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We advance the novel general idea that thermodynamic quantities of chemical reactions from RM1
quantum chemical calculations, regarded as figures of merit, are useful to the chemist studying
europium complexes. Faced with several different plausible synthetic pathways for the preparation of
a given europium complex, the synthetic chemist can now easily compute the RM1 thermodynamic
quantities for all of them. As we show, regarding the results as figures of merit, the chemist has a high
likelihood of arriving, in an a priori manner, at the most effective synthetic strategy. We further introduce
the concept of series of ligands, ordered in terms of their relative displacement abilities in ligand
exchange reactions. First, we calculate this series for a few B-diketonate ionic ligands: DBM > BTFA =
TTA. Then, we show how this series can help the experimentalist decide, of all possibilities, which would
be the most efficient sequence of addition of ionic ligands to obtain the best total reaction yield for the
syntheses of mixed ionic ligand europium complexes; and exemplify with two alternate syntheses of
[Eu(DBM)(BTFA)(TTA)(TPPO),]. The synthetic route that added the ionic ligands according to the
calculated series exhibited a yield of 76%; whereas the one that inverted that series displayed less than

half that yield: 37%. Then, we introduce the series of relative displacement abilities for the non-ionic
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Accepted 3rd April 2017 ligands considered: both monodentates (both as single ligands and as pairs of ligands) and bidentates:

(TPPO,TPPO) > BIPY > PHEN = (PTSO,PTSO) > (DBSO,DBSO) > TPPO > PTSO > DBSO > H,O. In
conclusion, there is seemingly a wealth of useful information to the lanthanide chemistry experimentalist
that can be obtained from RM1 quantum chemical calculations of thermodynamic quantities.
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1. Introduction

Synthesis of europium complexes, especially mixed ligand ones,
present a challenge to the chemist. Faced with several different
plausible synthetic pathways, it is not always obvious which
route will be the most effective. In this article, we present
a novel scheme for the a priori choice of the best synthetic
pathway from easy and fast RM1 * calculated thermodynamic
quantities, which we regard as figures of merit of chemical
reactions involving europium trivalent ion complexes. We then
carry out experiments to show that by using this scheme, the
chemist has indeed a high likelihood of arriving in an a priori
manner at the most effective synthetic strategy. We then intro-
duce several new concepts, which we experimentally prove, such
as the a priori calculation of displacement abilities of different
classes of ligands in ligand exchange reactions; and the ensuing
ligand displacement series.
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The methodology we advance here is therefore applicable
only to complexes of trivalent lanthanide ions, whose ligands
contain atoms parameterized in RM1, so far: H, C, N, O, P, S, F,
Cl, Br, and I. The trivalent oxidation state of lanthanide ions is
usually stable in complexes. Lanthanide complexes display
a wide range of applications, such as: contrast agents for
enhanced MR imaging of cancer cells in vitro, as well as for
a subcutaneous tumor model in vivo;* theranostic agents for
photodynamic therapy;® in the determination of sertraline in
pharmaceutical and biological samples;* in the real-time
imaging of HCIO in live cells and animals;® in the detection of
dipicolinic acid as a biomarker of bacterial spores;® in immu-
noassay tests; and in sensors due to their magnetic
properties.®®

The RM1 model for the quantum chemical calculation of
lanthanide complexes' was recently introduced by our group.
Unlike our earlier sparkle models, such as Sparkle/RM1," RM1
attaches orbitals to the europium ion." Accordingly, the RM1
model* for lanthanides assumes that the neutral europium
atom is represented as {[Xe]4f®}6s>5d"'6p°. The semiempirical
core {[Xe]4f®} corresponds to the core of the trication, and the
basis set comprised of 5d, 6s and 6p orbitals, was introduced to
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allow a degree of covalency to occur between the ligands and the
europium ion, something that was not possible with the
previous sparkle models.

RM1 was originally parameterized to also reproduce
enthalpies of formation of organic compounds, and is capable
of predicting these properties within 5.8 kcal mol™* of the
experimental value.” On the other hand, the parameterization
of europium within the RM1 model was carried out, not for
enthalpies of formation of complexes,’ but for interatomic
distances only. However, for a given complex, any inaccuracies
in the computation of the enthalpy of formation will have to do
with the europium atom only, because the atoms present in the
ligands are already properly taken care of by RM1. But when the
problem of interest is a chemical reaction in which the euro-
pium ion appears on both sides, the europium related system-
atic errors might perhaps tend to mostly cancel out, rendering
comparisons of enthalpies of reaction, A.H, meaningful.

Ligand displacement reactions of metal complexes are said
to be isodesmic when the types of chemical bonds broken in
the reactants are equal to the types of bonds formed in the
products. In this type of reaction, errors usually cancel out in
quantum chemical computations. Another class of reactions is
isogyric reactions, when the number of electron pairs in the
reactants and products is conserved. In general, in this type of
reaction, electron correlation is less significant than usual,
and their computational calculations tend to be easier. For the
purpose of this article, we also introduce the concept of iso-
coordinate reactions, i.e., reactions when the number of
coordinate bonds is identical in both reactants and products.
Finally, when the reactions are not isocoordinate ones, they
may be classified into either association reactions or dissoci-
ation reactions. Clearly, from the point of view of computa-
tional chemistry, the most difficult situation to tackle would
be non-isodesmic, and non-isocoordinate
reactions.

Recently, we showed that Sparkle/RM1 ' calculations can
predict the displacement series of the non-ionic ligands,
DBSO, PTSO, and TPPO in the synthesis of [Eu(DBM);(L,L’)]
complexes.'” The results indicated that the displacement series
should be TPPO > PTSO > DBSO. This displacement series was
actually the one observed in the synthesis of complexes
[Eu(TTA);(L,L)] and [Eu(BTFA);(L,L")]."

Indeed, these Sparkle/RM1 thermodynamic calculations
were successful, probably because they involved only isodesmic,
isogyric and isocoordinate displacement reactions of non-ionic
ligands in europium complexes. For the more general case, in
particular, for non-isodesmic, non-isogyric and non-
isocoordinate reactions, some degree of covalency between
the lanthanide and the ligands must be allowed for the semi-
empirical quantum chemical thermodynamic calculations to be
able to reproduce the experimental trends in the actual ther-
modynamic properties. That is why the recent RM1 model*
attaches a semiempirical basis set comprised of 5d, 6s and 6p
orbitals to the lanthanide trication, as mentioned in the
introduction.

Mixed ligand europium complexes acquired importance
after a recent recognition of the fact that their luminescence

non-isogyric,
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properties, such as quantum yield, quantum efficiency, or
radiative decay rate should be larger than the average of these
properties for the respective same-ligand complexes.”>** More-
over, mixed ligand complexes may also exhibit tribolumines-
cence, a property which seems to be somewhat correlated with
a non-centrosymmetric crystal structure.*

Syntheses of lanthanide complexes are frequently carried out
by means of ligand displacement reactions. In particular,
ternary B-diketonate europium complexes [Eu(B)s(L),], where L
stands for a non-ionic ligand, can be prepared by the usual
synthetic route:'***1¢-31

EtOH
78 °C
[EuCl,(H,0)|Cl + 3K 2 [Eu(B),(H,0),] + 4H,0 + 3KCl
(1)
EtOH
78 °C
24 h

[Eu(B);(H20),] + 2L ———[Eu(B)s(L),] +2H0  (2)

Thus, this usual synthesis starts by adding ionic ligands - the
non-ionic ligands are introduced into the complex structure
only in the second step.

Alternatively, this sequence of reactions can be inverted, with
the addition of non-ionic ligands occurring in the first step.
This is the essence of the faster synthetic route introduced by
us"” for the preparation of [Eu(B)s(L),],

EtOH
78 °C
[EuCl,(H,0),|Cl + 4L 22

[EuClz(L)J Cll’leO + (6 — }’l)HzO (3)

EtOH
78 °C
[EuCl,(L),]Cl-nH,0 + 3pK ——

[Eu(B);(L),] + 3KCl + 2L + nH,0 (4)

It is overall better because the intermediate complex, of the
type [EuCl,(L),]Cl-nH,0, can be easily prepared and purified,
whereas the intermediate in the usual synthesis, [Eu(B);(H,0),]
may take a much longer time to crystallize."” The synthesis of
[Eu(B)s(L),] performed in this manner leads to faster overall
reaction times and larger overall reaction yields.”” Comparing
the two synthetic routes to prepare ternary complexes of type
[Eu(B);(L),], we verify that the usual route can be described as
a sequence of two reactions, in which the ion complex always
has the same coordination number, in this case, coordination
number 8. However, the ligand displacement reactions of the
faster synthesis, advanced by our research group, are more
difficult to treat theoretically because, in the first step, the
complex reactant [EuCl,(H,0)4]Cl, has coordination number 8,
the intermediate complex, [EuCl,(L),]Cl-nH,0 has coordination

This journal is © The Royal Society of Chemistry 2017
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number 6, and the end product [Eu(B);(L),], has coordination
number 8.
Complexes of the type [Eu(B)s(L),] can be used as precursors

of mixed non-ionic ligand complexes of the type
[Eu(B)s(L, L]
EtOH
78 °C
[Eu(B)(L),] + L' 2= [Bu(p)s (L) +L  (5)

Reactions of this type do occur, provided the non-ionic
ligand L’ is able to displace the non-ionic ligand L. We veri-
fied experimentally that for the mixed non-ionic ligand
complexes, [Eu(p);(L,L")], where the non-ionic ligands may be
TPPO, PTSO and DBSO, and where the B-diketonate ligands are
TTA or BTFA, that the series of displacement is TPPO > PTSO >
DBSO."

