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ABSTRACT: The synthesis and magnetic characterization of vanillin-based Cu(II) mononuclear com- 1-cis W
plexes of formula [Cu(van),(H,0),](H,0), (van = vanillinate; x = 0, compound 1; x = 2, compounds 2 o h
and 3) were performed. Despite the presence of very similar [Cu(van),(H,0),] moieties, the crystal -
structures exhibit distinct Cu---Cu contacts and display three different through-H-bond exchange-coupling oW
pathways. As a result of the relative positions of the water molecules, the experimental (MAGSUS) 2-trans c

. L. . —1 oW -
exchange-coupling constants are dissimilar, i.e, J(1) = —3.0 cm™' (the data have been fitted to the
Bleaney—Bowers equation considering a dimer; 2] = —6.0 cm™"), J(2) = —4.0 cm™" (the data have been . o

fitted to the Bonner—Fischer equation for a chain of monomeric copper(Il) units), whereas compound 3 ik .Sm
-trans

is paramagnetic. Subsequently, the theoretical density functional theory (DFT) and wave function theory- il T
based (DDCI) calculations were carried out to better understand the role of the water molecule as a oW ]
mediator of the magnetic coupling. The use of localized orbitals allows one to elucidate the role of the &~~._ ‘_)“"
H-bonds in generating exchange interactions. Since the exchange-coupling constants are strongly o ®
dependent on the mechanisms selectively introduced, the role of the H-bond is demonstrated. )
H INTRODUCTION the solvent, i.e., water. Amazingly, these a priori insignificant
About 70% of the Earth’s surface is covered by water," which is cru- differences generate noticeable variations of the magnetic inter-

actions between the paramagnetic metal centers. A thorough

cial in numerous life processes.”™> For instance, water is crucial for ; .
analysis of the solid-state structures of the three compounds, as

biological proton-transfer processes,”® and it is found commonly in i : > 1
active sites of metalloenzymesw’” where it may act as a bridg- well as in-depth theoretical calculations, has been carried out on

ing ligand between metal ions, "> favoring their magnetic these three analogou§ Fomplexes of formula [Cu(van),(H,0),]-

15,16 (H,0), (van = vanillinate; x = 0, compound 1; x = 2, com-
pounds 2 and 3) to better understand the variations of the
magnetic properties observed. The present investigation clearly
shows that the distinct stereoisomers and hydrogen-bonding
networks created by bound and/or lattice water molecules
affect the intermolecular exchange pathway between the copper
ions in 1-3.

interaction.

Water is obviously a good solvent for many natural molecules and
is characterized by its marked polarity and tendency to generate
hydrogen bonds with a great number of molecules. Hence, the use
of potential naturally occurring ligands to bind metal ions in water
represents an ideal situation for the (coordination) chemist, both
from environmental and economic issues. In that context, during the

past five years, some of us were involved in research investigations B EXPERIMENTAL SECTION

dedicated to the development of new eco-friendly fungicides for Materials. Complexes [Cu(van),(H,0),] (1) and [Cu(van),-
wood preservation that would replace the highly toxic chromium (H,0),](H,0), (2 and 3) were prepared according to literature methods.*®
species currently utilized."”” For that purpose, copper coordination Magnetic Measurements. The magnetic susceptibility data of
compounds based on a Iignin model ligand (to mimic potential powdered polycrystalline samples of 1—3 were recorded between 2 and
copper—lignin interactions), namely vanillin, have been studied 18! 300 K with a Quantum Design MPMS-XL-5 SQUID magnetometer,
Actually, the reaction of water-soluble vanillin with copper-
(W) acetate produces three related mononuclear complexes Received: November 29, 2011
(Scheme 1), whose slight structural disparities are induced by Published: February 22, 2012
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Scheme 1. Synthetic Pathways to Prepare the Related
[Cu(van),(H,0),](H,0), Compounds 1-3%'7~*!

H. 0
| =+ Cu(OACL-H,O
i
Water; melted vanillin OH

Water; RT

few drops glacialy \' ightly warmed

\ R
Compound 1 Compound 2
Space group: P2,/ ¢ Space group” P2,/ ¢
air stable air unstable
Compound 3
Space group. P24/ a
air stable

“van stands for vanillinate; x = 0 for compound 1, and x = 2 for com-
pounds 2 and 3.

in a constant magnetic field H = 1000 Oe. The data were corrected for
the sample holder contribution and for a temperature-independent
magnetic susceptibility of inner shell electrons (Larmor diamagnet-
ism), as obtained from Pascal’s tables.”” The magnetic data were fitted
using the Heisenberg spin for two isolated interacting copper(II)
ions using the Hamiltonian H = —2J §;-S,, whlle for the chain the
Hamiltonian is H = —2J £ §;:S,, ;i = 1 — n?

