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valent self-dimerization on the
spectroscopic and electrochemical properties of
mixed Cu(I) complexes†

Joaqúın Cáceres-Vásquez, a Danilo H. Jara, b Juan Costamagna,af

Fabián Mart́ınez-Gómez,af Carlos P. Silva, f Luis Lemus, f Eleonora Freire,cde

Ricardo Baggio,c Cristian Vera *a and Juan Guerrero *a

A series of six new Cu(I) complexes with ([Cu(N-{4-R}pyridine-2-yl-methanimine)(PPh3)Br]) formulation,

where R corresponds to a donor or acceptor p-substituent, have been synthesized and were used to

study self-association effects on their structural and electrochemical properties. X-ray diffraction results

showed that in all complexes the packing is organized from a dimer generated by supramolecular p

stacking and hydrogen bonding. 1H-NMR experiments at several concentrations showed that all

complexes undergo a fast-self-association monomer–dimer equilibrium in solution, while changes in

resonance frequency towards the high or low field in specific protons of the imine ligand allow

establishing that dimers have similar structures to those found in the crystal. The thermodynamic

parameters for this self-association process were calculated from dimerization constants determined by

VT-1H-NMR experiments for several concentrations at different temperatures. The values for KD (4.0 to

70.0 M−1 range), DH (−1.4 to −2.6 kcal mol−1 range), DS (−0.2 to 2.1 cal mol−1 K−1 range), and DG298

(−0.8 to −2.0 kcal mol−1 range) are of the same order and indicate that the self-dimerization process is

enthalpically driven for all complexes. The electrochemical profile of the complexes shows two redox

Cu(II)/Cu(I) processes whose relative intensities are sensitive to concentration changes, indicating that

both species are in chemical equilibrium, with the monomer and the dimer having different

electrochemical characteristics. We associate this behaviour with the structural lability of the Cu(I) centre

that allows the monomeric molecules to reorder conformationally to achieve a more adequate assembly

in the non-covalent dimer. As expected, structural properties in the solid and in solution, as well as their

electrochemical properties, are not correlated with the electronic parameters usually used to evaluate R

substituent effects. This confirms that the properties of the Cu(I) complexes are usually more influenced

by steric effects than by the inductive effects of substituents of the ligands. In fact, the results obtained

showed the importance of non-covalent intermolecular interactions in the structuring of the

coordination geometry around the Cu centre and in the coordinative stability to avoid dissociative equilibria.
Introduction

The high versatility of transition metal compounds is a well-
known fact, and therefore several studies have been oriented
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towards an adequate control of their properties through suitable
ligand selection. In particular, Cu(I) coordination complexes
with bidentate nitrogen donor ligands have been given consid-
erable attention due to their interesting photophysical and
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electrochemical behaviour with potential applications in solar
energy conversion, luminescence-based sensing, display devices,
molecular switches, probes of biological systems, and catalysis.1

Also, these complexes have played an important role in the
construction of sophisticated molecular architectures and
contributed to the development and great growth of supramo-
lecular chemistry2 and material science.3

Cu(I) is a structurally labile metal centre which can experi-
ence ligand exchange and also distortions of its ideal tetrahe-
dral geometry, where both coordinative and conformational
labilities of the Cu(I) complexes are ascribed to the lack of
crystal eld stabilization due to its d10 full shell conguration.4

Such dynamic behaviour has a direct impact on the redox
stability of cuprous complexes or the establishment of equi-
libria in solution.4,5

The inclusion of bulky substituents adjacent to the coordi-
nating nitrogen atoms in homoleptic [Cu(NN)2]

+ and hetero-
leptic [Cu(NN)(PPh3)2]

+ complexes, with NN = symmetrical
chelating diimines ligands, for example neocuproine (Fig. 1a),
has been the rst reported strategy to improve its photophysical
performance by way of restricting the tetrahedral to the square-
planar attening, in accordance with the structural require-
ments of the metal, formally Cu2+ in the excited state. The
possibility of Cu(I) complexes to reach a more attened
conformation is also responsible for their oxidation to cupric
species in solution.4d,6

Also, the inuence of intramolecular non-covalent interac-
tions on both chemical stabilization and electronic and emis-
sive properties of Cu(I) complexes has been established,
indicating that properties of Cu(I) complexes are not uniquely
determined by structural effects of the ligand and that non-
covalent interactions can play an important role on their
behaviour.7

The presence of intermolecular p stacking aggregations in
transition metal complexes with aromatic ligands has been well
established in the solid state.8 However, the evidence of discrete
dimers in solution is limited to a few examples.9 These struc-
tures have been identied by 1H-NMR in square-planar and
octahedral metallic complexes where the supramolecular
systems are supported by face–face (p–p) and face–edge (H/p)
interactions between ligands possessing extensive aromatic
systems.
Fig. 1 (a) Neocuproine. (b) Pyridine-imine type ligand. (c) General
chemical structure of the [Cu(NN'-R)(PPh3)Br] complexes, including
the labelling scheme used in the NMR assignments.

826 | RSC Adv., 2023, 13, 825–838
On the other hand, bi-coordinating pyridine-imine type
Schiff bases (Fig. 1b) are more exible than polypyridines and
rigid polyaromatic ligands and can be useful tools for the design
of conformationally labile Cu(I) complexes that allow the
establishment of intermolecular interactions. However, studies
of pyridine-imine Cu(I) complexes as supramolecular materials
as very limited, and most of the structural information on these
systems has been obtained from studies regarding their cata-
lytic,1p,q,10 and emissive properties.1a,10a,11

One of the few examples of supramolecular dimers of Cu(I)
complexes with experimental evidence of self-association both in
solution and in the solid phase by NMR spectroscopy and X-ray
diffraction, respectively, has been reported for the mixed
complex [Cu(N-{4-nitrophenyl}pyridine-2-yl-methanimine)(PPh3)
Br],12 in which the imine ligand possess a small aromatic system
(Fig. 2).

