydroxyethyl)-2-
aminoethanesulfonic acid (besHs) (0.11 g, 0.5 mmol) was used in place of
triethanolamine (teaHs). In this case, vapour diffusion was carried out for crystallization
using 10 ml of Et,0. Within 3 days pink powder of 4 appeared. Powder was filtered by

vacuum filtration and cleaned with some ml of Et,0. The approximate yield was 13%.



Synthesis of [Co"':Dy"»(n3-OMe)2(dipsoH2)2(02CPh)s(MeOH)s](NOs)MeOH-H20 (5).
The same procedure was used to synthesize 5 except that N,N-bis(2-hydroxyethyl)-3-
amino-2-hydroxypropanesulfonic acid (DIPSOH4) (0.12 g, 0.5 mmol) was used in place of
triethanolamine (teaHs). Within 4-5 days red/purple microcrystalline powder of 5 had
crystallized. Powder was filtered by vacuum filtration and cleaned with some ml of Et,0.

The approximate yield was 27%

Synthesis of [Co"'.Dy"'>(ns-OMe):(teaH)z(o-tol)a(MeOH)s](NOs).:-MeOH-H,0 (6). The
same procedure was used to synthesize 6 except that o-toluic acid (o-tolH) (0.14 g, 1
mmol) was used in place of benzoic acid. In this case, within 5-6 days no crystals
appeared. Once MeOH was removed, an oily black residue was obtained. The residue
was cleaned with some ml of Et,0 and the obtained amount was 0.73 g. Yield was not

calculated due to the likely presence of impurities.

Synthesis of [Co'',Dy"'>(ns-OMe)z(teaH)2(02CPh-2-Cl)4(MeOH)4](NOs)2:-MeOH-H,0 (7).
The same procedure was used to synthesize 7 except that 2-clorobenzoic acid (HO2CPh-
2-Cl) (0.16 g, 1 mmol) was used in place of benzoic acid. Within 4-5 days dark purple
powder of 7 had crystallized. Powder was filtered by vacuum filtration and cleaned with

some ml of Et;0. The approximate yield was 15%.

Synthesis of butterfly {V"',Dy",} complexes

The synthetic strategy focused on synthesizing tetranuclear {V",Dy",} complexes using
benzoic acid and different amino-polyalcohol ligands. All reaction procedures were
carried out under anaerobic conditions to avoid V"' oxidation and solvents had to be

dried and degassed before use. Scheme 2 shows the followed synthetic strategy.



H

2Dy(NO3);-5H,0 COOH
1) Base, MeCN

0
g ) 1l 11} 2+
+ +4 + 2 R—N » [V',Dy",(OMe),(RN(CH,CH,0),),(0,CPh),(MeOH),]
2 VCI(THE), 8 2) MeOH or MeCN
o]

H

R= -CH,CH,0H, -(CH,)5CHj -(CH,),SO3H Base= Et;N, MeONa

Scheme 2. Reaction scheme of the synthesis of butterfly {V",Dy",} complexes. According to the

literature!? the product may have various combinations of MeOH and NOs* ligands, e.g.,
(MeOH), (cationic complex) or (MeOH),(NOs), (neutral complex).

Attempted synthesis of [V"Dy";(u3-OMe),(teaH)2(02CPh)s(MeOH)1](NOs)2+(8).
Dy(NO3s)3-5H,0 (0.22 g, 0.5 mmol), triethanolamine (teaHs) (0.07 ml, 0.5 mmol), benzoic
acid (0.12 g, 1 mmol) and sodium methoxide (0.14 g, 2.5 mmol) were placed in a Schlenk
flask and dried under vacuum for 10 min. After that, reagents were dissolved in dry and
degassed MeCN (10 ml) to give a white suspension. The suspension was degassed under
N, flow for 30 min. VCl3-3THF (0.19 g, 0.5 mmol) was dissolved in dry and degassed
MeCN (5 ml) to give a green solution. VCl3-3THF solution was added to the white ligands
suspension and a pale green suspension was formed, which was stirred for 6h. After that
time, a pale green solution was obtained, MeCN was removed and the residue
redissolved in dried and degassed MeOH (10 ml). The solution was filtered by cannula
and a brown solution was obtained. Vapor diffusion was carried out with Et,O (10 ml)
for crystallization. Within 4 days, colourless crystals had appeared. Crystallographic data
verified crystals did not contain the desired butterfly complex but a chlorinated salt of
protonated triethanolamine (teaHaCl). Therefore, the product reaction yield was 0% and

the by-product reaction yield was approximately 67%.