However, it would be certainly very useful to know, in an
a priori manner, the displacement capacity of a ligand by
another in an arbitrary complex. For example, in the synthesis
of mixed non-ionic ligand complexes, two possibilities may
occur:

[Eu(B)s(L)2] + L' — [Eu(B)s(L,L)] + L (6)
or
[Eu(B)s(L')2] + L — [Eu(B)s(L,L)] + L' 7)

Only one of them, however, may actually occur experimen-
tally: either L displaces L', or L’ displaces L.

As we mentioned above, in this article, we present, for the
first time, enthalpies, entropies, and Gibbs free energies for the
various ligand displacement reactions involved in the syntheses
of mixed ligand lanthanide complexes via RM1 quantum
chemical calculations. Since these calculated quantities are not
the exact condensed phase thermodynamic quantities, we
interpret them as figures of merit for the assessment of
synthetic pathways. Since the RM1 model is capable of intro-
ducing some covalency in the coordinated bonds, the rational is
that it should then be possible to assume that the figures of
merit follow the trends in the thermodynamic quantities of
different types of ligand displacement reactions, including
reactions that are non-isodesmic, non-isogyric, and non-
isocoordinate, such as the ones that occur in the two steps of
the faster synthesis of complexes of the type [Eu(B)s(L).]."”

We start by addressing the overall reactions to prepare
complexes of the type [Eu(B)s;(L,L’)] in order to expose the
coordination bond strengths of both ionic and non-ionic
ligands involved." Equipped with the insights thus obtained,
we finally carry out a complete a priori RM1 theoretical assess-
ment of six possibilities of synthetic routes for the preparation
of the completely mixed ionic ligand complex,
[Eu(DBM)(BTFA)(TTA)(TPPO),]. Out of these six, we
identified the ones that should be the best and the
unfavorable routes; carried both of them out in our laboratory,
and proved - experimentally - that they led to contrastive

This journal is © The Royal Society of Chemistry 2017
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synthetic yields, all in line with the theoretical calculations.
Finally, we sought to harden the geometries of these complexes
in order to enhance their luminescent properties,* and
prepared complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and
[Eu(DBM)(BTFA)(TTA)(BIPY)], via carefully conceived synthetic
routes™ to allow us to arrive at two ligand displacement series in
terms of coordination bond strength: one for ionic ligands and
another for non-ionic ligands - both theoretically predicted and
experimentally proven.

2. Results and discussion

All reactions here described have been performed in ethanolic
solution. Therefore, in order to compute the figures of merit
from the model that we are advancing in this article, we assume
that all atomic and molecular ions, including ionic complexes,
will be fully dissociated, with the exception of potassium chlo-
ride which precipitates. We will further assume that these
species in solution can be well represented in the calculations
by isolated molecules to arrive at thermodynamic quantities
that can function as figures of merit. Accordingly, both ionic
and neutral species will be calculated as isolated molecules; and
the precipitated KCl will be represented simply by the neutral
isolated KCI molecule. We will show that the figures of merit
obtained from this model are able to correctly identify trends in
the thermodynamic properties of the chemical reactions that
are useful to the experimentalist.

RM1 enthalpies of formation, AHy, are calculated for isolated
molecules and can be compared to the experimental gas-phase
enthalpy of formation at 298 K of one mole of a compound from
its elements in their standard states. This follows from the
manner in which semiempirical methods are parameterized.
Therefore, any RM1 calculated enthalpies of reaction, A H, are
for gas-phase reactions. Entropies are also calculated for the
isolated molecules at 298 K using the vibrational frequencies
(energies) and moments of inertia of the molecule according to
standard theoretical techniques,** and correspond to the abso-
lute entropies of the gas phase molecule at 298 K.*> Note that
semiempirical models are capable of calculating gas phase
absolute entropies accurately, close to the experimental values.
Indeed, according to Barrett and Meier,* for AM1, “absolute
deviations from experimental values are generally less than 5%,
and the temperature dependence of the entropy for one species
is evaluated with even better precision”. They also confirm that
semiempirical entropies are seemingly more accurate than the
enthalpies of formation computed with the same semiempirical
model.*

In this work, all thermodynamic quantities will be calculated
for the various species, both reactants and products, as isolated
molecules. These properties are thus comparable to experi-
mental gas phase quantities. Such calculated properties are
therefore expected to be good figures of merit that follow the
trends in their corresponding experimental quantities on the
assumption that collective effects, condensed phase effects,
solvation effects, etc., which are not taken into account, produce
systematic deviations. Consequently, we assume in this article

RSC Adv., 2017, 7, 20811-20823 | 20813
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that we are able to mutually compare RM1 calculated gas phase
values of thermodynamic quantities for different reactions.

In all reactions, we use potassium p-diketonates, which,
upon reacting, form precipitated KCl. However, RM1 is not yet
parameterized for potassium. Therefore, in order to proceed
with our analysis, we need to know the variations of enthalpy,
entropy and free energy of the following reaction in the gas
phase: CI~ + K" — KCI. The gas phase bond dissociation energy
of molecular KCI is 427 k] mol™*,** the ionization potential of
atomic potassium is 418.81 k] mol ' ** and the electron affinity
of chlorine atom?® is 348.575 k] mol . Therefore, we obtain AE
= —498 k] mol " for the gas phase reaction ClI~ + K* — KCI. The
A(PV) correction for this reaction at 298 K is —2 kJ mol*,
leading to a A,H = —500 k] mol . The entropy of KCI in gas
phase is 8° (KCl, g, 298.15 K) = 238.98 4 0.02 ] mol " K™ *.*” The
gas phase entropies of the atomic ions Cl~ and K" were calcu-
lated from the standard partition functions for monoatomic
gases and are taken as 153.3 Jmol ' K" and 154.6 Jmol ' K™/,
respectively. Therefore, the A.S (298 K,g) for the reaction ClI™ +
K" — KCl is —68.9 ] K~ ', and the entropy contribution to A.G
(298 K,g), —TA.S (298 K,g), is equal to +21 k]J. Finally, A,G (298
K,g) = —479 K] for the gas phase reaction ClI~ + K" — KCL.

2.1. Thermodynamics of synthesis of mixed non-ionic ligand
complexes of the type [Eu(B)s(L,L")]

The reactant complex used in all starting reactions was the salt
[EuCl,(H,0)6]CL. It is represented in this way because, from
crystallographic data,*® one chloride is simply a counter ion in
the unit cell, and, therefore, not coordinated to the europium
ion. So, in RM1 calculations, we considered both species,
[EuCl,(H,0)6]" and Cl~ to be fully ionized in the ethanolic
solution. Hence, each is calculated with RM1 as an isolated
species. Likewise, the potassium B-diketonates are considered
as fully ionized, with the B-diketonates calculated with RM1 and
the potassium ion being taken care of as previously described.
In this sense, we start by calculating, with RM1, reactions like
the following:

[EuCL(H,O)]" + 38"+ L+ L —
[Eu(B)s(L,L")] + 2C1™ + 6H,O (8)
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Since the B-diketonates were added as potassium salts, the
following reaction also takes place:

3K* + 3CI~ — 3KCl 9)
So, the overall model reaction to what actually takes place is:

[EuCly(H,0)s]" + CI" + 38~ +3K" + L+ L' —
[Eu(B)s(L,L)] + 3KCl + 6H,O (10)

Of course, the free energy of the overall reaction is the sum of
the free energies of the previous two.

Table 1 shows the RM1 model thermodynamic quantities:
Gibbs free energies of reaction, A,G; enthalpies of reaction, A,H;
and entropic contributions, —TA.S; all calculated for the iso-
lated atomic and molecular species at the temperature of 298 K
for each of the overall isocoordinate reactions needed to
prepare complexes of the type [Eu(pB);(L,L')], where B-diketonate
can be DBM, BTFA or TTA, and L,L' can be TPPO, PTSO or
DBSO.

All syntheses of mixed non-ionic ligand complexes are pre-
dicted to be spontaneous, A,G < 0. Actually, all reactions were
carried out and the target products were isolated and charac-
terized. A,G values for reactions involving DBM ionic ligands
are always much more negative than for the corresponding
reactions involving either the ionic ligands TTA or BTFA.
For example, calculated A,G values for the complexes
[Eu(B)s(DBSO,TPPO)] are —2063 k] mol™*, —1858 k] mol ', and
—1842 kJ mol ', respectively, for the B-diketonates DBM, TTA
and BTFA.