For this complex, the monometallic structure corresponds to
a slightly distorted tetrahedral complex. However, two non
covalent forces, p-stacking and C–H/Br interactions are jointly
acting to produce a discrete dimer. The NMR results showed the
presence of an equilibrium between both monometallic and
supramolecular bimetallic complexes. This dynamic behaviour
in solution was interpreted as a self-dimerization process
enthalpically driven through the formation of both p–p and C–
H/Br interactions previously indicated where such a supra-
molecule retains a structure similar to that observed in the
packing of its crystal structure.12

As a continuation of this work and with the aim of
understanding more about this self-dimerization in neutral
mixed Cu(I) complexes, a series of similar Cu(I) complexes,
[Cu(NN'-R)(PPh3)Br], (PPh3 = triphenylphosphine, NN'-R = N-
p-R-phenyl-pyridine-2-yl-me-thanimine, R = NO2, COCH3, Cl,
H, CH3, OCH3 and N(CH3)2) were synthesized and character-
ized (Fig. 1c). These ligands include a series of substituents
with different electronic characteristics in the para position
so as not to cause a great conformational impact. The
molecular structures and the presence of supramolecular
dimers in the solid are discussed by interpretation of X-ray
crystallographic data, while the evaluation of the structure
Fig. 2 1H-NMR spectra of [Cu(N-{4-nitrophenyl}pyridine-2-yl-
methan-imine)(PPh3)Br]2 complex as a function of concentration.
(Insert) Scheme showing the dimer formed in the crystalline packing by
both p–p and C–H/Br interactions around an inversion centre.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the presence of dimers in solution are studied by 1H-
NMR. The dynamic behaviour of these systems was studied
by 1H-NMR-VT for several concentrations and temperatures.
The impact of this supramolecular behaviour on the elec-
tronic properties of this set of complexes is evaluated through
electrochemical studies.
Fig. 3 Molecular (a), dimers (b), and packing (c) diagrams for [Cu(NN′-
N(CH3)2)(PPh3)Br] (a) displacement ellipsoids are drawn at a 30% level.
(b) Bold dashed lines represent p–p bonds; simple dashed lines
represent C–H/Br bonds. Circled is the N(CH3)2 substituent. (c)
Viewed in projection, the (100) slabs generated by interaction #4 (One
of these slabs has been highlighted for clarity). Non covalent interac-
tions are omitted.
Results and discussion
Synthesis and characterization

The [Cu(NN'-R)(PPh3)Br] complexes were synthesized by the
template condensation method from equimolar amounts of
reagents as shown schematically in Scheme 1.2e,g

The structures of the complexes were unequivocally estab-
lished by the concerted use of several NMR techniques from
chloroform-d solutions, i.e. 1D NMR (1H-NMR, {1H}13C-NMR,
{1H} 31P-NMR), and 2D NMR (COSY, HSQC, HMBC). The
general and specic synthetic procedure and the NMR charac-
terization data are reported in the Experimental section and ESI.†

Crystals of the complexes suitable for X-ray crystallographic
analysis were obtained by slow ether diffusion into a dichloro-
methane solution of the complexes, and their crystal structures
were solved for [Cu(NN'-R)(PPh3)Br] with R = COCH3, H, CH3,
OCH3, and N(CH3)2. The crystal structure could not be obtained
for the Cu(NN'-Cl)(PPh3)Br] complex, but its structure was
determined by NMR techniques since all the complexes showed
chemical stability in the time periods used for both NMR and
electrochemical studies. All dynamic studies by 1H-NMR from
chloroform solutions, and the electrochemical measurements
were carried out from crystalline samples of the complexes. The
Scheme 1

Table 1 Selected coordination parameters, (distances/Å and angles/°) fo

–R (–NO2) (–COCH3) (–H)

Distances
Cu1–N1 2.096(3) 2.115(5) 2.122
Cu1–N2 2.109(3) 2.095(5) 2.116
Cu1–P1 2.1946(10) 2.1833(16) 2.199
Cu1–Br1 2.421(6) 2.4237(10) 2.437

Angles
N1–Cu1–N2 79.10(12) 78.8(2) 79.00
N1–Cu1–P1 117.07(9) 118.93(16) 124.5
N1–Cu1–Br1 106.34(8) 105.63(16) 102.9
N2–Cu1–P1 124.56(9) 127.36(16) 119.5
N2–Cu1–Br1 108.12(8) 105.37(15) 107.4
P1–Cu1–Br1 115.45 (3) 114.50(5) 116.7

© 2023 The Author(s). Published by the Royal Society of Chemistry
accurate proton assignments for each temperature and concen-
tration were conrmed by COSY experiments; in the same way,
NOESY experiments for evaluating the structure of supramolec-
ular adducts at some of the temperatures and concentrations
used were carried out. The [Cu(N-p-NO2-phenyl-pyridine-2-yl-
methanimine)(PPh3)Br] complex has been previously published,
and the reported data were used for comparative analyses.12
Crystallographic structures

The structural drawings of the [Cu(N-p-dimethylamine-phenyl-
pyridine-2-yl-methanimine)(PPh3)Br] complex are shown in
r [Cu(NN′-R)(PPh3)Br] complexes

(–CH3) (–OCH3) (–N(CH3)2)

2(18) 2.094(3) 2.102(3) 2.1015(17)
9(18) 2.101(3) 2.097(2) 2.1015(17)
1(6) 2.1848(9) 2.1994(9) 2.1906(6)
6(4) 2.4233(5) 2.4499(5) 2.3811(4)

(7) 79.09(12) 79.23(12) 79.67(7)
2(5) 117.08(8) 118.05(7) 104.60(5)
4(5) 106.16(7) 112.15(7) 113.56(5)
9(5) 122.42(7) 125.12(7) 112.02(5)
0(5) 108.50(7) 104.94(7) 112.38(5)
7(2) 116.97(3) 112.93(3) 125.155(19)

RSC Adv., 2023, 13, 825–838 | 827
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Fig. 3 (a): displacement ellipsoid representation; (b): dimeric
structure, and (c): packing organization. The same representa-
tions for the ve other [Cu(NN'-R)(PPh3)Br] complexes are
available as ESI (Fig. SI1a–c to SI5a–c†). Crystal and data
collection parameters are available in Table SI1.† Selected
coordination parameters are given in Table 1, while non-
covalent interactions are given in Tables SI2 (p–p) and SI3†
(C–H/X, X = Br, O, p). In these latter tables a #n code has been
included to facilitate interaction identication and conse-
quently, the packing description.