Computational Details. Calculations were performed on
dinuclear models ensuing from the crystallographic data of complexes
1-3, without any geometry optimization. Density functional theory
(DFT) calculations were carried out with the Amsterdam Density
Functional (release 2010.01) program.*® The exchange-coupling param-
eter ] was calculated on the basis of the broken symmetry (BS) method,**®
using the nonspin-projected (NSP) expression

2] = E(BS) — E(T)

where E(BS) and E(T) are the total energies of the broken-symmetry
and triplet states, respectively. Even if the use of this expression is still
controversial, 2 73? it usually reproduces correctly the experimental
values.** 73 It has to be mentioned that for two magnetic centers with
s, = 1/2 such as Cu(Il) ions, the spin-projected (SP) form will give a
J value twice larger than the corresponding NSP values. Moreover,
since the calculated energy difference is strongly related to the nature
of the exchange correlation functional,””~*" the pure GGA ( eneralized
gradient approximation) BP86 functional has been selected,*” as well as
the three-parameter hybrid functional of Becke based on the correlation
functional of Lee, Yang, and Parr (B3LYP),"** both employing the
default local density functional based on the Vosko-Wilk-Nusair param-
etrization.** Finally, the hybrld meta-GGA MO6 functional, developed
by Truhlar and co-workers,*® was used in the present calculations since
it has been shown recently that this functional provides excellent agree-
ment between calculated and experimental exchange-coupling constants,
as evidenced in a series of dinuclear transition metal complexes.*"*’
Since it was not possible to find a broken symmetry state using the M06
functional using conventional (atomic) fragments, each monomer was
considered as a fragment unit and a broken symmetry state was imposed
using the FRAGOCCUPATIONS key. All remaining program defaults
were applied. Copper atoms were described by triple-{ uncontracted
Slater type basis sets augmented with two polarization p and f functions
(TZ2P), whereas double-{ basis sets augmented with a polarization
function (DZP) were used for carbon, oxygen, and hydrogen atoms.
To complement the DFT picture, complete active space self-con-
sistent field (CASSCF)* calculations, including two electrons in two
molecular orbitals (MOs), were performed with the MOLCAS 7.2
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package.*” In this wave function theory (WFT) scheme, a reference
space (CAS[2,2]) is first generated to qualitatively include the relevant
electronic configurations. Then, the dynamical correlation effects were
incorporated on top of the triplet CASSCF wave function using the
dedicated difference configuratlon mteractlon (DDCI)***! method
implemented in the CASDI code.”> With this approach, one con-
centrates on the differential effects rather than on the evaluation of the
absolute energies. In order to assess the role played by hydrogen
bonding in the spin coupling of these Cu(Il) complexes, two com-
putational strategies were adopted for which the CASSCF orbitals
were localized to generate a valence bond-type picture of the bondmg
patterns present in the complexes and to offer a physical analysis.®

These localized orbitals (LOs) are symmetry adapted (C;) and orthog-
onal. Each occupied LO can then be associated with a specific chemical
bond. Along this scheme, the water ligand is described by two lone
pairs, two bonding 65_y; and two antibonding 6*_y; LOs. The hydro-
gen bond involves the electrons of a lone pair localized on a negatively
polarized oxygen donor atom (from the phenoxy groups) and a close
in space 6*5_y LO. As previously reported, a concerted step with the
metal orbitals may contribute to the overall magnetic exchange
coupling.>* In the first approach, the localized CAS[2,2]SCF MOs of
the triplet state were used to evaluate the singlet—triplet energy dif-
ference at the DDCI-3 level. The aforementioned contributions arising
from the chemically relevant LOs described above are thus not taken
into account (see Scheme 2, left). Following a strategy that was

Scheme 2. Various DDCI Approaches Used to Assess the
Role of Hydrogen Bonds in the Singlet—Triplet Energy Gap