AG values seem to be governed more by the A H values than
by the entropy contribution —7A.S. For example, AH and
—TA,S values of the complex [Eu(DBM);(DBSO,TPPO)] are
—2053 k] mol™", and —10 kJ mol™"', respectively, ie. AH
corresponds to 99% of A;G (—2063 k] mol ). All —TA.S terms in
Table 1 are essentially comparable, varying from —10 kJ mol "
to —69 kJ mol™*, because the reactions are of the isocoordinate
type and all the species involved are of the same kind. So, the
effect of the ionic ligand DBM can be essentially interpreted in
terms of enthalpies of reaction. This suggests that the DBM
ionic ligand is more tightly bound to the europium ion when
compared to either TTA or BTFA. The -CF; group present in the

Table 1 RM1 thermodynamic data at 298 K for the overall reactions for the syntheses of mixed non-ionic ligand complexes of the type
[Eu(B)3(L.L")], where the non-ionic ligands L and L’ are TPPO, PTSO or DBSO; and the B-diketonate ligands are DBM, TTA or BTFA

AG AH —TA.S
Overall reactions to prepare complexes [Eu(B)s(L,L)] (kJ mol™") (kJ mol ™) (k] mol ™)
[EuCl,(H,0)6]" + CI~ + 3K" + 3DBM~ + DBSO + TPPO — [Eu(DBM);(DBSO,TPPO)] + 3KCI + 6H,0 —2063 —2053 -10
[EuCly(H,0)e]" + C1~ + 3K" + 3TTA™ + DBSO + TPPO — [Eu(TTA);(DBSO,TPPO)] + 3KCI + 6H,0 —1858 —1815 —43
[EuCl,(H,0)s]" + CI~ + 3K" + 3BTFA™ + DBSO + TPPO — [Eu(BTFA);(DBSO,TPPO)] + 3KCl + 6H,0 —1842 —1815 —27
[EuCl,(H,0)6]" + CI~ + 3K" + 3DBM™ + PTSO + TPPO — [Eu(DBM);(PTSO,TPPO)] + 3KCI + 6H,0 —2093 —2054 -39
[EuCl,(H,0)6]" + ClI~ + 3K" + 3TTA™ + PTSO + TPPO — [Eu(TTA);(PTSO,TPPO)] + 3KCl + 6H,0 —1889 —1820 —69
[EuCly(H,0)e]" + Cl~ + 3K" + 3BTFA™ + PTSO + TPPO — [Eu(BTFA);(PTSO,TPPO)] + 3KCl + 6H,0 —1862 —1814 —48
[EuCl,(H,0)s]" + CI™ + 3K" + 3DBM™ + DBSO + PTSO — [Eu(DBM);(DBSO,PTSO)] + 3KCl + 6H,0 —2031 —2010 —21
[EuCly(H,0)e]" + C1~ + 3K" + 3TTA™ + DBSO + PTSO — [Eu(TTA);(DBSO,PTSO)] + 3KCI + 6H,0 —1825 —1768 —57
[EuCl,(H,0)s]" + CI™ + 3K" + 3BTFA™ + DBSO + PTSO — [Eu(BTFA);(DBSO,PTSO)] + 3KCl + 6H,0 —1827 —1767 —60

20814 | RSC Adv., 2017, 7, 20811-20823
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Coordination Bond Strengh

TTA---Eu™

DBM---Eu**

Fig.1 Coordination bond strength order of B-diketonate ligands DBM
> BTFA = TTA as affected by the CFs substituent group.

structures of both TTA and BTFA ionic ligands seems to weaken
the Eu-O coordinate bond. That is because the ~CF; group is an
electron withdrawing substituent capable of reducing the elec-
tronic charge density at the carbonyl group, C=0. On the other
hand, this effect does not occur when the ligand coordinated to
the europium ion is DBM, whose two phenyl groups do not
adversely affect the strength of the coordination bond. Fig. 1
presents this concept in pictorial form. As such, from the RM1
model, it is possible to predict the ionic ligand displacement
series for these reactions. In this case, the series is: DBM > BTFA
=~ TTA > Cl7, a knowledge which is very useful for the

conceptualization of syntheses of mixed ionic ligand
complexes.
2.2. Synthesis of completely mixed ionic ligand complexes

[Eu(B)(B)(B")(L),] and RM1 thermodynamic aspects

Let us now employ the RM1 model to predict the best route of
synthesis of the completely mixed ionic ligand complex,
[Eu(DBM)(BTFA)(TTA)(TPPO),]. For this task, we chose two
TPPO ligands because TPPO is the most tightly bound non-ionic
ligand of the three considered in this work."*

We also chose to use the faster synthesis strategy,"” in which
the first step involves a displacement reaction of non-ionic
ligands, followed by the three next reactions that lead to
precipitate KCl. As such, the complex
[Eu(DBM)(BTFA)(TTA)(TPPO),] can be synthesized according to:

[EuCly(H>0)4]Cl + 4TPPO — [EuClL(TPPO),ICI + 6H,O (11)

[EuCly,(TPPO),JCI + BK —

[EuCly(B)(TPPO);] + KCl + TPPO  (12)
[EuClLy(B)(TPPO);] + K —
[EuCI(B)(B')(TPPO),] + KCl + TPPO  (13)
[EuCI(B)(B')(TPPO),] + B"K —
[Eu(B)(B)(B")NTPPO),] + KC1  (14)

where B, B’ and B” are three different B-diketonate ligands.
However, the question is: what would be the best order of
addition of these three different ionic ligands? Considering the
B-diketonate ligands TTA, BTFA and DBM, six possibilities of
ionic ligand addition exist:

(1) TTA, then BTFA, and then DBM.

This journal is © The Royal Society of Chemistry 2017
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(2) TTA, then DBM, and then BTFA.

(3) BTFA, then TTA, and then DBM.

(4) BTFA, then DBM, and then TTA.

(5) DBM, then TTA, and then BTFA.

(6) DBM, then BTFA, and then TTA.

In the first step of the synthesis of complex
Eu(DBM)(BTFA)(TTA)(TPPO),, four equivalents of the non-ionic
ligand TPPO are added to the salt [EuCl,(H,0)s]Cl to form the
intermediate complex [EuCl,(TPPO),]Cl. For this first step, RM1
calculations revealed that the A.G, A\H and —TA.S values are
—495 kJ mol ', —494 k] mol !, and —1 kJ mol *, respectively;
while, experimentally, we verified a high reaction yield of 99%.
Thus, the next steps of the synthesis will control the overall
reaction yield. In terms of reagent waste, it is important that the
next steps be carried out in descending order of their yields. We
now show that it is possible to use the RM1 model to predict the
relative A,G values of the six possibilities of the addition of ionic
B-diketonate ligands (TTA, BTFA or DBM). The first addition of
the ionic ligand B to the intermediate complex [EuCL,(TPPO),]C],
leads to the intermediate complex [EuCl,(B)(TPPO);]. Subse-
quently, the other ionic ligands, ' and B”, are added in
succession, leading initially to the intermediate complex
[EuCl(B)(B')(TPPO),], and then to the target complex
[Eu(DBM)(BTFA)(TTA)(TPPO),]. Table 2 shows the RM1 ther-
modynamic quantities of all possibilities for the three reaction
steps needed to prepare the target complex using the faster
synthesis strategy."”

Assuming that the more negative A,G is, the higher will be
the yield of the corresponding reaction, we can, in an a priori
manner, verify, from Table 2, that the six possibilities for the
first step can be grouped into three sets. Results indicate that
DBM should be added first, since its corresponding A,G is the
most negative, —871 k] mol !, when compared with A,G for the
addition of either BTFA, —782 k] mol ™%, or TTA, —761 k] mol .
Once more, this can be explained by the coordination bond
strength DBM > BTFA = TTA. So, we can infer that the best
synthetic  strategy would be to prepare complex
[Eu(DBM)(BTFA)(TTA)(TPPO),] using the following ionic ligand
addition order: first DBM, then BTFA, and then TTA, corre-
sponding to possibility 6. Of course, possibility 5 is essentially
equivalent to possibility 6, and could as well have been used.

In order to prove that the RM1 model is indeed capable of
predicting the best order of addition of ionic ligands for the
synthesis of the completely mixed ionic ligand complex
[Eu(DBM)(BTFA)(TTA)(TPPO),], we synthesized this complex by
the two extreme routes: (i) using the RM1 ionic ligand order:
first DBM, then BTFA, and then TTA (possibility 6) predicted to
be the best order, and (ii) using the opposite order: first TTA,
then BTFA, and then DBM (possibility 1), predicted to be the
most unfavorable order. Fig. 2 presents the steps carried out for
both routes tested, together with the reaction yields obtained
for each step, as well as, the overall reaction yield.