From a molecular point of view, the structures are quite
similar (Fig. 3a and SI1a to SI5a†), with a tetracoordinate Cu(I)
ion bonded to the corresponding pyridine-imine chelating
ligand and the remaining coordination sites being completed
by a PPh3 group and a bromine anion. Coordination bond
distances and angles (Table 1) do not depart signicantly from
reported values in similar systems.10,11,14

In all complexes, the geometry around copper is that of
a distorted tetrahedron, elongated along the common bisector
of the small N–Cu–N angle and the larger P–Cu–Br one. The N–
Cu–N angle is very similar to the one observed in complexes
with polypyridine and pyridine-imine ligands (around 80°). As
a reference, the bite angles of pyridine-imine ligands similar to
those used in this work, in rhenium, rhodium, and iridium
complexes are N–Re–N: 74.82,15 N–Rh–N: 79.38,16 N–Ir–N:
76.84.17

While the N–Cu–N angle remains relatively constant, the
remaining coordination angles in the polyhedra show some
differences through the series, but no correlation with the
electronic effect of the substituent is observed.

The rather weak inter-molecular contacts are also similar in
almost all complexes, and the most remarkable are the stacking
contacts built around inversion centres of the phenyl/py frag-
ments in the structures of all complexes with the exception of
the py/py stacking exhibited by the [Cu(NN'-H)(PPh3)Br]
complex (Table 2), which in all cases lead to the formation of
some kind of weakly linked dimeric units (Fig. 3b and SI1b to
SI4b, Table SI2†).

Even if these p–p interactions between extended aromatic
systems (shown in double dashed lines) are the main ones
responsible for the dimeric organization, there are some further
weak C–H/Br contacts (drawn in simple dashed lines) that
reinforce this inter-molecular linkage. The way in which this is
achieved is quite similar in ve of these six structures, either
through the C44–H44/Br1 or the C64–H64/Br1 contacts, or
eventually through both.

Contrasting with these ve structures, the dimer in the
[Cu(NN'-H)(PPh3)Br] structure appears different, held together
by a strong face–face py/py (p–p) and two extensive face-edge
(CH/p) interactions18 (Fig. SI5b,† Table 2). Furthermore, this
structure is the only one with a signicant intra-molecular C–
H/Br interaction.

The C–H/Xneighbour interactions le (X = Br, O, p), charac-
terized in Table SI3† by the remaining sym-codes (i), are inter-
dimeric in nature, and result in the formation of a diversity of
packing motives shown in Fig. 4c and SI1c to SI5c of the ESI.†
828 | RSC Adv., 2023, 13, 825–838
Regarding the way in which this is achieved, there are some
common features grouping structures together. Thus, struc-
tures for complexes with R = NO2, COCH3 and CH3, are nearly
isostructural, and this shows up in the packing, where the C34–
H34/Br1′ interactions (#4 in [Cu(NN'-NO2)(PPh3)Br] and
[Cu(NN'-COCH3)(PPh3)Br], #3 in [Cu(NN'-CH3)(PPh3)Br]), give
rise to columns directed along b, while the remaining ones link
these 1D substructures transversally (along c) to form one-
dimer-thick 2D arrays parallel to (100) (Fig. SI1c to SI3c†).

On the other hand, structures [Cu(NN'-OCH3)(PPh3)Br] and
[Cu(NN'-H)(PPh3)Br] follow a similar pattern, in spite of the
differences in the dimer's shape: there is a leading interaction
(#3 and #5 in Table SI3†) dening columns along b, and the
remaining ones linking them along c in [Cu(NN'-H)(PPh3)Br]
and along a in [Cu(NN'-OCH3)(PPh3)Br], to dene planar arrays
parallel to (100) and (001), respectively (Fig. SI4c and SI5c†).

Finally, the structure of [Cu(NN'-N(CH3)2)(PPh3)Br] is slightly
different, with interaction #4 (Table SI3†) dening “per se” a 2D
array parallel to (100), the remaining ones interlinking these
slabs into a complex 3D structure (Fig. 3c).

The eventual effect of the para-substituents on the phenyl
ring over the dimeric structures was analyzed by comparison in
the series of some relevant molecular parameters (e.g.), the
interligand dihedral angles between phenyl and pyridine
aromatic rings, the NCCN ligand torsion angles in the coordi-
nation environment, the N–Cu–N coordination angles, the s4
parameters,19 and the angles between coordination planes
(Table 2).

Even if these parameters differ somehow along the series,
there is no clear trend ascribable to the electronic characteris-
tics of the para-substituents groups, suggesting that this effect
is not the only determinant of the nal structure of the dimers,
and these differences are probably due to one global inuence
of these substituents (steric, electronic, and their ability to
generate non covalent interactions) i.e., they act in an unpre-
dictable way over molecular structure as well as over dimer
assembly and crystal packing.

The most important variation corresponds to the intraligand
dihedral angle in the imine ligand. In this respect, inspection of
Table 2 shows that those compounds with an extended stacking
interaction present the smallest distortion, while compound
[Cu(NN'-H)(PPh3)Br] (the one with an unsubstituted phenyl-
imine fragment and one single p–p interaction), shows the
largest distortion with a dihedral angle >30°.

In order to nd out if this possible relationship (viz., the one
between the extended stacking interaction and a reduction in
the out-of-plane dihedral rotation in the imine ligand) wasmore
general, we performed a systematic search in the CSD,20 looking
for transition metal complexes similar to those reported here.
For this purpose, the compounds considered were restricted to
have a four-coordinate transition metal bound to an NN′-R
imine ligand with an eventual para R substituent, not longer
than four (non-H) atoms in length. A total of 54 structures of
that sort were found in the CSD, and the resulting histograms of
the number of appearances as a function of the distortion angle
are presented in Fig. 4, where the blue entries correspond to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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/Å

Se
le
ct
ed

in
te
rd
im

er
di
st
an

ce
s/
Å
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Fig. 4 Histograms of the number of appearances as a function of the
distortion angle of the NN′-R imine ligand in similar transition metal
complexes. Red entries correspond to complexes with centrosym-
metric dimeric structures. Blue entries to complexes where no
extended stacking is present. Obtained from the CSD.

Fig. 6 Concentration effect on the chemical shifts of the NN'-R ligand
protons for the [Cu(NN′-COCH3)(PPh3)Br] complex at 235 K (a) and for
[Cu(NN′-Cl)(PPh3)Br] at 220 K. (b) Dd = di − d0, where di correspond to
d observed at any concentration and d0 corresponds to the lowest
concentration measured.
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complexes without extended stacking and the red ones to those
with centrosymmetric dimeric structures.

These results strongly suggest a tendency to coplanarity of
those NN′-R imine ligands that exhibit dimeric supramolecular
interactions in the crystalline assembly, or, in other words, that
due to the inter-molecular attractive force produced in the
dimer, the imine ligand is forced to a more planar arrangement
than expected for an ideal tetrahedral symmetry in single, not
dimeric complexes.