CAS[2,2]+DDCI-3 CAs[10,8]+DDCI-1

. A [

|G w4 4 (DS wsen
I I

AW, o |4 4.7

successfully applied in through H-bond spin-coupled Cu(II) centers,
a 10 electron/8 orbital active space was constructed and the singlet—
triplet energy gap was calculated at the CAS[10,8]+DDCI-1 level (see
Scheme 2). Along this scheme, the computation of the CAS[10,8]SCF
wave function from a localized CAS[2,2] guess favors a lone pair of the
H,0 ligand (referred to as CAS[10,8]"2°). This suggests that the pre-
sence of this lone pair in the active space brings more static correlation
than a lone pair from the phenoxy group. One may also notice that
there is a delocalization tail in the 6*_ orbital that already contains a
small contribution of a phenoxy group oxygen sp lone pair. Therefore, a
rotation restriction of the latter via the “supsym” keyword was imposed
to maintain the phenoxy group oxygen sp lone pair in the active space
(referred to as CAS[10,8]°). Subsequently, the DDCI-1 step was also
carried out using this set of orbitals and the J values were extracted.

All atoms were depicted with ANO-RCC type basis sets with the
follow1n§ contraction schemes: (21515p10d6f4g2h) /[Ss4p3d] for copper
atoms;> (14s9p4d3f2g)/[2s1p] for carbon;®” (14s9p4d3f2g)/[3s2pld]
for oxygen except for the oxygen belonging to the CHO group which
was kept with a valence only 2s1p contraction;*” Finally, a (8s4p3d1f)/
[2s1p] contraction was used for the H atoms involved in the hydrogen
bonds, whereas a minimal basis set (8s4p3d1f)/[1s] was used for the
other hydrogen atoms.*®

B RESULTS AND DISCUSSION

Description of the Structures. The reaction of an aque-
ous copper(Il) acetate solution with melted vanillin produces a
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mononuclear compound, namely cis-[Cu(van),(H,0),] (1)
(van = vanillinate; Scheme 1).*' The coprecipitation of the
complex trans-[Cu(van),(H,0),](H,0), (2)*° was prevented
by addition of one drop of acetic acid. Pure compound 2 could
be isolated when a warmed aqueous solution of copper acetate
was added to solid vanillin at room temperature. When the same
reaction is carried out carefully at room temperature (without
stirring!), trans-[Cu(van),(H,0),](H,0), (3),”° a polymorph®
of 2, is obtained (Scheme 1). Selected bond distances and angles
for these three compounds are listed in Table 1.

Table 1. Selected Bond Distances (A) and Angles (°) for

Compounds 1-3%41972!

1
Cu-Ol1A 2.151(1) O1A—Cu—-02A 79.31(3)
Cu-OIB 2.354(1) 02A—Cu—02W 92.87(3)
Cu—OIW 2.163(1) 02W—-Cu—02B 94.92(3)
Cu—02W 2.020(1) 02B—Cu—01A 93.00(3)
Cu—02A 1.920(1) O1B—Cu—O01W 168.43(3)
Cu—02B 1.914(1)
Cu---Cu 5.206(2)

2
Cu—-03 2.327(1) 03—Cu—04 76.43(5)
Cu—-04 1.938(1) 04—Cu—03a 103.57(5)
Cu—O1W 2.011(1)

O1IW-Cu—01Wa 180.00

Cu-Cu 4.904(2) A

3
Cu-01 2.327(1) 01-Cu-02 76.28(4)
Cu—-02 1.959(1) 02—Cu-Ola’ 103.72(4)
Cu—OIW 1.983(1)

OIW-Cu—O1Wa’ 180.00
Cu--Cu 6.543(2)

“Symmetry operations: a = —x, 1 —y, 1 —z;2 =2 —x, —y,2 — z.

cis-[Cu(van),(H,0),] (1). Compound 1 crystallizes in the
monoclinic space group P2,/c. The CuOg octahedral core is
formed by four oxygen atoms (O1A, O24, O1B, and O2B)
belonging to two vanillinate ligands and two cis-oriented water
molecules (oxygen atoms O1W and 02W).*! Each coordinated
water molecule interacts, through a hydrogen bond, with a
phenolato oxygen atom from an adjacent molecule of 1 (blue
dotted lines in Figure 1). As a result, each mononuclear unit is