Attempted synthesis of [V",Dy";(us-OMe)(bdea),(02CPh)s(MeOH)s](NOs)2+(9).
Dy(NOs3)3-5H,0 (0.22 g, 0.5 mmol), N-buthyldiethanolamine (bdeaH,) (0.08 ml, 0.5
mmol) and benzoic acid (0.12 g, 1 mmol) were placed in a Schlenck flask and dried under
vacuum for 10 min. Triethylamine (0.35 ml, 2.5 mmol) was then added and the reagents
were dissolved in dry and degassed MeCN (10 ml). After that, the same procedure than
that of 9 was followed. Within 4 days, yellow needles had crystallized. The solvent was

removed via syringe and some ml of Et,0 were used to clean the product. Et,0 was also



removed via syringe and the product dried under vacuum. Crystallographic data verified
crystals did not contain the desired butterfly complex but a non-reported coordination
complex: [Dy(O2CPh)s(MeOH),]. Therefore, the product reaction yield was 0% and the

by-product reaction yield was approximately 41%.

Attempted synthesis of [V".Dy"(n3-OMe)z(besH)2(02CPh)s(MeOH)s](NO3)2+(10).
Dy(NO3)3-5H,0 (0.22 g, 0.5 mmol), N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid
(besHs) (0.11 g, 0.5 mmol) and benzoic acid (0.12 g, 1 mmol) were placed in a Schlenck
flask and dried under vacuum for 10 min. Triethylamine (0.35 ml, 2.5 mmol) was then
added and the reagents were dissolved in dry and degassed MeCN (10 ml). After that,
the same procedure than that of 9 was followed. Within 4 days colourless crystals grew
on the test tube wall and green powder precipitated at the bottom. Crystallographic
data verified colourless crystals were triethylamine hydrochloride (EtsN-HCI). EtsN-HCI
was easily removed and, to isolate the powder, solvent was removed via syringe and the
residue was dried under vacuum. Some ml of Et,O were used to clean the product, then
it was removed via syringe and the product dried again under vacuum. IR spectroscopy
was not enough to characterize green powder. The approximate yield was 11% assuming

powder was the butterfly complex.

X-ray measurements were performed at 100 K in a Xcalibur™ S X-ray Diffraction System
from Rigaku Oxford Diffraction. The determination, visualization and analysis of
molecular crystal structures were performed by using Olex? programme?3. Compounds
1, 2 and 9 were solved by direct and Patterson methods (SHELEXS-97), and refined
(SHELEXL-97) by full least matrix least-squares on all F? data.

Infrared measurements of all compounds were performed in a PerkinElmer Spectrum

100 FT-IR Spectrometer in the range of 4000-650 cm™.
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7. Results and discussion

7.1 Butterfly {Co",Dy",} complexes

[Co",Dy"5(p3-OMe)s(teaH)2(02CPh)4(MeOH),](NOs),]-MeOH-H,0 (1a) and [Co",Dy"5(us-
OMe),(teaH)2(02CPh)a(MeOH)4](NO3),-MeOH-H,0 (1b)

Qc
@co
Qpoy
Qv
Qo

Figure 13. Structure of
[Dy",Co",(OMe),(teaH)>(0,CPh)s(MeOH),(NOs),]-MeOH-H,0 (1a). Solvent
molecules and H atoms are omitted for clarity.