Characterization of complexes and its self-assembly
structures in solution by NMR spectroscopy

The 1H-NMR spectra of all complexes exhibit only one set of
narrow signals which shied as a function of concentration as
shown in Fig. 5 and SI6a to SI12a.† These results indicate the
presence of chemical exchange in solution, thus, the observed
1H NMR signals should be the consequence of the weighted
average between more than one species in fast exchange on the
NMR time scale at all the temperatures investigated (eqn (1)).

In a previous paper we described the same behaviour for
[Cu(NN′-NO2)(PPh3)Br] complex and established the presence of
a self-dimerization phenomenon in solution which involves
Fig. 5 1H-NMR spectra of [Cu(NN′-OCH3)(PPh3)Br], T = 220 K, for
several concentrations used to calculate self-association constants.
Proton assignment is included. Similar behaviors were observed at
different temperatures (see Tables SI3a to g†).

830 | RSC Adv., 2023, 13, 825–838
a fast equilibrium between a monomer complex and a supra-
molecular dimer supported by p–p stacking and C–H/Br
interactions12 (eqn (2)). An analysis similar to those used in the
above paper allowed us to establish that the same behaviour is
followed by the series of complexes whose study we are
reporting now.

d0 = lMdM + lDdD (1)

2
�
Cu

�
NN

0
-R

�ðPPh3ÞBr
�

%KD
�
Cu

�
NN

0
-R

�ðPPh3ÞBr
�
2

(2)

The exponential dependence between the change in the
resonance frequency of each proton (Dd) and the molar
analytical concentration of the monomer is observed for most
protons of this series of compounds (Fig. 6). Similar behaviour
is seen for all the complexes at the different working tempera-
tures studied, as shown in Fig. 6 for [Cu(NN′-COCH3)(PPh3)Br]
and [Cu(NN′-Cl)(PPh3)Br] (As similar in ESI, Fig. SI6b, SI7b, c,
SI8b, c, SI10b, c, SI11b, c and SI12c†).

Dimerization was also conrmed by the presence of unex-
pected NOEs between protons which are distant from one
another in the monomer structure. Indeed, NOESY crosspeaks
can be observed between some protons of pyridine fragment
(H3, H4, H5, H6) with the H2′ and H3′ protons of the 4-R-phenyl
moiety of the NN′-R ligands (Fig. SI13†). These NOESY correla-
tions are possible only when two ligands are assembled in an
anti-conformation relative to an inversion centre placed
between both complex units in a similar way to that in the
crystal structures. This assembly of ligands resembles the one
seen in the crystal packing and allows to establish that there is
a great analogy between the assembly of the dimeric aggregates
in the solid and those seen in the solution.

The exception is the [Cu(NN′-H)(PPh3)Br] complex, which
presents the same behaviour as the rest of the complexes in
solution, but showing a different assembly in the crystal (vide
supra). We can explain this behaviour considering that the
noncovalent interactions through which these dimers pack in
the solid are substituted by complex-solvent interactions in
solution. These forces lead to self-dimerization of Cu(NN′-
H)(PPh3)Br] in the same structural shape as the other
complexes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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This dimerization assembling symmetry does not change the
proton signals pattern of the NN'-R ligand in the dimer relative
to the monomer but modies the proton chemical environ-
ments changing their resonance frequencies. This is well
established by the resonance dependence on both concentra-
tion and temperature in the 1H-NMR spectra (Fig. 5, 6, and
corresponding Fig. SI6 to SI12†).

As a result, increasing concentration produces progressive
displacements of the resonance frequencies of the NN′-R ligand
protons both, upeld as to downeld for the whole series of
complexes at all the temperatures studied. In all the complexes,
the H4, H5, H6, and H3′ protons of the NN′-R ligands show the
more signicant shi of proton frequencies to upeld (−Dd) as
the complex's concentration increases (Fig. 6 and correspond-
ing SI gures).†

This behaviour is the expected one for a self-association
process through “face to face” p type stacking interaction
between two nearby NN-R ligands, due to the fact that these
protons are placed close to the shielding currents of the
aromatic rings of another ligand in the supramolecular
[Cu(NN′-R)(PPh3)Br]2 dimers.21

On the contrary, a progressive downeld shi (+Dd) occurs
for Hi when the complex's concentration is increased. This
deshielding effect is associated with the C–H/Br interaction,22

considering that this proton is closer to the bromine ligand in
the dimeric complexes, in the same way as in the crystalline
structure (Fig. 3b, vide supra).

Thus, the resonance frequency of each proton is determined
mainly by two non-covalent forces which cause an opposite effect
in the observed chemical shis in the process of self-dimerization,
i.e., AH/Br and p–p stacking. However, the relative contribution
of these forces to the resonance frequency will be different for
each proton depending on its position in the dimeric assembly.

However, H2′ and H3 protons move slightly towards lower or
higher resonance frequencies, with temperature dependence
(Tables SI3a to SI3g†) and not only toward the low elds as ex-
pected by their positions close to bromine in the crystalline
packing. In those cases, we conclude that these protons
undergo a compensatory inuence of both p–p stacking and
Br/H interactions and also suggest the presence of a large
structural dynamism in the dimer.
Table 3 Calculated dimerization constants, KD, DH, DS and DG298K/for

–R 220 235 250 265 280

–NO2
a

–COCH3 21.4 � 3.0 20.2 � 3.1 19.0 � 3.1 12.8 � 3.0 11.7 � 2
–H 9.0 � 2.8 6.3 � 1.4 6.4 � 1.3 4.6 � 0.5 4.0 � 0.
–CH3 67.4 � 22.7 47.5 � 1.9 43.5 � 7.0 36.6 � 7.7 31.7 � 1
–OCH3 35.2 � 9.0 21.3 � 3.5 20.1 � 12.5 14.4 � 4.9 9.3 � 2.
–N(CH3)2 24.3 � 4.0 16.4 � 2.3 12.4 � 2.8 11.2 � 4.3 9.3 � 2.
–Cl 69.4 � 11.1 47.0 � 3.5 31.3 � 2.2 25.4 � 4.7 18.6 � 2

a Data from ref. 12.

© 2023 The Author(s). Published by the Royal Society of Chemistry
The dimerization constants (KD) of the self-dimerization
equilibrium between a monomer and a dimeric supramolec-
ular complex (eqn (2)) in CDCl3 can be determined by the curve
tting method described by Horman and Dreux (eqn (3)),23a

where the observed d for a specic proton is a function of the
analytical monomer concentration [M]0.

d ¼ dM þ ðdD � dMÞ
0
@�

1

4½M�0KD

þ 1

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

1

4½M�0KD

þ 1

�2

� 1

s 1
A (3)

In this equation, dM and dD are the chemical shis of the
monomer and the dimer, respectively.