01w

Figure 1. Hydrogen-bonding network (blue dotted lines) involving co-
ordinated vanillinate ligands (phenolato oxygen atoms O2A and O2B)
and water molecules (oxygen atoms O1W and O2W), generating a
zigzag-type supramolecular chain of 1 (O2W--02Aa = 2.713(1) and
02B--01 Wb = 2.767(1) A; Table 2). Symmetry operations: a = —x,
l=-yp1l=-zb=1-x1-y1-=z

connected to two neighbors by means of double H-bond
bridges (O1W—H2W1---O2Bb = 2.767(1) A on one side, and
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double O2W—H2W?2---02Aa = 2.713(1) A on the other one;
Table 2), which produces a zigzag-type supramolecular chain
(Figure 1), running along the crystallographic ¢ axis. In addition,
each one-dimensional (1-D) chain interacts with four adjacent
ones via four O,e—H"O,genyqe bonds (OTW—HIW1--O3Bc =
2.780(1) A and O2W—HI1W2--0O3Ad = 2.727(1) A; Figure 2
left), yielding a 3-D supramolecular framework (Figure 2 right).
The shortest intrachain Cu---Cua distance is 5.206(2) A (and
5.302(2) A for Cu---Cub), while the interchain one is 7.979(2) A.
Compound 1 may be considered as a hydrogen-bonded chain of
alternated Cu---Cua and Cu---Cub dimers.

trans-[Cu(van),(H,0),]1(H,0), (2). Compound 2 crystal-
lizes in the monoclinic space group P2,/c.*° As for compound
1, the CuOg octahedral core in 2 contains four vanillinate oxy-
gen atoms (O3, 04, O3a, and O4a; symmetry operation: a =
—x, 1 —y, 1 — z) from two ligands and two water molecules
(O1W and O1Wa).*® However, in contrast to 1, the water
molecules are trans-coordinated in 2. Again, these coordinated
water molecules are involved in hydrogen-bonding interactions
with phenolato oxygen acceptors from neighboring mononuclear
units (O1W—H11--O4c = 2.651(2); Table 2). The trans-orienta-
tion of the water ligands now gives rise to the formation of a
linear supramolecular chain running along the crystallographic
a axis, built from double H bonds (blue dotted lines in Figure 3).
Similarly to 1, the coordinated water molecules are hydrogen
bonded to adjacent aldehydic groups (O1W—H12--Ollg =
2.686(2) A; Table 2 and Figure 4 left), connecting the chains to
each other. In addition, the solid-state structure of this trans-
isomeric form of the coordination moiety [Cu(van),(H,0),]
exhibits lattice water molecules (oxygen atom O2W) that are
hydrogen bonded to each other (O2W—-H22--02 Wb =
2.813(3) A; Table 2) and to the coordinated water ligands
(O2W—H21--O1W = 2.971(2) A; Table 2 and Figure 4 left).
The resulting intricate H-bonding network produces a 3-D
supramolecular assembly, displaying zigzag water chains be-
tween the linear coordination polymers (Figures S1 (Support-
ing Information) and 4 right). Consequently, the shortest inter-
chain Cu-+-Cu distance of 9.479(2) A in 2 is significantly larger
compared to that of 1, whose chains are more closely packed
(see Figures 2 right and 4 right). The shortest intrachain
Cu---Cu separation distance is 4.904(2) A. It should be men-
tioned that once removed from the mother liquor, compound 2
loses its crystallinity, most likely as the result of the evapora-
tion of the two lattice water molecules, giving trans-[Cu(van),-
(H,0),] (2a).

trans-[Cu(van),(H,0),1(H,0), (3). Compound 3, an air-
stable polymorph of 2, crystallizes in the monoclinic space
group P2,/a.*"*® Hence, the CuOy octahedral core in 3 is very
similar to that of 2 (see metric parameters in Table 1), with two
trans-coordinated water molecules. Significant differences are
observed between 2 and 3 in their respective crystal packing,
which arise from distinct interactions (through hydrogen
bonds) between the CuOg4 coordination units. Contrary to
compound 2 (see OIW--O4c contact in Figure 3), in 3, the
coordinated water molecules (oxygen atom O1W; Figure S) are
not directly connected to an adjacent copper(Il) moiety through
2 Oyater—H*Ophenolato bond; actually, a lattice water molecule
(oxygen atom O2W; Figure S) is intercalated between two trans-
[Cu(van),(H,0),] complexes, whose involvement in H-
bonding interactions avoids their loss once the compound is
removed from the mother liquor (in contrast to compound 2;
see above). Therefore, the linear Cu-+-Cu supramolecular chain is
now generated by four hydrogen bonds (02--O2Wi = 2.805(2) A;

dx.doi.org/10.1021/ic202568y | Inorg. Chem. 2012, 51, 3094—3102
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Table 2. Hydrogen-Bonding Parameters for Compounds 1-3

a,19-21

1 (Figures 1 and 2)