Qc
@co
Qpov
[ N
Qo

Figure 14. Structure of [Co",Dy"y(u3-
OMe);(teaH),(0,CPh)4(MeOH)4](NOs),:-MeOH-H,0 (1b). Solvent molecules,
NOs™ counterions and H atoms are omitted for clarity.
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Crystal structure description

Complexes 1a and 1b are Table 3. Crystallographic data for compounds 1a and 1b.

heterometallic tetranuclear

Empirical formula® Co2Dy,Ca6H70N4027
the tetragonal space group Data collection T (K) 150
14;/a. 1a is found to have one Crystal system tetragonal
coordinated methanol and Space group 14,/a
nitrate molecules coordinated a (A) 40.986(6)
to the Dy" ion and a solvent b (A) 40.986(6)
MeOH molecule found in the c(A) 15.985(5)
. ° 90
lattice. 1b has two MeOH ()
° 90
molecules coordinated to the BC)
Ml . . . v(°) 90
Dy site with a nitrate ,
Volume (A3) 26852(9)
counterion in the lattice
Z 16
(Figures 13 and 14). Thus, 1a is s
Pecalc (g/cm ) 1.535
neutral and 1b is cationic. For -
Radiation MoKa (A =0.71073 A)

descriptive purposes 1a and 1b

®The average formula of the two molecules is given,

can be considered as equivalent including solvate molecules.

and subsequently both will be

described as compound 1.

Complex 1 consists of two Co'"" and two Dy'"' ions, with the metallic core best described

as a planar butterfly motif, with the Dy ions occupying the body positions and the Co"

ions the outer wing-tips. The core is stabilized by two ps-methoxide ligands, both

bridging to two Dy" ions and one Co'"' ion. Around the periphery of the cluster are four

benzoate ligands bridging a Co" to a Dy"' ion. There are also two doubly deprotonated

teaH? ligands, with the N-atom coordinating to a wing-tip Co"' ion and the O-atoms

bridging from the Co"' to the body Dy"'ions, with the protonated alcohol arm being non-

ions are six coordinate with octahedral geometries with an

coordinating. The two Co
average Co-Ly,0bond length of 1.920 A (1a).and 1.916 A (1b). The two Dy" ions are eight

coordinate with distorted square antiprismatic geometries with an average Dy-O bond
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length of 2.371 A (1a).and 2.365 A (1b) The intramolecular Dy--Dy distance is 4.088 (1a)
A and 4.075 A (1b). Tables 14 and 15 with Co-Lon and Dy-O bond lengths are found in

the Annexes section.

Figure 15. Structure of 1a (left) and 1b (right) in the crystal. Solvent molecules, NOs™ counterions,

and H atoms are omitted for clarity.

IR spectrum information

Stretching vibrations between the metallic centres and the donor atoms of the ligands
(v(M-Ln,0)) are not visualized in the spectra of compounds 1 to 10 due to the low-
frequency vibrations they present; usually in the range of 600-300 cm™.242>
Furthermore, peak assignment is difficult to carry out since main absorptions, which are
due to bending and low frequency stretching vibrations of the ligands structures, are

located in the fingerprint region.

Therefore, the IR spectrum of the already reported!! compound 1 is used as a pattern
to verify if the tetranuclear 3d/4f complexes which have not been able to grow as

appropriate single crystals have been successfully synthesized
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Figure 16. IR spectrum of compound 1.
Table 4. Selected IR data from compound 1.
Wavenumber . Wavenumber .
Number P Intensity  Number N Intensity
(cm™) (cm™)
1 3491 weak 9 1070 medium
2 1595 strong 10 1011 medium
3 1556 strong 11 944 weak
4 1485 strong 12 923 weak
5 1391 strong 13 847 weak
6 1288 medium 14 813 weak
7 1177 weak 15 715 strong
8 1089 medium 16 687 strong

Comments: peak number 1 corresponds to the stretching vibration v(0-H) of the hydroxyl group

present in the ligand teaH?. Peaks present at approximately 1500 cm™ or below are difficult to

assign. Peak number 5 may correspond to bending vibrations of CH;, groups present in the

carbonated chains of the ligands.
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[Co"5Dy!"(s-OMe)z(bdea)2(02CPh)a(MeOH)4](NO3)2 (2)
‘;)C
@co
Qoy
Qv
@0
9 g
Figure 17. Structure of

[Dy">Co"2(OMe)2(bdea)2(02CPh)a(MeOH)2(NOs)2]-MeOH-H,0 (2). H atoms
are omitted for clarity.