Using this self-dimerization model, we determine a set of KD

values, one for each of protons of the NN'-R ligands in each
complex with good tting values.21,24

We consider getting a representative KD value for each
complex averaging only the constants of the two protons that
reach the highest jDdj in the measured concentration range (i.e.
the greater −Dd and +Dd values at the highest concentrations)
on the assumption that these protons should be inuenced only
by one of both assembly forces (AH/Br and stacking); but in
fact, larger KD values were obtained for protons that exhibit
lower jDdj as the concentration increases (see Tables SI3a to
SI3g†).

However, this is a commonly observed phenomenon in
several compounds that experience self-association in solution.9

As in those works, we decided to obtain a representative KD

values by averaging all calculated KD's at each temperature,
taking care that they were not very far from one another (Tables
SI3a to g†). In addition, KD values for protons that remain
almost unperturbed by the opposite effect of noncovalent forces
were not considered, for example, the H2′ and H3 protons.

We associate this behavior with the self-association equi-
librium involving simultaneous rearrangements of the NN'-R
ligand coplanarity (see X-ray) and the metal coordination envi-
ronment (see electrochemical). Thus, both internal molecular
rearrangements would be the cause of the variability found in
[Cu(NN′-R)(PPh3)Br] complexes in CDCl3

T/K

298 DH kcal−1 mol−1
DS
cal mol−1 DG298 kcal

−1 mol−1

−2.00 −0.67 −1.79
.0 9.7 � 3.7 −1.43 −0.19 −1.37
7 4.0 � 0.8 −1.40 −2.09 −0.77
2.1 29.3 � 15.3 −1.35 2.08 −1.97
2 8.2 � 2.9 −2.43 −4.02 −1.23
0 9.3 � 1.9 −1.62 −1.25 −1.25
.1 15.0 � 2.4 −2.58 −3.35 −1.58
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the DdH parameter and consequently, in the values of KD for
different protons in each complex.

The KD average values for all complexes are given in Table 3,
in the 210 to 298 K range and their values at all temperatures,
are in the range 4 to 70 M−1. These values are in the same range
or just slightly higher than those seen for non-covalent organic
dimers formed by p stacking depending on how extended of
their aromatic systems.21 Also, they have the same KD values
range reported for a few examples of self-dimerization in octa-
hedral metal complexes where the intermolecular p–p stacking
between the ligands is also dependent of fused ring exten-
sion.9b,g However, they are smaller than self-association
constants exhibit by square planar complexes, but in these,
their planarity and free apical positions allow a better intra-
ligand p stacking and favour other types of non-covalent
interactions such cation-ligand or metal–metal to yielder
larger aggregate species.9e,24,25

As expected, these values decrease in each complex as
temperature increases. Thus, from the dependence of the KD on
temperature were determine the thermodynamic parameters
DH and DS associated with the self-dimerization of [Cu(NN′-
R)(PPh3)Br] complexes from van't Hoff plots (Fig. 7 and Table 3).
The linear tting of all [Cu(NN′-R)(PPh3)Br] complexes (R2

values over 0.89) are in good agreement with the presence of
a single thermodynamic process for the self-dimerization
assembly in the studied temperature range (Fig. 7).

Although the R2 = 0.89 in [Cu(NN′-COCH3)(PPh3)Br] can be
considered a good linear tting value for this system, two
temperature regions with different slopes can also be assumed
from the van't Hoff plot (Fig. 7). This behavior has been
attributed to the thermodynamic phase change in the assembly
geometry in supramolecular organic systems.21b,27 However, we
nd that the values of the thermodynamic parameters deter-
mined from each slope are not very far from each other.
Therefore, we conclude that the association symmetry of the
Fig. 7 van't Hoff plot for complexes in range of work temperature, 220
to 298 K.

832 | RSC Adv., 2023, 13, 825–838
complex in the dimer remains unchanged in all temperature
ranges, which is coherent with the frequency variation behav-
iour described previously (−Dd and +Dd). We assume that the
slightly low linear correlation is caused by the versatility of the
non-covalent interactions to adapt the assembly shape to the
different structural requirements of both monomer and dimer
in a fast exchange.

The values of DH (range −1.4 to −2.6 kcal mol−1), DS (range
−0.2 to 2.1 cal mol−1 K−1), and DG298 (range −0.8 to
−2.0 kcal mol−1) are of the same order for all complexes and are
consistent with a spontaneous dimerization process enthalpi-
cally driven through the formation of both p–p and C–H/Br
interactions (Table 3).
Electrochemical properties

Cyclic voltammetry (CV) and square wave voltammetry (SWV)
experiments were performed pointing to the characterization of
the effect of self-dimerization equilibrium observed by NMR
(vide supra), on the electrochemical behavior of Cu(I) complexes
in dichloromethane solutions. Unlike NMR, the electro-
chemical study was carried out in CH2Cl2 instead of CH3Cl
because decomposition was observed in short periods of time
under electrochemical conditions.

To validate the use of this solvent in electrochemical studies,
the 1H-NMR spectrum of the [Cu(NN′-OCH3)(PPh3)Br] complex
in CD2Cl2 was performed to compare with those observed in
CDCl3 nding a high similarity between their spectral proles
(Fig. SI13h to i†). Subsequently, we evaluated the effect of ionic
strength on the stability of the supramolecular self-association
equilibrium, for which we carried out 1H-NMR spectra
measurements for both CDCl3 and CD2Cl2 solution of the Cu(I)
complexes at concentrations similar to those used in electro-
chemical studies with increasing concentrations of supporting
electrolyte (Fig. SI13j and k†). The results showed, (a) no spec-
tral evidence of signals of species structurally different from
those established in the NMR section (vide supra), (b) the
presence of a chemical exchange process (c) that this chemical
exchange follows a behavior similar to that observed without
the electrolyte, (d) that the proton signals are shi as expected
for an increasing of self-dimerization with an increase in ionic
strength.

Both CV and SWV results show a similar electrochemical
prole for all copper(I) complexes between −0.7 to +0.4 V
potential range versus Fc/Fc+ process like internal reference.
These correspond to two not well-dened redox processes at
anodic sweep and one process at cathodic sweep (Fig. 8 and
Table 4). The redox processes are electrochemically irreversible
(DEp > 120 mV and Ipa/Ipc s 1) and are diffusion controlled (see
SI14 to SI17†).