O1Wb—H2W1b--O2B 2.767(1) O1Wb—H2W1b—02b 165(1)
02W—H2W2---02Aa 2.713(1) 02W—-H2W2—-02Aa 166(2)
O1W-HIW1--03Bc 2.780(1) O1W-HIW1-03Bc 175(1)
02W—-HI1W2--03Ad 2.727(1) 02W-HIW2—-03Ad 174(1)
2 (Figures 3 and 4)
OIW—H11---04c’ 2.651(2) OIW-H11-04¢ 179(4)
O2W-H21--01W 2.971(2) 02W-H21-01W 169(3)
O1W-HI12--Ollg 2.686(2) OIW-HI12-0l11g 174(3)
02W—H22---02Wb’ 2.813(3) 02W—-H22—-02Wb’ 149(6)
3 (Figures S and 6)
O1W-H11--02W 2.676(2) OIW-HI11-02W 170(2)
02W—H20---02i 2.805(2) 02W—-H20-02i 173(3)
O1W-H10---Og’ 2.730(2) O1W-H10-0g’ 176(3)
02W-H21---02j 3.007(2) O1W-H21-02j 171(2)

“Symmetry operations: a=—x,1 —y,1 —z;b=c=1—-x1-y1—-zb=1-x1—-y2—-2zc=x3/2—-y1/2+zd=x3/2—-y -1/2+z
g=—x,12+%32-zg=xy -1+zi==-12+x1/2-y,zj=-1+xyz

Figure 2. Crystal packing of 1 showing the hydrogen-bonding network (dark-blue dotted lines in the left picture; O3Bc-HIWI = 1.84(1) A,
03Ad-HIW2 = 1.77(1) A; Table 2) that links each zigzag supramolecular chain (one chain is depicted in blue in the right picture) to four adjacent ones,
producing a three-dimensional (3-D) architecture. Symmetry operations: ¢ = x, 3/2 —y, 1/2 + z; d = x,3/2 — y, =1/2 + z.

Figure 3. Hydrogen-bonding network (blue dotted lines) involving co-
ordinated vanillinate ligands (phenolato oxygen atom O4) and water
molecules (oxygen atom OIW), generating a linear supramolecular
chain of 2 (04---O1Wc = 2.651(2) A; Table 2). Symmetry operation: c,
1—=x1-y1-z

OIW--O2W = 2.676(2) A; Table 2). This additional water
H-bond increases notably the intrachain Cu---Cu separation dis-
tance that amounts to 7.226(2) A, while it is 4.904(2) A for 2
and 5.206(2) A for 1, for which the supramolecular associa-
tion of the [Cu(van),(H,0),] units is similar to that of 1 (see
Figures 1 and 3). As for 2, the coordinated (O1W) and lattice
(O2W) water molecules are involved in hydrogen-bonding inter-
actions (O1W--Og’ = 2.730(2) and A O2W---02j = 3.007(2) A;
Figure 6 left) with neighboring chains, generating a supramole-
cular 3-D framework (Figure 6 right), whose shortest interchain
Cu--Cu distance is 6.543(2) A.

3097

Magnetic Properties. As described above, the three
copper-vanillinate complexes exhibit significantly different pack-
ing features, which are obviously induced by water molecules
(cis—trans isomerism or polymorphism). Amazingly, the solid-
state structures of compounds 1—3, which contain very similar
[Cu(van),(H,0),] moieties, reveal distinct Cu---Cu contacts,
as is evidenced in Figure 7. The three different through-H-bond
exchange-coupling pathways will most likely lead to distinct
magnetic properties. We*s%
the study of magnetic interactions involving neutral water mole-
cules. Hence, the present copper-vanillinate-water system repre-
sents a very interesting case in this area of investigation. Therefore,
temperature-dependent magnetic susceptibility measurements have
been performed for the three compounds (Figure 8).