Crystal structure description

Complex 2 (Figure 17) is an heterometallic tetranuclear complex which crystallizes in the
monoclinic space group P21/n. Structurally, 2 is very similar to 1 in respect of the planar

ions the outer wing-

butterfly motif (Dy" ions occupying the body positions and the Co
tips) and the position and coordination of the peripherical ligands. In this complex, there

are two doubly deprotonated bea? ligands instead of two teaH? ligands.

However, the data collected is not good enough to know all the ligands which are
coordinated to the Dy" ion because the obtained crystals were twinned. The data
confirms the donor atom of the missing ligands is oxygen, but it is not possible to know
if there are two methanol molecules, one methanol molecule and one nitrate molecule

or, on the other hand, two cocrystallized products as in complex 1.

The two Co'"'ions are six coordinate with octahedral geometries with an average Co-Ln o
bond length of 1.912 A. The two Dy" ions are eight coordinate with distorted square
antiprismatic geometries with an average Dy-O bond length of 2.379 A. The
intramolecular Dy---Dy distance is 4.067 A. More detailed crystallographic data is found
in Table 5 and in Table 16, which is in the Annexes section, Dy-O and Co-Ln,0 bond

lengths are found.
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Empirical formula

Formula weight (g/mol)

Data collection T (K)
Crystal system
Space group
a(A)

b (A)

c(A)

a(®)

B(°)

v ()

Volume (A3)

Z

Pealc (8/cm?)

Radiation

IR spectrum information

Table 5. Crystallographic data for compound 2.

Co,Dy,Ca8H74N40O2s
1549.98

150

monoclinic

P21/n

7.9866(5)
23.2956(7)
17.6332(5)

90

90.414(4)

90

3280.6(2)

2

1.573

MoKa (A = 0.71073 A)

IR spectra of compounds 2 to 10 are found in the Annexes section.

Table 6. Selected IR data from compound 2. Selected peaks are those that compounds 1 and 2

have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Number

N o v A WNR

Wavenumber

(cm™)
1596 (1595)
1559 (1556)
1478 (1485)
1395 (1391)
1289 (1288)
1178 (1177)
1097 (1089)

Intensity

weak
strong
strong
strong
strong
medium
weak

Number

8
9
10
11
12
13

Wavenumber

(cm™)
1075 (1070)
1025 (1012)
848 (847)
815(813)
721 (715)
693 (687)

Intensity

medium
medium
weak
weak
strong
strong

Comments: peak around 3490 cm™ is not present because there are no hydroxyl groups

in the complex. Peaks around 3000-2850 cm™* may correspond to CH3 and CH; stretching



vibrations of some of the ligands. As it can be seen, the obtained IR spectrum is very

similar to that of compound 1 due to the structural and chemical similarities.

[Co",Dy'"(u3-OMe)>(mdea)(02CPh)a(MeOH)4](NO3); (3)

Table 7. Selected IR data from compound 3. Selected peaks are those that compounds 1 and 3
have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Wavenumber Wavenumber

Number (cm?) Intensity Number (cm?) Intensity
1 1597 (1595) strong 6 1175 (1177) weak

2 1558 (1556) strong 7 1068 (1070) strong

3 1445 (1485) medium 8 1023 (1011) strong

4 1382 (1391) strong 9 718 (715) strong

5 1312 (1288) strong 10 684 (687) medium

Comments: peak at 3386 cm™ is probably due to the presence of MeOH which was not
removed properly when cleaning the product. This broad band corresponds to the v(O-
H) of the H-bonded hydroxyl groups of MeOH. Furthermore, many peaks are broad
when in other IR spectra these are sharper. This may be because the product contains
some impurities, such as unreacted ligands and remaining solvent, which make other

peaks appear and overlap those of interest.