Clearly, from Fig. 2, it is possible to verify that the order of
ligand addition deeply affects the overall reaction yields of the
syntheses of the all mixed ionic ligand complex
[Eu(DBM)(BTFA)(TTA)(TPPO),]. The order predicted by RM1
which first added DBM, yielded 76% overall; whereas the

RSC Adv., 2017, 7, 20811-20823 | 20815


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra02019h

Open Access Article. Published on 11 April 2017. Downloaded on 10/28/2025 4:14:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 RM1 thermodynamic properties at 298 K for each possible path of successive reactions, all leading to the synthesis of the mixed ionic
ligand complex [Eu(DBM)(TTA)(BTFA)(TPPO),] from the precursor complex [EuCL(TPPO)4l*. The B-diketonate ligands are DBM, TTA or BTFA

AG (k] mol™ ")

AH (k] mol™")

—TA,S (kJ mol ™)

Possibility 1

[EuCLTPPO,]" + CI~ + K" + TTA™ — [EuClL(TTA)(TPPO);] + KCI + TPPO —-761 —750 -11
[EuCl,(TTA)(TPPO);] + K" + BTFA~ — [EuCI(TTA)(BTFA)(TPPO),] + KCl + TPPO —288 —248 —40
[EuCl(TTA)(BTFA)(TPPO),] + K" + DBM~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCI —435 —445 10
Possibility 2

[EuCL,TPPO,]" + CI~ + K" + TTA~ — [EuCl,(TTA)(TPPO);] + KCI + TPPO -761 —750 -11
[EuCL,(TTA)(TPPO);] + K* + DBM~ — [EuCl(TTA)(DBM)(TPPO),] + KCI + TPPO —386 —329 —57
[EuCI(TTA)(DBM)(TPPO),] + K" + BTFA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCI —337 —364 27
Possibility 3

[EuCL,TPPO,]" + CI~ + K" + BTFA™ — [EuCly(BTFA)(TPPO);] + KCl + TPPO —782 —754 —28
[EuCl,(BTFA)(TPPO);] + K" + TTA~ — [EuCl(BTFA)(TTA)(TPPO),] + KCl + TPPO —267 —244 —23
[EuCl(BTFA)(TTA)(TPPO),] + K' + DBM~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCl —435 —445 10
Possibility 4

[EuCL,TPPO,]" + CI~ + K" + BTFA~ — [EuCl,(BTFA)(TPPO);] + KCI + TPPO —782 —754 —28
[EuCl,(BTFA)(TPPO);] + K* + DBM~ — [EuCl(BTFA)(DBM)(TPPO),] + KCl + TPPO —363 —330 —-33
[EuCI(BTFA)(DBM)(TPPO),] + K" + TTA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCI —339 —359 20
Possibility 5

[EuCL,TPPO,]" + Cl~ + K" + DBM~ — [EuCl,(DBM)(TPPO);] + KCl + TPPO —871 —841 —-30
EuCl,(DBM)(TPPO);] + K' + TTA~ — [EuCl(DBM)(TTA)(TPPO),] + KCI + TPPO —276 —238 -38

1 g 1 1

[EuCl(DBM)(TTA)(TPPO),] + K + BTFA™ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCI —337 —364 27
Possibility 6

EuCl,TPPO,]" + CI” + K" + DBM~ — [EuCl,(DBM)(TPPO);] + KCI + TPPO —871 —841 -30

1 "+l g 1 1

[EuClL,(DBM)(TPPO);] + K' + BTFA~ — [EuCl(DBM)(BTFA)(TPPO),] + KCI + TPPO —274 —243 -31
[EuCl(DBM)(BTFA)(TPPO),] + K* + TTA™ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + KCI —339 —359 20
opposite order, which first added TTA, yielded 37% overall. For Although it can be argued that synthetic yields may vary

this opposite order route, the yields increased monotonically for depending on the technique of the chemist, the difference in
the three reactions: 65%, 72%, and 78% in agreement with their  overall yields between 76% and 37% is too large. Besides, all
respective coordination strengths. The last step, involving the reactions occur in a few minutes. Nevertheless, to be certain
DBM ligand displayed the higher yield in tune with the fact that that thermodynamic equilibrium had been attained, we left
DBM is the most strongly coordinated of the ionic ligands. them in reflux for 24 hours. Moreover, it is relatively easy to

The most favorable ionic ligand order DBM > BTFA > TTA  Overall yield of 76%

93%

[EuCl,(TPPO),]C1 + DBMK —————|EuCl,(DBM)(TPPO),] + KCI + TPPO

87%
[EuCL(DBM)(TPPO);] + BTFAK ———— [EuCI(DBM)(BTFA)(TPPO),] + KC1+ TPPO

94%

[EuCI(DBM)(BTFA)(TPPO),] + TTAK ———— [Eu(DBM)TTA)BTFA)TPPO),] + KCI

The unfavorable ionic ligand order TTA > BTFA > DBM  Overall yield of 37%

%

[EuCl(TPPO),]Cl +TTAK —————3 [EuCl,(TTA)(TPPO),] + KCI + TPPO

72%

[EuCl,(TTA)(TPPO);] + BTFAK — [EuCI(TTA)BTFA)(TPPO),| + KCI + TPPO

78%

[EuCI(TTA)(BTFA)(TPPO),] + DBMK —— [Eu(TTA)(BTFA)(DBM)(TPPO),| + KCl

Fig. 2 Reaction yields of each step, and overall reaction yields for both possibilities of syntheses of the mixed ionic ligand complex

[Eu(DBM)(BTFA)(TTA)(TPPO),].
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separate the other products (essentially KCl and, sometimes,
TPPO) from the synthesized complex.

2.3. Chloride is the easiest ionic ligand to be displaced by
other ionic ligands due to the formation of precipitated KCI
salt

The fact that the chloride ion is the most easily displaceable
ionic ligand by other ionic ligands deserves special attention.
At first, one could conclude that that is because, of all ionic
ligands, chloride is the weakest bound to the europium ion.
However, that is not accurate. For example, consider the
following reactions in Table 3, whose positive A,G values
clearly indicate that chloride ions on their own would not be
able to be exchanged by any of the other ionic ligands
considered: either DBM, BTFA, or TTA. What happens is that
the potassium B-diketonates considered in this article are all
soluble in ethanol; whereas potassium chloride is not.
Indeed, the solubility of potassium chloride in ethanol at
298.15 K is only 0.0064 mol kg~ *.*° Therefore, according to our
model, when we sum all six chemical equations of Table 3
with K"+ Cl~ — KCl whose A,G (298 K,g) = —479 k], we obtain
the third last reactions of all six possibilities of synthesis of
[Eu(DBM)(BTFA)(TTA)(TPPO),] which are shown in Table 2,
all with negative A,G. Consequently, the real reason why
chlorides are easily displaced by the other ionic ligands seems
to be because of the very significant free energy incentive of
—479 kJ due to the formation of the precipitated salt KCI. So,
we can predict that, for all ligands considered in this article,
a non-ionic ligand would find it very difficult, if not impos-
sible, to displace coordinated chloride ions. That is because
non-ionic ligands, of course, do not have alkali cations as
counter ions that could ionically bind to the chloride ion and
precipitate.

2.4. RM1 model predicted non-ionic ligand displacement
series

So far, we studied the synthesis of the completely mixed ionic
ligand complex [Eu(DBM)(BTFA)(TTA)(TPPO),]. We will now
extend our strategy to understand the thermodynamic aspects
of syntheses of other completely mixed ionic ligand complex
types: [Eu(DBM)(BTFA)(TTA)(L),], [Eu(DBM)(BTFA)(TTA)(L)]
and [Eu(DBM)(BTFA)(TTA)(L))], in which L can be TPPO, PTSO
or DBSO and L’ can be PHEN or BIPY. Table 4, shows RM1
thermodynamic aspects of the overall reactions needed to
obtain these mixed ionic ligand complexes.

View Article Online

RSC Advances

In general, bidentate ligands are more strongly coordi-
nated to metal ions than monodentate ligands. We now
address whether or not the bidentate ligands 1,10-phenan-
throline (PHEN), and 2,2/-bipiridyl (BIPY) are able to displace
two equal monodentate ligands such as TPPO, PTSO, DBSO,
or H,0. From Table 4, it is possible to verify that the overall
synthesis of [Eu(DBM)(BTFA)(TTA)(TPPO),] is the most
favorable, since its A;G term is the most negative, —1979 k]
mol~". This result indicates that two TPPO non-ionic ligands
are coordinated to europium ion more strongly than two
PTSO ligands and two DBSO's, for which the A,G values of the
respective overall reactions are —1938 k] mol ' and —1923 kJ
mol .

On the other hand, A,G values for the overall reactions
involving bidentate ligands PHEN or BIPY are, respectively,
—1934 kJ mol " and —1970 k] mol . These results suggest BIPY
would be able to displace a pair of either PTSO or DBSO ligands,
but not a pair of TPPO ligands.

To compare the coordination bond strengths of each non-
ionic monodentate ligand with the bidentate ones, we will
now consider the calculated thermodynamic quantities of the
overall putative reactions involving only one non-ionic mono-
dentate ligand. As such, A,G values for such reactions to obtain
complexes of the type [Eu(DBM)(BTFA)(TTA)(L)] are —1911 kJ
mol ™!, —1897 k] mol " and —1893 kJ mol * for complexes
[Eu(DBM)(BTFA)(TTA)(TPPO)], [Eu(DBM)(BTFA)(TTA)(PTSO)]
and [Eu(DBM)(BTFA)(TTA)(DBSO)], respectively.

These results indicate that monodentate non-ionic ligands L
are more weakly coordinated to the europium ion than the
bidentate non-ionic ligands PHEN and BIPY. Accordingly, from
the results present in Table 4, it is now possible to order the
bond strengths of all single non-ionic ligands and double non-
ionic ligands considered in this article as: (TPPO,TPPO) > BIPY >
PHEN = (PTSO,PTSO) > (DBSO,DBSO) > TPPO > PTSO > DBSO >
H,0.