Compounds 1 and 2 exhibit similar paramagnetic behaviors
in the high-temperature region, with yT values at 300 K of
0.45 and 0.40 cm® K/mol, respectively. The corresponding effec-
tive magnetic moments g = 1.9 pp and 1.8 py were calculated
using the formula p.g/py = (87 T)"%** These values are in
agreement with that expected for an S = 1/2 Cu" ion. The yyT
products decrease with the temperature, while y; reaches a
maximum at about 10 K for both compounds. These features
clearly evidence the occurrence of antiferromagnetic inter-
actions in 1 and 2.

Considering the respective molecular structures of 1 and 2,
two models (i.e., respectively, for a dimer and for a chain) were

61—6 . .
and others® ™% have been involved in

dx.doi.org/10.1021/ic202568y | Inorg. Chem. 2012, 51, 3094—3102
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Figure 4. Crystal packing of 2 showing the hydrogen-bonding network (dark-blue dotted lines in the left picture; O1lg--H12 = 1.90(3) A and
O1W--H21 = 2.19(3) A; Table 2) that links each linear supramolecular chain (one chain is depicted in blue in the right picture) to six adjacent ones,
producing a 3-D architecture. Symmetry operations: c =1 —x, 1 —y 1 -z, g=—x 1/2+y 3/2 — z.

while the Bonner—Fisher model (eq 2) accounts for infinite
chains of § = 1/2 spins:

2.2
Nag“g 025 + 0.14995x + 0.30094x>

=1 —p)
M kgT 1.0 + 1.9862x + 0.68854x> + 6.0626x°
2 2
b plas Mg
4kgT (2)

In both equations, the second term represents paramagnetic

Figure 5. Hydrogen-bonding network (blue dotted lines) involving ) -~ ) ;
impurities and the factor p is the molar fraction of these

coordinated vanillinate ligands (phenolato oxygen atom O2) and

water molecules (oxygen atoms O1W and O2W), generating a linear paramagnetic moments, pp the Bohr magneton and kg the
supramolecular chain of 3 (O2i--O2W = 2.805(2) A; OIW--O2W = Boltzmann constant. Finally, in eq 2, x = [JI/T where the
2.676(2) A; Table 2). Symmetry operation: i = —1/2 + x, 1/2 — y, z. magnetic spin exchange interaction J (in kelvins) is negative for

antiferromagnetically coupled magnetic moments. For com-
pound 1, the best fit was obtained using the Bleaney—Bowers
magnetic susceptibility behavior. eq 1 with the exchange interaction ] = —4.3 K (=3.0 cm™'), g =

Hence, the Bleaney—Bowers eq 1 describes the susceptibility 2.2, and p = 1.1%; actually, the use of Bonner—Fischer equation
of dinuclear § = 1/2 units:** that is commonly applied for a chain did not lead to satisfactory
results. On the other hand, for compound 2, the best fit was

used to describe the corresponding temperature-dependent

y 1 (1-p 2Npg Z}IBZ NAg2sz achieved with the Bonner—Fisher model (eq 2), with the spin
M =7 - — i i = —S. —4, -1 =2. =
2 kTG + e 2J/kBT) 4kpT exchange interaction | . 5.7 K ( 49 em™'),g=2.1,and p
2.1%. In that case, fitting the data with the Bleaney—Bowers
(1) equation was not adequate.

Figure 6. Crystal packing of 3 showing the hydrogen-bonding network (blue dotted lines in the left picture; O2W--02j = 3.007(2) A and
O1W--Og’ = 2.730(2) A; Table 2) that links each linear supramolecular chain (one chain is depicted in blue in the right picture) to four adjacent
ones, producing a 3-D architecture. Symmetry operations: j = 1/2 + x, 1/2 — y,z; ¢ =%, 5, =1 + z.

3098 dx.doi.org/10.1021/ic202568y | Inorg. Chem. 2012, 51, 3094—3102
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Figure 7. Shortest intrachain metal—metal separation distances for the
(water) hydrogen-bonded dicopper(II) units in A)compound 1
(Cu--Cua =5.206(2) A), compound 2 (Cul--Culi = 4.904(2) A), and
compound 3 (Cu--Cul =6.543(2) A). Symmetry operations: a = —x,
l=yl-zc=1—-x1-y1—-zj=-1+xyz

4, (em*/mol)

0 20

Figure 8. y, versus T and y,T versus T plots (inset) for compounds
1-3, vy being the molar magnetic susceptibility. Full lines are the best
fits to the adequate model (see text).