Despite the presence of impurities, the IR spectrum is very similar to those of compound
1 and 2 and, even though the growth of single crystals was not achieved and a more
accurate characterization of the product could not be carried out, there is enough

evidence to affirm the butterfly complex was synthesized.

Optimization of the synthetic procedure must be carried out to obtain single crystals for

further characterization.



[Co"2Dy'"3(ks-OMe)a(besH)2(02CPh)a(MeOH)a] (NO3): (4)

Table 8. Selected IR data from compound 4. Selected peaks are those that compounds 1 and 4
have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Number Wavenumber (cm?) Intensity
1 1439 (1485) weak
2 1402 (1391) medium
3 1211 (1288) strong
4 1067 (1176) medium
5 717 (715) strong

Comments: peak at 3453 cm™ is probably due to the presence of MeOH which was not
removed properly when cleaning the product. The peak of weak intensity around 3000
cm™ may correspond to CHs and CH; stretching vibrations of some impurities such as

unreacted ligands.

There are not many similar peaks to those of compound 1. Furthermore, the
wavenumbers of peaks differ more to those of compound 1 than in other complexes.
This may happen because, in this case, the amino-polyalcohol present in this complex is
chemically more different than those used before due to the presence of the sulfonic
group. It could explain why the fingerprint region highly differs to that of the other

complexes.

The IR spectrum is not as reliable as in previous complexes. Therefore, it cannot be
affirmed with the same certainty the expected product has been synthesized

successfully.

Optimization of the synthetic procedure must be carried out to obtain single crystals for

further characterization.



[Co"2Dy"2(13-OMe)a(dipsoH2)2(02CPh)s(MeOH)a)(NO3); (5)

Table 9. Selected IR data from compound 5. Selected peaks are those that compounds 1 and 5
have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Number Wavenumber (cm™) Intensity

1 1595 (1595) strong

2 1557 (1556) strong

3 1391 (1391) strong

4 847 (847) weak

5 813 (813) weak

6 717 (715) strong

7 687 (687) medium

Comments: peak at 3380 cm™ is due to a stretching vibration v(0-H) of H-bonded
hydroxyl groups. This can be originated because of the presence of MeOH which was
not removed properly when cleaning the product or due to the presence in the product

of non-deprotonated hydroxyl groups from DIPSO.

In contrast to compound 4, which also contains an amino-polyalcohol ligand with a
sulfonic group, IR spectrum of compound 5 presents more peaks that match with those
of a butterfly complex. Selected peaks present wavenumbers and intensities practically
identical to compound 1, which provides evidences the butterfly complex is likely to
have formed. Furthermore, peaks a and b are also present in the IR spectrum of
compound 4, which means these peaks may correspond to some bending vibration of

the sulfonic acid ligand of the complex.

Optimization of the synthetic procedure must be carried out to obtain single crystals for

further characterization.



[Co"5Dy'"(s-OMe)s(teaH),(o-tol)4(MeOH)4](NO3) (6)

Table 10. Selected IR data from compound 6. Selected peaks are those that compounds 1 and 6
have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Number Wavenumber (cm™) Intensity
1 1581 (1595) medium
2 1559 (1556) medium
3 1390 (1391) strong
4 1301 (1288) strong
5 1170 (1177) weak

Comments: some peaks of the IR spectrum match to those of compound 1 as shown in
Table 10. However, compound 6 could not be isolated due to the appearance of an oily
residue when removing the solvent. As the product contains impurities of the reagents,

some peaks are overlapped by other ones.

Even though the pattern shown in the IR spectrum seem to give evidence of the
presence of the butterfly complex, optimization of the synthetic procedure must be
carried out to avoid the appearance of the oily residue as well as the presence of

impurities and obtain single crystals for further characterization.