2.5. Thermodynamic aspects of the syntheses of completely
mixed ionic ligand complexes [Eu(B)(B')(B")(L)] with the
faster synthesis strategy

The completely mixed ionic ligand complex
[Eu(DBM)(BTFA)(TTA)(TPPO)], was prepared using the concept
of the faster synthesis,'” as described in the previous section.
Since, according to the RM1 calculations, two TPPO's cannot be
displaced by either PHEN or BIPY, the following two displace-
ment reactions should not occur:

Table 3 RM1 thermodynamic properties at 298 K for the simple displacement reactions of a chloride ion by a B-diketonate ligand in complexes
of the type [EUCL(B')(B")(TPPO),] to form [Eu(B)(B')(B")(TPPO),] without the precipitation of a salt. The B-diketonate ligands are DBM, TTA or BTFA

Reaction of [EuCl(B)(B')(TPPO),] + K" + B~ —

[Eu(B)(B)(B")(TPPO),] + KCI

AG (k] mol ™) AH (k] mol ™) —~TA,S (kJ mol ™)

[EuCI(TTA)(BTFA)(TPPO),] + DBM~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + CI~ +44 +55 —11
[EuCI(TTA)(DBM)(TPPO),] + BTFA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + C1~ +142 +136 +6
[EuCI(BTFA)(TTA)(TPPO),] + DBM~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + CI~ +45 +55 -11
[EuCI(BTFA)(DBM)(TPPO),] + TTA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + CI~ +140 +141 -1
[EuCI(DBM)(TTA)(TPPO),] + BTFA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + CI~ +142 +136 +6
[EuCI(DBM)(BTFA)(TPPO),] + TTA~ — [Eu(DBM)(TTA)(BTFA)(TPPO),] + C1~ +140 +141 -1

This journal is © The Royal Society of Chemistry 2017
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Table 4 RM1 thermodynamic data at 298 K for the overall reactions for the syntheses of mixed ionic ligand complexes of the type
[Eu(B)(B)(B")(L),], and [Eu(B)(B')(B")(L)] where the non-ionic ligands L was TPPO, PTSO or DBSO; and L’ was PHEN or BIPY and the B-diketonate

ligands were DBM, TTA or BTFA

Overall reactions to prepare mixed ionic ligand complexes

A,G (k] mol ™) AH (k] mol ™) —TA,S (k] mol™)

[EuCl,(H,0)6]" + ClI~ + 3K" + DBM™ + BTFA™ + TTA™ + 2TPPO —
[Eu(DBM)(BTFA)(TTA)(TPPO),] + 3KCI + 6H,0
[EuCl,(H,0)6]" + CI™ + 3K" + DBM ™ + BTFA™ + TTA™ + 2PTSO —
[Eu(DBM)(BTFA)(TTA)(PTSO),] + 3KCl + 6H,0
[EuCl,(H,0)6]" + ClI~ + 3K" + DBM™~ + BTFA™ + TTA™ + 2DBSO —
Eu(DBM)(BTFA)(TTA)(DBSO),] + 3KCl + 6H,

A)(TTA)(DBSO Cl o]
[EuCl,(H,0)e]" + CI~ + 3K" + DBM™ + BTFA™ + TTA™ + PHEN —
[Eu(DBM)(BTFA)(TTA)(PHEN)] + 3KCl + 6H,0
[EuCl,(H,0)6]" + CI~ + 3K" + DBM ™~ + BTFA™ + TTA™ + BIPY —
[Eu(DBM)(BTFA)(TTA)(BIPY)] + 3KCl + 6H,0
[EuCl,(H,0)6]" + CI” + 3K" + DBM ™~ + BTFA™ + TTA™ + TPPO —
[Eu(DBM)(BTFA)(TTA)(TPPO)] + 3KCl + 6H,0
[EuCl,(H,0)6]" + CI” + 3K" + DBM ™~ + BTFA~ + TTA™ + PTSO —
[Eu(DBM)(BTFA)(TTA)(PTSO)] + 3KCI + 6H,0
EuCl,(H,0)]" + CI” + 3K" + DBM™ + BTFA™ + TTA™ + DBSO —

2/ 2 6,

Eu(DBM)(BTFA)(TTA)(DBSO)] + 3KCI + 6H,

A)(TTA)(DBSO Cl o

[Eu(B)(B)(B")(TPPO),] + PHEN —

[Eu(B)(B)(B"YPHEN)] + 2TPPO  (15)
[Eu(B)(B)(B")(TPPO),] + BIPY —
[Eu(B)(B)(B")BIPY)] + 2TPPO  (16)

Indeed, for the reaction in eqn (15), A,G value is +45 kJ
mol ', and for the reaction in eqn (16), A.G value is +8 k] mol .

The usual synthesis of europium complexes has, as its
last step, the displacement of non-ionic ligands. However,
from the RM1 results, neither BIPY nor PHEN should
easily displace a pair of non-ionic ligands. A more
efficient alternative is to use the concept of our faster
synthesis,"”” when the displacement of non-ionic ligands
occurs in its first step. Thus, in order to prepare the fully
heteroleptic complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and
[Eu(DBM)(BTFA)(TTA)(BIPY)], we start from complex
[EuCl,(TPPO),]Cl. We chose to use this precursor complex in
order to verify whether or not the PHEN and BIPY ligands are
indeed capable of displacing only one TPPO ligand, but not
two TPPO ligands, as the RM1 thermodynamic calculations
predict. Accordingly, we first added PHEN or BIPY to complex
[EuCl,(TPPO),]Cl and, subsequently, we added the ionic ligands.

—-1979 —1937 —42
—1938 —1854 -84
—1923 —1847 —76
—1934 —1846 —88
—1970 —1883 —88
—1911 —1862 —49
—1897 —1819 —78
—1893 —1834 —-59

The order of ionic ligand addition, we employed, was the same
predicted to be the best order as already pointed out in the previous
section: DBM, then BTFA; and then TTA. In short, the following one-
pot syntheses had been already carried out by our research group:*

(1) L=PHEN or BIPY, 12 h

(2) B=DBMK, 12 h

(3) B'=BTFAK, 12 h

(4) P'=TTAK, 12 h

[EuCl,(TPPO),]CI
EtOH
78 °C
pH ~ 6.5

[Eu(B)(B') (B")(L)] + 3KCl + 4TPPO  (17)

We now turn to RM1 thermodynamic calculations to eluci-
date and suggest the most probable sequence of reactions that
took place in these one-pot syntheses.

The first ligand added was a non-ionic bidentate ligand L/,
where L' can be either PHEN or BIPY. In this step, let us
consider the possibilities of displacement of one or two
TPPO ligands of the precursor, leading to complexes
[EuCl,(TPPO);(L')]Cl and [EuCl,(TPPO)(L')]CI, respectively. From
Table 5, the A,G values for obtaining [EuCl,(TPPO);(PHEN)]|C]

Table 5 RM1 thermodynamic data at 298 K for step 1 of the syntheses of mixed ionic ligand complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and

[Eu(DBM)(BTFA)(TTA)(BIPY)]

Synthesis of [Eu(DBM)(BTFA)(TTA)(PHEN or BIPY)] - step 1

AG (k] mol™) AH (k] mol™) —TA,S (kJ mol™")

EuCL,(TPPO),]" + CI~ + PHEN — [EuCL(TPPO);(PHEN)]" + CI~ + TPPO
EuCl,(TPPO),]" + Cl~ + PHEN — [EuCl,(TPPO),(PHEN)]" + Cl~ + 2TPPO

EuCl,(TPPO),]" + CI~ + BIPY — [EuCl,(TPPO),(BIPY)]" + CI~ + TPPO
EuCL,(TPPO),]" + CI~ + BIPY — [EuClL,(TPPO),(BIPY)]' + CI~ + 2TPPO
EuCL,(TPPO),]" + CI~ + BIPY — [EuClL,(TPPO),(BIPY)]" + CI~

[
[
[EuCl,(TPPO),]" + CI~ + PHEN — [EuCl,(TPPO),(PHEN)]" + Cl~
[
[

20818 | RSC Adv., 2017, 7, 20811-20823

—-92 —69 —-23
48 113 —65
25 —56 81

—118 —106 -12
—4 74 —78
—38 —94 56
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Table 6 RM1 thermodynamic data at 298 K for step 2 of the syntheses of the mixed ionic ligand complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and

[Eu(DBM)(BTFA)(TTA)(BIPY)]