The susceptibility yy; of compound 3 increases as the tem-
perature decreases from 300 to 2 K. The product yyT of 3
(inset in Figure 8) is temperature independent, therefore indi-
cating a paramagnetic behavior in all of the temperature range
investigated. The susceptibility was successfully described apply-
ing the Curie—Weiss law:

v = C/(T - 0) 3)
The best fit (full red line in Figure 8) was obtained with the
Curie constant C = 0.45 cm® K/mol and the negligible Curie—
Weiss temperature § = —0.2 K. From the Curie constant C, an
effective magnetic moment pg = 1.9 py per Cu(Il) ion was
calculated, which corresponds to the expected value for
noninteracting Cu(Il) ions (S = 1/2, g = 2.2).%*
Computational Studies. To further investigate the
magnetic properties of compounds 1—3, quantum chemical
calculations based on both DFT and CI methodologies (see
Computational Details) were performed on dinuclear units
extracted from the crystallographic data (Figure 9). Since
complex 1 presents two different intrachain Cu---Cu distances,

3099

two models, namely, 1a and 1b, were constructed on the basis
of the Cu---Cua (5.206 A) and Cu--Cub (5.302 A) distances, re-
spectively. With the presence of a single intramolecular Cu---Cu
distance, complex 2 was modeled only by one dinuclear unit
where the Cu(II) ions are separated by a distance of 4.904 A,
which is slightly shorter compared with that in 1. As mentioned
above, the crystal structures of the polymorphic compounds 2
and 3 exhibit significant differences. Indeed, two lattice water
molecules are intercalated between adjacent copper moieties in 3,
therefore enlarging the metal—metal distance (6.543 A in 3 and
4.904 A in 2). The influence of these water molecules on the
magnetic-exchange channels was thus investigated by keeping
(model 3w) or removing (model 3) them in the calculations.

First, DFT calculations were performed on all dinuclear models
(Figure 9) using various exchange-correlation functionals
to preclude any bias due to the choice of potential (see
Computational Details). With all the functionals applied, the
calculations well reproduce the noninteracting Cu(II) ions in 3
with insignificant computed ] values (Table 3). As expected, the
BP86 functional overestimates the antiferromagnetic behav-
jor in 1 and 2, whereas B3LYP and MO06 perform similarly, as
already stated in the literature.*”>> A good agreement between
the B3LYP (or MO06) calculated ] value and the experimental
data is obtained for complex 2. For complex 1, the computed
J values for models 1a and 1b are both slightly antiferromag-
netic and suggest that the main exchange pathway occurs
between the Cu and Cua ions (model 1a), ie., along the
shortest metal—metal distance. Moreover, these results support
the involvement of dinuclear S = 1/2 units as suggested by the
magnetic susceptibility plot obtained from the Bleaney—Bowers
equation (Figure 8).

To further investigate the role of hydrogen bonds (water
molecules) in the magnetic behaviors of all three materials,
CAS[2,2] calculations were performed on the same dinuclear
units (Figure 9). For all molecules, the small (or nil) magnetic
interaction originates from the weak overlap between the mag-
netic orbitals. As expected, these orbitals are the combinations
of Cu d-type orbitals with small delocalization on the equatorial
ligands. As an example, the magnetic orbitals of model 2 are
sketched in Figure 10 (see Figure S2 (Supporting Information)
for the magnetic orbitals of the other dinuclear units). At
the highest level of calculation, i.e,, CAS[2,2]+DDCI-3, the cal-
culated exchange-coupling constant is —2.2 cm ™' and —0.4 cm ™
for complexes 1a and 1b, respectively (Table 3). In agreement
with the DFT results (B3LYP or MO06), these data support a
dinuclear description of the magnetic properties of complex 1.
The CAS[2,2]+DDCI-3 ] value also supports the small anti-
ferromagnetic behavior of complex 2.

One may take advantage of orthogonal LOs that were con-
structed from the CASSCF orbitals (see Computational Details)
to assess the participation of hydrogen bonds in the magnetic
behavior of both complexes. Indeed, specific mechanisms can
be turned on along this strategy, and their relative impacts
on the exchange coupling constants can be evaluated. These
LOs allow for a chemically intuitive analysis of the relevant
mechanisms accompanying the singlet—triplet hierarchization.
Using these LOs, a first strategy consists of removing (freezing
occupied LOs and deleting vacant LOs) these orbitals in the
CAS[2,2]+DDCI-3 calculations (see Table 3). Whereas for
complex 2 the computed ] value remains the same with and
without the presence of H-bonding LOs in the calculation, the
situation is different for system 1, with about 50% difference
between both results. A second approach consists of enlarging
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Figure 9. Dinuclear models used in the DFT and WFT (CI) calculations.