[Co",Dy'"5(us-OMe)a(teaH)2(02CPh-2-Cl)a(MeOH)4] (NOs); (7)

Table 11. Selected IR data from compound 7. Selected peaks are those that compounds 1 and 7
have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the data.

Wavenumber Wavenumber

Number (cm™) Intensity | Number (cm™) Intensity
1 1580 (1595) medium 6 1155 (1177) weak

2 1545 (1556) medium | 7 1096 (1090) medium

3 1434 (1485) medium | 8 740 (715) strong

4 1374 (1390) strong 9 667 (687) medium

5 1314 (1288) strong

Comments: the peak at 3380 cm™ corresponds to some MeOH which was not removed
when cleaning the product. Many peaks of the IR spectrum match to those of compound
1 as shown in Table 11. However, compound 7 present several impurities as it is shown

in the IR spectrum, where some peaks are overlapped.



The IR spectrum shows evidence of the presence of the butterfly complex. Optimization
of the synthetic procedure must be carried out to avoid the presence of impurities and

to obtain single crystals for further characterization.

7.2 Butterfly {V!"',Dy",} complexes

Attempted [V",Dy"(p3-OMe)a(teaH)2(02CPh)s(MeOH)4](NO3); (8)

One of the main problems of the synthesis of V" complexes is the crystallization of
important amounts of the by-product EtsN-HCIl when using VCls-THF as source of V' and
EtsN as base. Hence, the base was changed into MeONa to avoid the appearance of the
mentioned salt. However, the use of MeONa as base instead of EtsN led to the
appearance of another by-product: triethanolamine hydrochloride (teaHaCl). It was
known the new colourless crystals were triethanolamine hydrochloride because, once
the crystal was analysed by X-Ray diffraction, a crystallographic database called

Conquest was used to match the crystallographic data to the product.

An IR spectrum is found in the Annexes section. The spectrum obtained matches to the
spectrum found in the literature for triethanolamine hydrochloride.?® Main peaks are
located at 3304 cm™, corresponding to v(O-H), and 3158 cm?, corresponding to v(N-H)

of ammonium salts.?’

Therefore, optimization of the synthetic procedure must be carried out to avoid the

appearance of by-products and to obtain single crystals for further characterization.

Attempted [V";Dy"5(u3-OMe),(bdea)2(02CPh)a(MeOH)4](NOs); (9)

Once the obtained yellow crystals were analysed by single crystal X-ray diffraction, it
was known the expected V"/Dy" butterfly complex was not synthesized. The product is
a previously non-reported compound of chemical formula Dy(0O,CPh)3(MeOH), which

"metallic centres where

forms chains. The crystal structure present two different Dy
ligands coordinate spatially different, as shown in Figure 18. The chain structure of the

complex is shown in Figure 21.
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Figure 18. Asymmetric unit of Dy(O,CPh)3;(MeOH),
complex.

Figure 19. Chain structure of Dy(O,CPh)3;(MeOH), complex.

Crystal structure description

Dy(02CPh)s3(MeOH), crystallizes in the monoclinic space group P2;/c. In each Dy" ion
three types of ligands are coordinated: a chelating benzoate ligand, two methanol

molecules and three bridging benzoates that connect two adjacent Dy" ions.

Thus, each Dy" ion is eight coordinate with distorted square antiprismatic geometry
with an average Dy-O bond length of 2.441 A. More detailed crystallographic data is
found in Table 12 and in Table 17, which is in the Annexes section, Dy-O bond lengths

are found.
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Table 12. Crystallographic data for compound 9.

Empirical formula Ca3H23DyOs
Formula weight

589.91
(g/mol)
Data collection

150
temperature (K)
Crystal system monoclinic
Space group P2i/c
a (A) 9.6279(3)
b (A) 21.4484(5)
c (A) 21.9893(7)
a(°) 90
B(°) 90.799(3)
v(°) 90
Volume (A3) 4540.4(2)
YA 8
Pealc (g/cm3) 1.726

MoKa (A =
Radiation

0.71073nm)

IR spectrum information

The IR spectrum shows clearly two strong peaks at 1523 cm™ (peak 1) and 1396 cm
(peak 2). These peaks correspond, respectively, to the asymmetric and symmetric v(C-

0) of the benzoate ligands present in the complex.