AG AH —TA,S
Synthesis of [Eu(DBM)(BTFA)(TTA)(PHEN or BIPY)] - step 2 (k] mol™) (k] mol™) (k] mol™")
[EuCL,(TPPO);(PHEN)]" + CI~ + K" + DBM~ — [EuCl,(DBM)(TPPO);(PHEN)] + KCl -753 —745 -8
[EuCL(TPPO);(PHEN)]" + CI” + K' + DBM~ — [EuCl,(DBM)(TPPO),(PHEN)] + KCI + TPPO —788 —807 19
[EuCL,(TPPO);(PHEN)]" + CI~ + K" + DBM~ — [EuClL,(DBM)(TPPO);] + KCI + PHEN —756 —773 17
[EuCL,(TPPO);(PHEN)]" + CI” + K" + DBM~ — [EuCl,(DBM)(TPPO),;(PHEN)] + Cl~ + KCI —-332 —400 68
[EuCL,(TPPO);(PHEN)]' + CI~ + K" + DBM~ — [EuCL(DBM)(TPPO),(PHEN)] + Cl~ + KCI + TPPO —294 —289 -5
[EuCL,(TPPO);(PHEN)]" + CI” + K" + DBM~ — [EuClL,(DBM)(TPPO);] + ClI~ + KCI + PHEN —298 —280 -18
[EuCL,(TPPO);(BIPY)]' + CI~ + K' + DBM~ — [EuCl,(DBM)(TPPO),(BIPY)] + KCl —648 —732 84
[EuCL(TPPO);(BIPY)]" + CI” + K" + DBM~ — [EuCL(DBM)(TPPO),(BIPY)] + KCI + TPPO —-790 —792 2
[EuCL,(TPPO);(BIPY)]' + CI~ + K' + DBM~ — [EuCl,(DBM)(TPPO);] + KCI + BIPY 722 —736 14
[EuCl,(TPPO);(BIPY)]" + CI” + K" + DBM~ — [EuCl,(DBM)(TPPO),(BIPY)] + Cl™ + KCl —369 —416 47
[EuCL,(TPPO);(BIPY)]' + CI” + K' + DBM~ — [EuCl,(DBM)(TPPO),(BIPY)] + Cl~ + KCI + TPPO —308 —293 -15
[EuCL(TPPO);(BIPY)]' + CI” + K" + DBM~ — [EuCl,(DBM)(TPPO);] + Cl~ + KCl + BIPY —272 243 —29

and [EuCl,(TPPO);(BIPY)|Cl complexes are, respectively, —92 KkJ
mol " and —118 k] mol ", whereas for [EuCl,(TPPO),(PHEN)]CI
and [EuCl,(TPPO),(BIPY)]Cl, the respective values are 48 kJ
mol™ " and —4 kJ mol '. These results indicate that only one
TPPO is displaced by either PHEN or BIPY, leading to interme-
diate complexes of the type [EuCl,(TPPO);(L')]Cl.

Subsequently, the ionic ligand DBM was added to complex
[EuCl,(TPPO);3(L)]Cl, a reaction which could, in principle, occur
in either of three possibilities, eqn (18)—(20).

[EuCL(TPPO);(L)]* + CI” + K* + DBM~ —
[EuCl,(DBM)(TPPO)5(L')] + KCl  (18)
[EuCly(TPPO);(L))]* + CI” + K* + DBM ™~ —
[EuCl,(DBM)(TPPO),(L')] + KCI + TPPO (19)

[EuCl(TPPO)y(L)]" + CI- + K™ + DBM~ —
[EuCl,(DBM)(TPPO);] + KCl + L' (20)
These reactions can be followed by dissociation of a non-
ionic ligand, either TPPO or L' (PHEN or BIPY). Table 6 shows
RM1 thermodynamic data for the possibilities present in eqn
(18) to (20).

From Table 6, eqn (18) is predicted to be the most favorable
in terms of A,G. The addition of the DBM ionic ligand to the
intermediate complex seems to occur with dissociation of
a TPPO non-ionic ligand, leading to the new intermediate
complex [EuCl,(DBM)(TPPO),(L')]. A,G values for the corre-
sponding reactions are —789 k] mol ' in average. Moreover,
A,G is governed by the enthalpy of reaction, A.H, which for
complex EuCl,(DBM)(TPPO),(PHEN)] is —807 kJ mol ", and for
complex [EuCl,(DBM)(TPPO),(BIPY)] is —792 kJ mol .

The second ionic ligand added in the one-pot syntheses was
BTFA. This addition leads to the possibilities of reactions
present in eqn (21)-(25). Table 7 shows RM1 calculated ther-
modynamic quantities for each possibility of the addition of
the BTFA ionic ligand to the intermediate complexes
[EuCl,(DBM)(TPPO),(PHEN)] and [EuCl,(DBM)(TPPO),(BIPY)].

[EuClL,(DBM)(TPPO),(L))] + K* + BTFA™ —
[EuCL(BTFA)(TPPO),(L))] + DBM™~ + K* (21)

[EuCl,(DBM)(TPPO),(L))] + K* + BTFA™ —

[EuCl(DBM)(BTFA)(TPPO),(L)] + KCl  (22)

Table 7 RM1 thermodynamic data for step 3 of the syntheses of mixed ionic ligand complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and
[Eu(DBM)(BTFA)TTA)(BIPY)]. The thermodynamic calculations were performed at 298 K

AG AH —~TA,S
Synthesis of [Eu(DBM)(BTFA)(TTA)(PHEN or BIPY)] - step 3 (kJ mol ™) (kJ mol™) (k] mol ™)
[EuCl,(DBM)(TPPO),(PHEN)] + K" + BTFA~ — [EuCl,(BTFA)(TPPO),(PHEN)] + K' + DBM ™ 92 101 -9
[EuCl,(DBM)(TPPO),(PHEN)] + K" + BTFA~ — [EuCl(DBM)(BTFA)(TPPO),(PHEN)] + KCI —253 —278 25
[EuCL,(DBM)(TPPO),(PHEN)] + K* + BIFA~ — [EuCl(DBM)(BTFA)(TPPO)(PHEN)] + KCl + TPPO —260 —228 —-32
[EuCl,(DBM)(TPPO),(PHEN)] + K" + BTFA~ — [EuCI(DBM)(BTFA)(PHEN)] + KCI + 2TPPO —166 —74 —-92
[EuCl,(DBM)(TPPO),(PHEN)] + K" + BTFA~ — [EuCl(DBM)(BTFA)(TPPO),] + KCI + PHEN —256 —-216 —40
[EuCl,(DBM)(TPPO),(BIPY)] + K' + BTFA™ — [EuCl,(BTFA)(TPPO),(BIPY)]” + K' + DBM 81 89 -8
[EuCl,(DBM)(TPPO),(BIPY)] + K* + BTFA~ — [EuCl(DBM)(BTFA)(TPPO),(BIPY)] + KCl —258 —282 24
[EuCL,(DBM)(TPPO),(BIPY)] + K" + BTFA~ — [EuCl(DBM)(BTFA)(TPPO)(BIPY)] + KCI + TPPO —284 —244 —42
[EuCl,(DBM)(TPPO),(BIPY)] + K* + BTFA~ — [EuCl(DBM)(BTFA)(BIPY)] + KCl + 2TPPO -180 -91 -89
[EuCl,(DBM)(TPPO),(BIPY)] + K' + BTFA~ — [EuCl(DBM)(BTFA)(TPPO),] + KCI + BIPY —229 —194 -35

This journal is © The Royal Society of Chemistry 2017
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Table 8 RM1 thermodynamic data for step 4 of the syntheses of mixed ionic ligand complexes [Eu(DBM)(BTFA)(TTA)(PHEN)] and
[Eu(DBM)(BTFA)(TTA)(BIPY)I. The thermodynamic calculations were performed at 298 K

AG AH —TA,S
Synthesis of [Eu(DBM)(BTFA)(TTA)(PHEN or BIPY)] - step 4 (k] mol ™) (kJ mol ™) (k] mol™")
[EuCl(DBM)(BTFA)(TPPO)(PHEN)] + K" + TTA~ — [Eu(DBM)(BTFA)(TTA)(PHEN)] + KCl + TPPO —-300 —249 —51
[EuCl(DBM)(BTFA)(TPPO)(PHEN)] + K" + TTA™ — [Eu(DBM)(BTFA)(TTA)(TPPO)] + KCI + PHEN —290 —208 —82
[EuCl(DBM)(BTFA)(TPPO)(BIPY)] + K' + TTA~ — [Eu(DBM)(BTFA)(TTA)(BIPY)] + KCI + TPPO 281 —246 -35
[EuCl(DBM)(BTFA)(TPPO)(BIPY)] + K' + TTA™ — [Eu(DBM)(BTFA)(TTA)(TPPO)] + KCl + BIPY —233 -171 —62

[EuCl,(DBM)(TPPO)5(L')] + K* + BTFA~ —
[EuC(DBM)(BTFA)(TPPO)(L))] + KCI + TPPO  (23)

[EuClL(DBM)(TPPO),(L')] + K* + BTFA~ —
[EuCl(DBM)(BTFA)(L))] + KCI + 2TPPO  (24)

[EuCl,(DBM)(TPPO),(L))] + K* + BTFA~ —

[EuC(DBM)(BTFA)(TPPO),] + KCl + L' (25)

Results shown in Table 7 suggest that the addition of
BTFA occurs by a displacement of one CI  ligand, which
precipitates as KCl salt, together with a dissociation of a TPPO
ligand. The corresponding A;G values are —260 k] mol™" and
—284 kJ mol™' for [EuCl(DBM)(BTFA)(TPPO)(PHEN)] and
[EuCl(DBM)(BTFA)(TPPO)(BIPY)], respectively. In order to
obtain the target products [Eu(DBM)(BTFA)(TTA)(PHEN)] and
[Eu(DBM)(BTFA)(TTA)(BIPY)], the third ionic ligand added in
the one-pot syntheses was TTA. Since TTA ionic ligand is not
capable of displacing either DBM or BTFA ionic ligands, this
addition leads to displacement of a chloride ligand followed by
dissociation of a TPPO ligand. If the TPPO ligand coordination
bond was stronger than the coordination bonds of either PHEN
or BIPY, the target product would not have been obtained.

Table 8 shows two alternative reactions for the
addition of a TTA ligand to the intermediate
complexes [EuCl(DBM)(BTFA)(TPPO)(PHEN)] and

[EuCl(DBM)(BTFA)(TPPO)(BIPY)], eqn (26) and (27).