As expected, in SWV experiments an increase of the inten-
sities for both anodic peaks as the initial concentration of
complexes increases are seen. However, when these curves are
normalized by the absolute areas (total charge for both
processes), it can be seen that the second peak increases its
intensity while the rst one decreases as concentration
increases (Fig. 9 and SI19†).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Cyclic voltammetry and square wave voltammetry of [Cu(NN′-
N(CH3)2)(PPh3)Br] 1.0 mM, in CH2Cl2 and 0.1 M TBAP. SR = 50 mV s−1

at CV and 15 Hz to SWV.

Table 4 Electrochemical data for [Cu(NN′-R)(PPh3)Br] complexes
obtained by both cyclic voltammetry (CV) (scan rate 50 mV s−1) and
square wave voltammetry (SWV) (15 Hz in CH2Cl2) at 1.0 mM in
CH2Cl2

a

–R

SWV. E/mV CV. E/mV

Epa M Epa D Epc Epa M Epa D Epc

–N(CH3)2 −137 110 −133 Sh Sh −215
–OCH3 Sh 138 −181 Sh 182 −232
–CH3 Sh 142 −101 Sh 196 −210
–H Sh 130 −193 Sh 198 −245
–Cl Sh 126 −113 Sh 172 −165
–COCH3 Sh 186 −101 Sh 217 −164
–NO2 Sh 170 −73 Sh 228 −129

a Sh: shoulder, Epa M: anodic peak potential of monomer, Epa D: anodic
peak potential of dimer, Epc: cathodic peak potential.

Fig. 9 (top a) SWV of [Cu(NN′-Cl)(PPh3)Br] in CH2Cl2, 0.1 M TBAP,
15 Hz, at different initial concentrations. (down b) SWV normalized at
absolute area for [Cu(NN′-Cl)(PPh3)Br], at different initial concentra-
tions. M = monomer; D = dimer.
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In this way, the dependence of the ratio of two anodic peak-
areas with the initial concentration of complex can be ascribed
to the monomer–dimer equilibrium established by NMR
studies (vide supra) in solution.

The electrochemical results show similar peak intensities for
monomer and dimer, suggesting that their concentrations are
of the same order of magnitude (Fig. 8). On the contrary, the
association constants obtained by NMR in CDCl3 without
support electrolyte, indicate that the monomer concentration is
more than one hundred times greater that of the dimer in
solutions of same concentration as those used in electro-
chemical studies. This agrees with what was previously estab-
lished through 1H-NMR spectra where medium's ionic strength
displaced the equilibrium to the dimer (Fig. SI13j and k†).26

Since equilibrium tends toward dimer formation when the
concentration of the complexes is increased, the rst anodic
peak at the electrochemical process can be assigned to mono-
mer and the higher anodic peak to the oxidation of the supra-
molecular dimer (Fig. 9 and SI19†).

Unexpectedly, both monomer and dimer have different
redox features, which make possible their detection by elec-
trochemical methods. These electrochemical differences
between monomer and dimer may be interpreted in terms of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the structural lability of the Cu(I) center, allowing a structural
rearrangement around this cation, due to the presence of
previously discussed non-covalent interactions (p stacking and
hydrogen bonding).

This structural lability has been associated with a d10 full
electron conguration layer which does not provide crystal eld
stabilization of their complexes.4,30a Consequently, in the litera-
ture reports it is easily noted that the structures of Cu(I) complexes
are far from corresponding to tetrahedral symmetry, andmay take
practically all four-coordinate structures, pseudo-tetrahedral,
trigonal pyramidal, see-saw, and pseudo-square-planar.28

Since the oxidation of Cu(I) to Cu(II) is associated with
a geometric attening of the molecule from pseudotetrahedral
to square or square pyramidal, this process would occur with
more positive oxidation potentials in complexes with a more
tetrahedral coordination geometry assuming no other signi-
cant electronic effects. Indeed, in a previous work we observed
in [Cu(biq)(Ph2P-(CH2)n)-PPh2]ClO4 (biq = 2,2-biquinoline)
complexes the dependence of both Cu(II)/Cu(I) potential and the
MLCT band with the Cu(I) coordination geometry.28a We have
also reported evidence of the ability of p-stacking intra-
molecular interactions to modulate a more tetrahedral geom-
etry of a bimetallic helicate with respect to the corresponding
bimetallic mesocate4c and the HOMO destabilization by the
RSC Adv., 2023, 13, 825–838 | 833
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Fig. 10 Proposed mechanism for electrochemical process. (a) Elec-
tron transfer followed by conformational changes, (b) electron trans-
fer, (c) conformational change and loss of supramolecular interactions.
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effect of intermolecular noncovalent interactions in a supra-
molecular adduct {[Cu(biq)2]-biq}.9a

So, considering that the anodic peaks of the dimer are
located ca. 200 mV toward higher potential than those of the
monomers in all complexes, it is possible to conclude that as
self-assembly product, the ligands are forced towards a most
orthogonal distribution among them in the dimer relative to
the monomer.29 The s4 crystal parameter for the complexes
that are packed as supramolecular dimers, exhibit values over
0.8, indicating a metal centre structure closer to
a tetrahedron.

The electrochemical irreversibility observed for the rst
oxidation process can be explained considering that this process
is followed by a structural change, which is caused by the
differences in the preferred coordination symmetry of copper
ions, where Cu(I) complexes are closer to a tetrahedral symmetry,
while Cu(II) prefers a more square-planar symmetry.30

Correspondingly, the dominant chemical irreversibility for
the second Cu(II)/Cu(I) process can be explained considering
that the anodic sweep could produce a Cu(II) dimer D2+ which
undergoes attening and loss of supramolecular interactions
(H/Br and p-stacking) due to the very rapid generation of
Cu(II) monomers M+, as shown in Fig. 10. In fact, a single
dominant cathodic process instead, the cathodic peak associ-
able to D2+ reduction is very faint in all complexes (Fig. 8 and
SI14 to SI17†).
Hammett parameter