[\/ll‘sz”lz(|.13-O|\/|e)2(beSH)z(Ochh)4(|\/|eOH)4](NOg)z (10)'

Table 13. Selected IR data from compound 10. Selected peaks are those that compounds 1 and

10 have in common. Wavenumbers of complex 1 absorptions are in brackets to compare the

data.
Number Wavenumber (cm™) Intensity
1 1598 (1595) weak
2 1547 (1556) weak
3 1474 (1485) weak
4 1404 (1390) medium

Comments: Some peaks of the IR spectrum match to those of compound 1 as shown in
Table 10. However, the intensity of these peaks is weak while in the spectrum of
compound 1 their intensity is higher. Furthermore, more intense peaks appear below
1400 and overlap each other. This may show evidence of the presence of many

impurities or another complex has been synthesized.

As not much information can be provided by the IR spectrum, the synthesis of this
V!"/Dy" butterfly complex cannot be verified. Therefore, optimization of the synthetic

procedure must be carried out to obtain single crystals for further characterization.



8. Conclusions

New {Co",Dy",} and {V",Dy",} tetranuclear complexes have been tried to synthesize

utilizing amino-polyalcohols and carboxylic acids as bridging ligands.

As for {Co",Dy",} complexes, [Co",Dy"(u3-OMe),(bdea)>(02CPh)s(MeOH)4](NO3); is the
only complex which has been able to crystallize, providing single crystals which can be
characterized by single crystal X-ray diffraction. However, crystals are twinned and their
guality is not high enough for complete characterisation. For the analogue complexes
which contain MDEA, DIPSO and BES instead of BDEA, microcrystalline powder has been
obtained. Nevertheless, IR data verifies the compounds may have been successfully
synthesized because of the high matching of peaks when comparing to the IR data of a
reported {Co,Dy>} butterfly complex. Finally, IR data also confirms the synthesis of
[Co",Dy'";(us-OMe),(teaH)2(o-tol)a(MeOH)4](NO3)2 and [Co",Dy"(ps-
OMe);(teaH)2(02CPh-2-Cl)4(MeOH)4](NOs), but they have not been able to be isolated

from impurities.

As for {V'";Dy'";} complexes, none of the expected products have been obtained. The
main issue is the appearance of by-products such as triethylamine and triethanolamine
hydrochlorides. Furthermore, an unexpected and non-reported coordination complex
was obtained, Dy(O,CPh)s;(MeOH),, when trying to synthesize a {V'",Dy'";} butterfly

complex using triethanolamine and benzoic acid as ligands.

In summary, further research must be carried out to optimize the synthetic procedures
to obtain single crystals for further characterization and to avoid the presence of by-
products. Moreover, IR data cannot provide enough information to know the

jons. With regard to

combinations of MeOH and NOs? ligands coordinated to Dy
{Co",Dy'";} complexes, the utilization of slower crystal growth techniques as vapour
diffusion may improve the crystallization process as well as finding more appropriate

)} complexes, finding more appropriate solvents, not using

solvents. As for {V",Dy
ammines as base and non-chlorinated V" sources should avoid the crystallization of

chlorinated salts and lead to single crystals.
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10. Annexes

Luis Montiel Campanén

[CO”‘szmz(p.g-OMe)z(teaH)z(OZCPh)4(MeOH)2](NOE’)Z]'MeOH'HZO (1a) and
[Co",Dy"(us-OMe)z(teaH)2(02CPh)a(MeOH)a](NO3)2:MeOH-H0 (1b)

Table 14. Co-Lo,y and Dy-O bond lengths of compound 1a.

Table 15. Co-Lon and Dy-O bond lengths of compound 1b.