[EuCl(DBM)(BTFA)(TPPO)(L))] + K* + TTA™ —
[Eu(DBM)(BTFA)(TTA)(L))] + KCl + TPPO  (26)

[EuCl(DBM)(BTFA)(TPPO)(L))] + K* + TTA™ —

[Eu(DBM)(BTFA)(TTA)TPPO)] + KCl + L' (27)

The possibility presented in eqn (26) leads to the
target products: [Eu(DBM)(BTFA)(TTA)(PHEN) and
Eu(DBM)(BTFA)(TTA)(BIPY). However, in the possibility pre-
sented in eqn (27), the target product has not been obtained
since the bidentate non-ionic ligand PHEN or BIPY is dissoci-
ated from the structure of the complex. Table 8 shows RM1
thermodynamic quantities for both possibilities in eqn (26)
and (27).

Results in Table 8, indicate that RM1 clearly predicts that the
target fully heteroleptic complexes [Eu(DBM)(BTFA)(TTA)(PHEN)],
and [Eu(DBM)(BTFA)(TTA)(BIPY)] are indeed formed, instead of

20820 | RSC Adv., 2017, 7, 20811-20823

[Eu(DBM)(BTFA)(TTA)(TPPO), and [Eu(DBM)(BTFA)(TTA)(TPPO)].
This result was confirmed to be true, experimentally, for both
cases studied.*

3. Computational and experimental

3.1. Computational procedure

All calculations were carried out in isolated molecules, not on
condensed phases at experimental conditions. That is why we
regard the calculated quantities as figures of merit, we expect to
be reliable in predicting trends in the thermodynamic proper-
ties for all actual reactions considered in this article. The first
step of every computational calculation was always full RMI *
geometry optimizations of the species involved with the
quantum chemical software MOPAC 2012. The keywords used
were RM1 GNORM = 0.25 BFGS XYZ. Subsequently, we per-
formed calculations of the vibrational modes and thermody-
namic quantities, using the same model and software. The
keywords used in this next step were RM1 AUX FORCE
THERMO XYZ. For the complexes with counter ions in their
structures, such as, the precursor complexes of the type
[EuCl,(L),]CL,** we considered for the computational calcula-
tions only the species present in the coordination polyhedron,
[EuCl,(L)4]", and the chloride ion, each as an isolated species.
For these species, either one of the keywords CHARGE = +1 or
CHARGE = —1, as appropriate, was used in the calculations.

To carry out the calculations, we had to assume a coordina-
tion configuration for the complexes. Based on similar crystal-
lographic structures deposited in the Cambridge Structural
Database,” we assumed that for the complexes of the type
[Ln(B);(L,L")] the ligands L are placed in the top and bottom
axial directions. The structure of the precursor complex
[EuCl,(TPPO),]C]l was assumed to be homologous to its crys-
tallographic one,*” in which the coordinated chloride ligands
are placed in equatorial trans positions, one with respect to the
other.

3.2. Materials

Reagents and solvents used were 1,3-diphenylpropane-1,3-
dione (DBM, Alfa Aesar, 99%); 4,4,4-trifluoro-1-phenyl-1,3-
butanedione (BTFA, Alfa Aesar, 99%); 1-(2-thenoyl)-3,3,3-
trifluoroacetone (TTA, Alfa Aesar, 99%); triphenylphosphine
oxide (TPPO, Sigma Aldrich, 99%); ethanol (J. T. Baker); hexane
(Sigma Aldrich) and chloroform (J. T. Baker).

This journal is © The Royal Society of Chemistry 2017
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3.3. Characterization

All europium complexes synthesized in this article were char-
acterized by MALDI-TOF mass spectrometry (Autoflex 3 Smart
Beam Vertical spectrometer); elemental analysis (Perkin-Elmer
CHN2400); infrared spectroscopy (samples were prepared as
KBr disks, and the spectra were measured in a Bruker model IFS
66 spectrophotometer, 4000-400 cm ™~ '); '"H NMR, *'P NMR and
'9F NMR spectroscopy (NMR spectra of all complexes were ob-
tained in CDCIl; solutions by a Varian Unity Plus 400 MHz). The
ESIT contains details of the experimental characterizations,
data, spectra and all relevant spectral attributions for all
complexes synthesized.

3.4. Syntheses

3.4.1. Synthesis of complex [EuCl,(TPPO),|Cl-3H,0. A
solution of complex [EuCl,(H,0)4]Cl (1 mmol) was prepared in
250 mL of pure ethanol under stirring conditions. Subse-
quently, TPPO ligand (4 mmol), which was previously dissolved
in 50 mL of pure ethanol, was slowly added to the europium
solution. The mixture was then left overnight with stirring
and under reflux at 75 °C. Subsequently, the solvent was evap-
orated under reduced pressure until dryness. A white solid,
[EuCl3(TPPO),]-3H,0, was obtained, and purified by recrystal-
lization with a solution of water/ethanol (10 : 1). The superna-
tant solution was removed with a Pasteur pipette and the
resulting solid was dried under vacuum for 24 h. Yield: 99%.
Characterization: calculated MALDI-TOF/MS [M + H]" (m/2)
1425.20 found (m/z) 1425.23, elemental analysis calculated C
60.66%, H 4.67%, found C 60.60%, H 4.61%, IR (KBr): vO-H
3461 cm ™!, ¥=C-H 3090-3015 cm ™', and »P=0 1087 cm ™ '; 'H
NMR (400 MHz, CDCl;): ¢ 7.60-7.31 ppm (m, Ar), and 2.61 ppm
(s, OH); *'P NMR (162 MHz, CDCl3): 6 27 ppm.

3.4.2. Synthesis of complex [EuCl,(TTA)(TPPO);]. To
a solution of 4 mmol of complex [EuCl,(TPPO),]Cl-3H,0 in 100
mL of pure ethanol, we slowly added, under stirring conditions,
4 mmol of the previously deprotonated ligand TTA (by an
equivalent proportion of KOH in a 30 mL solution). The pH of
the solution was then adjusted to 6.5, when necessary, by using
an KOH/ethanolic (0.1 mol L™ ") solution. This mixture was left
under reflux (75 °C) and stirring for 24 h. Finally, the solvent
was slowly evaporated at room temperature until dryness for
a few days. A yellow solid was obtained and washed with water
to remove the KCI salt formed. Then, hot hexane was added to
remove the displaced TPPO ligand. The solid was recrystallized
using ethanol. Yield: 65%. Characterization: calculated MALDI-
TOF/MS [M + H]" (m/z) 1280.11, found (m/z) 1279.98; elemental
analysis calculated C 58.18%, H 3.94%, found C 58.32%, H
4.13%, IR (KBr): Y=C-H 3056 cm ', »C=0 1688 cm ', yP=0
1179-1115 cm™}, »C-F 1287 cm™*, and »S=C 1065 cm™%; 'H
NMR (400 MHz, CDCl;): 6 8.16 ppm (s, CH), 6 7.65-6.14 ppm (m,
Ar), and 6 7.21-6.14 ppm (m, Th); *'P NMR (162 MHz, CDC,):
6 23 ppm, and & —75 ppm; ’F NMR (376 MHz, CDCl,):
0 —82 ppm, and 6 —83 ppm.

3.4.3. Synthesis of complex [EuCl,(DBM)(TPPO);]. To
a solution of 4 mmol of complex [EuCl,(TPPO),]Cl-3H,0 in 100
mL of pure ethanol, we slowly added, under stirring conditions,
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4 mmol of the previously deprotonated ligand DBM (by an
equivalent proportion of KOH in a 30 mL solution). The pH of
the solution was then adjusted to 6.5, when necessary, by using
an KOH/ethanolic (0.1 mol L™ 1) solution. This mixture was left
under reflux (75 °C) and stirring for 24 h. Finally, the solvent
was slowly evaporated at room temperature until dryness for
a few days. A yellow solid was obtained and washed with water
to remove the KCI salt formed. Then, hot hexane was added to
remove the displaced TPPO ligand. The solid was recrystallized
using ethanol. Yield: 93%. Characterization: calculated MALDI-
TOF/MS [M + H]'(m/z) 1282.20 found (m/z) 1282.13; elemental
analysis calculated C 64.65%, H 4.48%, found C 64.44%, H
4.57%; IR (KBr): ¥=C-H 3062 cm ', yC=0 1594 cm ™!, yP=0
1148-1128 cm™; 'H NMR (400 MHz, CDCl;): 6 7.81 ppm (s,
CH), and ¢ 7.56-7.36 ppm (m, Ar); *'P NMR (162 MHz, CDCl,):
0 23 ppm, and 6 —76 ppm.