Interested in rationalizing the electronic effects of peripheral
p-substituents on the different properties of complexes, we
plotted Hammett parameters for R (in NN'-R ligands)31 versus
several experimental parameters. For crystal data, Hammett
parameters were plotted vs. s4, intraligand dihedral angle,
intradimer p–p stacking distance, and NCCN torsion angle. In
the same way, we plotted Hammett parameters vs. KD

constants at several temperatures and vs. DS and DH ther-
modynamic parameters obtained by NMR. Correlations were
also investigated for the potential of Cu(II)/Cu(I) processes for
dimer and monomer species. In all cases, poor correlation
values (r2) were obtained. Thus, the strength and geometry of
834 | RSC Adv., 2023, 13, 825–838
the assembly cannot be explained in terms of the electronic
effect of the p-substituent. However, it can be rationalized by
considering the cooperative contribution of both p–p stacking
and Br/H interactions, while the electronic effect is usually
determinant when only p–p interactions occur are
predominant.
Experimental
Materials

All reactions were carried out under puried nitrogen (99.9%,
Linde-Chile S.A.). The diethyl ether was dried and distilled
according to standard procedures prior to use, and the other
solvents were synthesis grade and used as received. The pyridine-
2-carbaldehyde, 4-chloroaniline, 4-aminophenol, 4-nitroaniline,
4-anilineacetophenone, N,N-dimethyl-1,4-phenylenediamine
(Merck) and 4-methoxyaniline, 4-methylaniline (Aldrich) were
used as purchased. CuBr was prepared according to the reported
procedure.32 The [Cu{N-(4-nitrophenyl)pyridine-2-yl-
methanimine} (PPh3)Br] complex was previously reported.12

The specic synthetic procedures are reported in ESI.†
Instrumental

NMR spectrometer. 1H, 13C{1H} NMR, 31P{1H} NMR, 2D-
COSY, 2D-NOESY, 1H13C 2D-HSQC-ed, and 1H13C 2D-HMBC
spectra, and the dimerization studies by proton NMR were
performed on a Bruker Avance 400 MHz spectrometer (400.133
MHz for 1H, 100.16 MHz for 13C, and 160.984 MHz for 31P)
equipped with a 5 mm multinuclear broad-band dual probe
head incorporating a z-gradient coil. All the measurements were
made in CDCl3. Chemical shis were calibrated with respect to
the solvent signal (7.26 ppm for proton residual solvent and
77.2 ppm for 13C) and referenced to TMS. 31P spectra were
calibrated with respect to the external pattern H3PO4 10%.

X-ray crystallography. X-ray diffraction experiments were
performed at room temperature on an Oxford Diffraction
Gemini CCD S Ultra diffractometer, with graphite mono-
chromatized Mo Ka radiation (l = 0.7107 Å). The structure was
solved by direct methods (SHELXS97 and rened by least
squares methods on F2 SHELXL-2014).33,34

Elemental analyses. Microanalysis was performed on
a model EA-1108 Fisons elemental analyzer.

Electrochemical. All measurements were carried out under
a nitrogen atmosphere at room temperature with tetrabuty-
lammonium perchlorate (TBAP) 0.1 M as supporting electrolyte,
Pt disc as working electrode (CH Instruments, USA), Pt wire as
counter electrode, and Ag/AgCl(sat) as reference electrode, in
a tree compartment cell using workstation Potentiostat 620D
CH Instruments, USA. The cyclic voltammetry (CV) measure-
ments were performed at different scan rates (10, 25, 50, 100,
and 200 mV s−1); square wave voltammetry (SWV) was carried
out using a frequency of 15 Hz, increasing potential of 4 mV,
amplitude potential of 25 mV. Cu(I) complexes were dissolved at
different concentrations (1.00, 0.75, 0.50, 0.25, and 0.10 mM of
monomer) in freshly distilled CH2Cl2. All potentials values were
reported as E vs. internal reference Fc/Fc+.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Preparation of complexes

The new series of [Cu(NN′-R)(PPh3)Br] complexes were synthe-
sized by the template condensation method from equimolar
amounts of reagents.2e,g,13

To a dichloromethane/methanol (10/1) mixture solution of
CuBr, dichloromethane/methanol solution of pyridine-2-
carbaldehyde was added at room temperature, and aer
continuous stirring for 20 min, corresponding 4-substituted-
aniline in the same solvents mixture was added and the solu-
tion mixture was stirred for 30 min. Subsequently, a solution of
triphenylphosphine was added dropwise and stirred for 1 more
hour at room temperature, forming a colored solution. The
volume of solution was reduced in a rotary evaporator and the
concentrate was precipitated with diethyl ether and washed
with 2 × 5 mL of a diethyl ether/dichloromethane (9 : 1)
mixture, and nally with 5 mL of diethyl ether.

The diffusion of diethyl ether vapour into a concentrated
dichloromethane solution gave colored crystals ranging from
orange to purple red which were adequate for crystallographic
studies. Also, only crystallized materials were used for the
spectroscopic and electrochemical studies.

General and specic synthetic procedure and NMR charac-
terization data are reported in the experimental section and
the ESI.†

Calculation of dimerization constants (KD)

The values of KD were determined by the method of Hormann
and Dreux23a which relies on the gradual variation in the 1H-
NMR chemical shis as a function of concentration at
constant temperature. The procedure involves an iterative KD,
by tting the observed chemical shi (dobs) of each proton using
the mole fraction of dimer (eqn (3)) present at each concen-
tration, starting from a reasonable guess of the association
constant. The most accurate value of KD is dened as that which
yields the best linear relationship between dobs and the molar
fraction (xi)21,24 (Tables SI3a to g†).

VT-NMR dimerization experiments

Solutions of complexes at different concentrations (in ranges of
2 to 100 mM according to each complex) were prepared in asks
of 1 and 2 mL with CDCl3 (Aldrich). Proton NMR spectra for all
solutions were recorded between 220 and 298 K at 15 K inter-
vals. Each measurement was recorded aer thermal equilib-
rium was established (ca. 3 min). The KD values obtained at all
temperatures were used to determine the thermodynamic
parameter using the van't Hoff plot.

Hammett constants (s) for substituents in the p-position of
the N-phenyl ring of the imine ligands used in this work
correspond to those published elsewhere.31

Conclusions

The whole series of mixed neutral Cu(I) complexes studied
crystallize in increasing organization, i.e. a tetrahedral distorted
complex whose structure in a supramolecular dimer in turn
packed in a crystal where the non-covalent interactions, p–p,
© 2023 The Author(s). Published by the Royal Society of Chemistry
and C–H/Br play the main role. The importance of these
interactions is expressed in an enthalpy driven process of self-
dimerization in solution between the monomer complex and
discrete non-covalent dimers with a structure similar to that
described in solid. The lack of correlation between Hammett
constants of the p-substituents in N-phenyl fragments and
several parameters obtained from NMR, X-ray, and electro-
chemical studies can be explained from the nature of the C–H/
Br and p–p interactions. Since these interactions are more
permissive of a spatial reordering of interacting fragments with
respect to a covalent bond, they can remain linking the two
complexes in a wide range of dimer conformations. Therefore,
the noncovalent self-dimerization can involve the evolution of
dimer from py/py assemblies toward one phenyl/py type in
[Cu(NN′-H)(PPh3)Br].