Bond Bond length (A) Bond Bond length (A)

Co1-01 1.952(6) Dy1-Os 2.322(6)
Co1-0; 1.905(6) Dy1-Os 2.245(6)
Co1-O3 1.876(7) Dy1-O6 2.412(7)
Co1-O4 1.896(6) Dy1-05 2.456(7)
Co1-Os 1.952(6) Dy1-Og 2.480(6)
Co1-N: 1.964(7) Dy1-Os 2.479(7)
Dy:-O1 2.235(7)

Bond Bond length (A) Bond Bond length (A)

C02-0O10 1.929(6) Dy,-O12 2.324(7)
Co2-011 1.896(7) Dy»-O13 2.428(6)
Co2-013 1.924(7) Dy2-O14 2.422(8)
C02-014 1.891(7) Dy,-O16 2.441(7)
Co2-015 1.929(6) Dy»-017 2.441(7)
Coz-N2 1.964(8) Dy2-O1s 2.448(6)
Dy>-O10 2.207(1)
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[Co",Dy";(us-OMe)2(bdea)(02CPh)a(MeOH)4](NO3)2 (2)
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Figure 20. IR spectrum of compound 2.
Table 16. Co-Lon and Dy-O bond lengths of compound 2.
Bond Bond length (A) Bond Bond length (A)
Co1-01 1.890(2) Dy1-O4 2.237(1)
Co1-02 1.909(1) Dy1-Os 2.418(1)
Co:1-O3 1.923(1) Dy1-Oe 2.346(1)
Co1-O4 1.886(4) Dy:-O7 2.570(3)
Co1-Os 1.957(1) Dy1-Og 2.520(3)
Co1-N3 1.908(2) Dy1-O9 2.356(1)
Dy1-O1 2.207(1)
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[Co";Dy",(ps-OMe),(mdea)2(02CPh)4(MeOH)4](NOs), (3)
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Figure 21. IR spectrum of compound 3.

[Co",Dy",(ps-OMe)(besH)2(02CPh)a(MeOH)4](NOs), (4)
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Figure 22. IR spectrum of compound 4.
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[Co",Dy'";(ps-OMe)(dipsoH2)2(02CPh)a(MeOH)4](NOs), (5)
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Figure 23. IR spectrum of compound 5.

[Co",Dy",(ps-OMe),(teaH)z(o-tol)a(MeOH)4](NOs), (6)
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Figure 24. IR spectrum of compound 6.
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[Co",Dy"5(3-OMe)a(teaH)2(02CPh-2-Cl)a(MeOH)4](NOs) (7)
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Figure 25. IR spectrum of compound 7.

Attempted [\/”lszle(ug-OMe)z(teaH)2(02CPh)4(MeOH)4](N03)z (8)
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Figure 26. IR spectrum of (teaH,)Cl (attempted compound 8).
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Luis Montiel Campanédn

Attempted [V";Dy"5(ps-OMe)a(bdea)2(02CPh)a(MeOH)4](NO3); (9)
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Figure 27. IR spectrum of Dy(O,CPh)3(MeOH), (attempted compound 9).

650

Table 17. Dy-O bond lengths of attempted compound Dy(O,CPh);(MeOH), (attempted

compound 9)

Bond Bond length (A) Bond Bond length (A)
Dy1-O1 2.433(4) Dy2-Os 2.316(5)
Dy1-O2 2.480(5) Dy»-O10 2.312(4)
Dy:-O3 2.297(4) Dy2-O11 2.425(5)
Dy1—04 2.467(4) Dy2-012 2.495(5)
Dy1-Os 2.448(5) Dy>-O13 2.448(4)
Dy1-Os 2.291(4) Dy2-O14 2.496(5)
Dy1-O; 2.301(5) Dy»-Oss 2.290(5)
Dy1-Osg 2.268(5) Dy2-O1s 2.278(4)
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Attempted [V'",Dy"5(us-OMe)(besH)2(02CPh)a(MeOH)4](NO3)2:(10)
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Figure 28. IR spectrum of attempted compound 10.
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