3.4.4. Synthesis of complex [EuCl(TTA)(BTFA)(TPPO),]. To
a solution of 4 mmol of complex [EuCl,(TTA)(TPPO),] in 100 mL
of pure ethanol, we slowly added, under stirring conditions,
4 mmol of the previously deprotonated ligand BTFA (by an
equivalent proportion of KOH in a 30 mL solution). The pH of
the solution was then adjusted to 6.5, when necessary, by using
an KOH/ethanolic (0.1 mol L™ ") solution. This mixture was left
under reflux (75 °C) and stirring for 24 h. Finally, the solvent
was slowly evaporated at room temperature until dryness for
a few days. A yellow solid was obtained and washed with water
to remove the KCI salt formed. Then, hot hexane was added to
remove the displaced TPPO ligand. The solid was recrystallized
using ethanol. Yield: 72%. Characterization: calculated MALDI-
TOF/MS [M + H]" (m/z) 1183.10 found (m/z) 1183.16; elemental
analysis calculated C 54.86%, H 3.58%, found C 54.94%, H
3.49%; IR (KBr): »=C-H 3062 cm ', »C=0 1599 cm ', ¥P=0
1154-1116 cm™ ', vC-F 1185 cm™ ', and »S=C 1084 cm '; 'H
NMR (400 MHz, CDCl;): 6 8.35 ppm (s, CH), 6 7.62-6.39 ppm (m,
Ar), and 6 6.87-6.38 ppm (m, Ar); *'P NMR (162 MHz, CDCI;):
6 29 ppm, and & —72 ppm; "F NMR (376 MHz, CDCl,):
0 —80 ppm.

3.4.5. Synthesis of complex [EuCl(DBM)(BTFA)(TPPO),]. To
a solution of 4 mmol of complex [EuCl,(DBM)(TPPO),] in 100
mL of pure ethanol, we slowly added, under stirring conditions,
4 mmol of the previously deprotonated ligand BTFA (by an
equivalent proportion of KOH in a 30 mL solution). The pH of
the solution was then adjusted to 6.5, when necessary, by using
an KOH/ethanolic (0.1 mol L™ ) solution. This mixture was left
under reflux (75 °C) and stirring for 24 h. Finally, the solvent
was slowly evaporated at room temperature until dryness for
a few days. A yellow solid was obtained and washed with water
to remove the KCI salt formed. Then, hot hexane was added to
remove the displaced TPPO ligand. The solid was recrystallized
using ethanol. Yield: 87%. Characterization: calculated MALDI-
TOF/MS [M + H]" (m/z) 1185.19 found (m/z) 1185.26, elemental
analysis calculated C 61.86%, H 4.17%, found C 61.97%, H
3.79%; IR (KBr): »=C-H 3056 cm ', »C=0 1681 cm !, »P=0
1179-1116 cm ', and »C-F 1287 cm™%; '"H NMR (400 MHz,
CDCl3): 6 7.94 ppm (s, CH),  7.57-7.44 ppm (m, Ar), and; *'P
NMR (162 MHz, CDCl,): 6 20 ppm, and 6 —80 ppm; '°F NMR
(376 MHz, CDCl;): 6 —81 ppm, and —82 ppm.
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3.4.6. Synthesis of complex [Eu(DBM)(BTFA)(TTA)(TPPO),]
obtained via synthetic route 1. To a solution of 4 mmol of
complex [EuCI(TTA)(BTFA)(TPPO),] in 100 mL of pure ethanol,
we slowly added, under stirring conditions, 4 mmol of the
previously deprotonated ligand DBM (by an equivalent
proportion of KOH in a 30 mL solution). The pH of the solution
was then adjusted to 6.5, when necessary, by using an KOH/
ethanolic (0.1 mol L™") solution. This mixture was left under
reflux (75 °C) and stirring for 24 h. Finally, the solvent was
slowly evaporated at room temperature until dryness for a few
days. A yellow solid was obtained and washed with water to
remove the KCI salt formed. Then, hot hexane was added to
remove the displaced TPPO ligand. The solid was recrystallized
using ethanol. Yield: 78%. Characterization: calculated MALDI-
TOF/MS [M + H]" (m/z) 1372.21 found (m/z) 1372.24, elemental
analysis calculated C 60.44%, H 3.97%, found C 60.27%, H
3.80%; IR (KBr): ¥=C-H 3056 cm ™!, »C=0 1681 cm ™!, yP=0
1179-1116 cm™ ', »C-F 1294 cm ™', and »S=C 1065 cm ™ '; 'H
NMR (400 MHz, CDCl,): 6 8.21 ppm (s, CH), and 6 7.63-
7.29 ppm (m, Ar); *'P NMR (162 MHz, CDCl;): 6 25 ppm, and
6 —78 ppm; °F NMR (376 MHz, CDCl;): 6 —79 ppm, and
6 —80 ppm.

3.4.7. Synthesis of complex [Eu(DBM)(BTFA)(TTA)(TPPO),]
obtained via synthetic route 6. To a solution of 4 mmol of
complex [EuCl(DBM)(BTFA)(TPPO),] in 100 mL of pure ethanol,
we slowly added, under stirring conditions, 4 mmol of the
previously deprotonated ligand TTA (by an equivalent proportion
of KOH in a 30 mL solution). The pH of the solution was then
adjusted to 6.5, when necessary, by using an KOH/ethanolic
(0.1 mol L") solution. This mixture was left under reflux (75
°C) and stirring for 24 h. Finally, the solvent was slowly evapo-
rated at room temperature until dryness for a few days. A yellow
solid was obtained and washed with water to remove the KCI salt
formed. Then, hot hexane was added to remove the displaced
TPPO ligand. The solid was recrystallized using ethanol. Yield:
94%. Characterization: calculated MALDI-TOF/MS [M + H|" (m/z)
1372.21 found (m/z) 1372.31, elemental analysis calculated C
60.44%, H 3.97%, found C 60.31%, H 3.56%, IR (KBr): v=C-H
3056 cm™'; ¥$C=0 1612-1593 cm ™ '; yP=0 1166-1122 cm ™ *; vC—
F 1281 cm '; ¥S=C 1071 cm ™ '; 'H NMR (400 MHz, CDCl,):
6 7.77 ppm (s, CH), and 6 7.57-7.45 ppm (m, Ar); *'P NMR (162
MHz, CDCL,): 6 27 ppm, and 6 —73 ppm; "°F NMR (376 MHz,
CDCl;): 6 —78 ppm, and ¢ —80 ppm.

4. Conclusions

We present for the first-time evidence that RM1 quantum
chemical calculations of thermodynamic quantities of chemical
reactions involving europium trivalent ions output results
which are useful as figures of merit for the experimental
chemist, and exemplify with strategies for devising actual
syntheses of mixed ligand europium complexes.

Calculations of such figures of merit assume that condensed
phase effects alter the calculated thermodynamic quantities in
systematic manners, allowing the relative comparison and
ordering of the chemical reactions in terms of calculated free
energies of the corresponding gas phase reactions, A;G.

20822 | RSC Adv., 2017, 7, 20811-20823

View Article Online

Paper

We subsequently introduce the concept of strength of coor-
dination bonding of ligands based on the calculation of RM1
thermodynamic quantities using the isolated molecule model,
showing, for example, that the CF; groups of BTFA and TTA
weaken their coordination bonds to the europium ion when
compared to DBM.

We then advance the concept of a series of ligands ordered in
terms of their relative displacement abilities in ligand exchange
reactions. First, we bring out the series of relative displacement
abilities for the B-diketonate ligands considered: DBM > BTFA =
TTA. Then, we show how this series can help the experimentalist
decide with high likelihood, of all possibilities, which would be
the most efficient sequence of addition of ionic ligands to obtain
the best total reaction yield; and exemplify with two alternate
syntheses of [Eu(DBM)(BTFA)(TTA)(TPPO),]. Surely, the synthetic
route that added the ionic ligands per the series of their relative
displacement abilities exhibited a yield of 76%; whereas the one
that inverted that series displayed less than half that yield: 37%.

We also showed that the real reason why chloride ions can be
easily displaced by other ionic ligands is the formation of the
precipitated salt, KCI. This also explains why non-ionic ligands are
not capable of displacing chloride ions: because non-ionic ligands
lack the alkali metal cation because they need no counter ions.
Thus, in such situations, no precipitates would be formed and
A.G would not be lowered by —479 kJ mol ™" for the precipitated
KCl (or by similar values depending on the cation involved).

Then, we introduce the series of relative displacement abil-
ities for the non-ionic ligands considered: monodentates, both
as single and as pairs, and bidentates: (TPPO,TPPO) > BIPY >
PHEN = (PTSO,PTSO) > (DBSO,DBSO) > TPPO > PTSO > DBSO >
H,0. We then show how this series can be used to hypothesize
which reactions are likely happening in the one-pot
syntheses we carried out of [Eu(DBM)(BTFA)(TTA)(PHEN)] and
Eu(DBM)(BTFA)(TTA)(BIPY), starting from [EuCl,(TPPO),]Cl.

Finally, according to the displacement series of non-ionic
ligands, a PHEN or a BIPY would be unable to displace two
TPPOs. Thus the preparation of either of the totally
heteroleptic complexes [Eu(DBM)(BTFA)(TTA)(PHEN)], or
[Eu(DBM)(BTFA)(TTA)(BIPY)], would not be possible using the
intermediate [Eu(DBM)(BTFA)(TTA)(TPPO),]. However,
knowing that a PHEN or a BIPY can displace a single TPPO, we
prepared those compounds in a one-pot synthesis starting from
[Eu(Cl),(TPPO),]Cl. We also put forward, per our RM1 calcula-
tions, the most likely sequence of chemical reactions to expli-
cate these one-pot syntheses.

Nowadays, although many articles are published on lantha-
nide complexes, less than 5% of them use computational
chemistry tools.** Our novel results indicate that there is
a wealth of useful information to the lanthanide chemistry
experimentalist that can be obtained from easy and fast RM1
quantum chemistry calculations.
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