On the other hand, the signicant Cu(II)/Cu(I) potential
differences between both monomers and dimer complexes are
consistent with the structurally labile character of Cu(I),
demonstrating that this ion can adapt its coordination geom-
etry to structural requirements of supramolecular interactions.
Thus, both the C–H/Br and p–p, interactions that assemble
the complexes in the dimers, modify the coordination symmetry
of Cu(I) towards more tetrahedral geometry stabilizing the
HOMO of the dimer with respect to the monomer.

Consequently, here we provide an experimental background
of the remarkable inuence of supramolecular interactions on
the structure and properties of Cu(I) complexes through their
ability to modulate the metal coordination symmetry and the
coordinative stability to avoid dissociative equilibria. In addi-
tion, these results allow us to hypothesize that through supra-
molecular structuring it is possible to simultaneously obtain
both effects, decrease the conformational mobility and increase
the chemical stability of Cu(I) complexes as an alternative to
intramolecular architectural molecular designs, which is the
most researched strategy.
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W. Gerber, J. Mckenzie and K. Koch, Eur. J. Inorg. Chem.,
2009, 12, 1626; (f) S. Bergman, D. Reshef, S. Groysman,
I. Goldberga and M. Kol, Chem. Commun., 2002, 2374; (g)
S. Bergman, D. Reshef, L. Frish, Y. Cohen, I. Goldberg and
M. Kol, Inorg. Chem., 2004, 43, 3792.

10 (a) S. Chavan, S. Sawant, S. Pawal and M. More, Polyhedron,
2016, 105, 192; (b) S. Chavan, S. Sawant, V. Sawant and
G. Lahiri, Inorg. Chem. Commun., 2011, 14, 1373; (c)
S. Chavan, S. Sawant, V. Sawant and G. Lahiri, Inorganica
Chim. Acta, 2010, 363, 3359; (d) D. Seth and
S. Bhattacharya, Polyhedron, 2011, 30, 2438; (e)
D. Tzimopoulos, S. Brenna, A. Czapik, M. Gdaniec,
A. Ardizzoia and P. Akrivos, Inorganica Chim. Acta, 2012,
383, 105; (f) H. Zhao, B. Huang, Y. Wu and M. Cai, J.
Organomet. Chem., 2015, 797, 21.

11 (a) S. Shakhatreh, J. Mohanraj, A. Czapik, D. Tzimopoulos,
S. Kotoulas, M. Gdaniec and P. Akrivos, J. Mol. Struct.,
2011, 1002, 51; (b) T. Huang, J. Yan, H. Yang, H. Dum and
M. Zhang, J. Coord. Chem., 2015, 68, 1514; (c) T. Huang
and M. Zhang, Aust. J. Chem., 2014, 67, 887.
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13662; (b) J. Schöffel, N. Šušnjar, S. Nückel, D. Sieh and
P. Burger, Eur. J. Inorg. Chem., 2010, 31, 4911; (c) G. Li,
Y. Wu, G. Shan, W. Che, D. Zhu, B. Song, L. Yan, Z. Sua
and M. Bryce, Chem. Commun., 2014, 50, 6977.

18 (a) M. Nishio, CrystEngComm, 2004, 6, 130; (b) C. Janiak, J.
Chem. Soc., Dalton Trans., 2000, 21, 3885; (c) C. Hunter,
K. Lawson, J. Perkins and C. Urch, J. Chem. Soc., Perkin
Trans. 1, 2001, 5, 651; (d) C. Hunter and J. Sanders, J. Am.
Chem. Soc., 1990, 112, 5525; (e) M. Nishio, Y. Umezawa,
K. Honda, S. Tsuboyama and H. Suezawa, CrystEngComm,
2009, 11, 1757; (f) Z. Zhang, Y. Luo, J. Chen, S. Dong,
Y. Yu, Z. Ma and F. Huang, Angew. Chem., Int. Ed., 2011,
50, 1397; (g) Y. Umezawa, S. Tsuboyama, K. Honda,
J. Uzawa and M. Nishio, Bull. Chem. Soc. Jpn., 1998, 71,
1207; (h) M. Nishio, Y. Umezawa, J. Fantini, M. Weiss and
P. Chakrabarti, Phys. Chem. Chem. Phys., 2014, 16, 12648;
(i) H. Brunner, Acta Crystallogr., Sect. B: Struct. Sci., 2002,
58, 380.

19 L. Yang, D. Powell and R. Houser, Dalton Trans., 2007, 9, 955.
20 F. Allen, Acta Crystallogr., Sect. B: Struct. Sci., 2002, 58, 380.
21 (a) C. Xiao, M. Wu, Y. Zhang, X. Zhao, J. Yu and X. Zheng,

Magn. Reson. Chem., 2014, 52, 460; (b) H. Sun, K. Ye,
C. Wang, H. Qi, F. Li and Y. Wang, J. Phys. Chem. A, 2006,
110, 10750; (c) N. Marchettini, G. Valensin and E. Gaggelli,
Biophys. Chem., 1990, 36, 65; (d) A. Thakkar, L. Tensmeyer
and W. Wilham, J. Pharm. Sci., 1971, 60, 1267.

22 (a) J. Del Bene, S. Perera and R. Bartlett, J. Phys. Chem. A,
1999, 103, 8121; (b) K. Mizuno, T. Ochi and Y. Shindo, J.
Chem. Phys., 1998, 109, 9502; (c) R. Kaur, M. Ramesh,
P. Bharatam and R. Kishore, J. Phys. Chem. B, 2014, 118,
9199; (d) J. Purcell, H. Susi and J. Cavanaugh, Can. J.
Chem., 1969, 47, 3655; (e) M. Natalia, C. Zarycz and
C. Fonseca, J. Phys. Chem. Lett., 2018, 9, 3720.

23 (a) I. Horman and B. Dreux, Helv. Chim. Acta, 1984, 67, 754;
(b) R. Martin, Chem. Rev., 1996, 96, 3043.

24 K. Koch, C. Sacht and C. Lawrence, J. Chem. Soc., Dalton
Trans., 1998, 4, 689.
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