I’}'}::H

3w

Table 3. Calculated Exchange Coupling Constant (J, in cm™") for the Dinuclear Models of Complexes 1—3, Using Various DFT

or CI Computational Strategies

la

DFT (BP86) -108

DFT (B3LYP) -26

DFT (MO6) -2.3
CAS[2,2]+DDCI-1 —0.4
CAS[2,2]+DDCI-3 -22 (-12)°
CAS[10,8]"2°4DDCI-1 +2.0
CAS[10,8]°+DDCI-1 +3.6

exp. -3.0

1b 2 3 (3w)”
-12 -12.5 +0.1 (0.0)°
-03 2.1 +0.1 (+0.1)*
—0.7 —24 +0.2 (+0.1)°
0.0 -03 0.0 (0.0)*
—0.4 (—0.2)" —3.7 (=3.7)° +2.1 (-0.2)Y
-76 +112
+14.9 +7.1
—4.0

“Exchange-coupling constants calculated with freezing the 65_y; bond and the lone pair on the opposite oxygen atom and deleting the 6%o_y; LO.
bExchange—coupling constants calculated with the hydrated model 3w (Figure 9).

the active space in order to include as much information as
possible from the hydrogen-bond backbone (CAS[10,8]).>*%°
Using the flexibility offered by the CASSCF procedure, we were
able to converge to various CAS[10,8]SCF solutions close
enough in energy, depending on the lone pair included in
the active space in addition to the Cu d-type orbitals, ¢ and o*
orbitals localized on the O—H bond (CAS[10,8]"%° vs CAS-
[10,8]°; see Figure 11). Whatever the nature of the lone pair, the
computed CAS[10,8]+DDCI-1 values significantly differ from
those obtained using the canonical CAS[2,2]+DDCI-3 approach,
again indicating the essential role that water molecules may
play in the magnetic-exchange mechanisms. In view of the
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interpretative limitations due to the small ] values, one may sug-
gest that the inclusion in the active space of the lone pair centered
on the phenoxy-type oxygen atom (CAS[10,8]°+DDCI-1)
favors ferromagnetic mechanisms for both models 1 and 2
(see Table 3), whereas the circumstances are not as clear when
the lone pair on the water ligand is included (CAS-
[10,8]"29+DDCI-1). The origin of such erratic behavior may
be explained by the different orientations of the water
molecules in structures 1 and 2. A correct description of the
entire mechanism may thus necessitate one to include the
whole set of water LOs in the active space. This would be
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Figure 10. Magnetic MOs resulting from the CAS[2,2]SCF cal-
culations performed on the triplet state of the dinuclear model 2. MOs
for the other dinuclear models are given in the Supporting Information.

o4

Figure 11. CAS[10,8]SCF triplet MOs of the dinuclear model 1a.
Only the orbitals of a, symmetry are shown.

the subject of further investigations that are out of the scope of
the present work.

For complex 3, the role of the lattice water molecules (see
Figure 7C) was inspected by calculating the exchange-coupling
constant with (model 3w) and without (model 3) these water
molecules. It is interesting to note that, without such extra
water molecules, a ferromagnetic behavior is expected from the
calculations, in contradiction with the experimental data. How-
ever, when the noncoordinated water molecules are taken into
account in the calculation, the experimental behavior is re-
covered with J(3w) = —0.2 cm™. This result strongly highlights
the importance of the cocrystallized water molecules for the
magnetic-exchange pathway.

B CONCLUSIONS

The combination of experimental and theoretical examina-
tions has provided some insights into the role played by water
molecules in exchange-coupled systems. From magnetic
susceptibility measurements, the exchange-coupling constants
are rather sensitive to the relative positions of the water
molecules with respect to the spin carriers. DFT and WFT
calculations have been performed to disentangle the effective
role played by the bridging molecules. Although the experi-
mental and theoretical results do not perfectly match, not only
the amplitude but also the nature of the interactions is deeply
modified by the selective insertion of some particular mech-
anisms in the calculations. Indeed, depending on the number of
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LOs (i.e., active space enlargement) or nature of the interacting
moiety (phenoxy vs water molecule lone pair) considered,
variations of ca. 22.5 cm™! are obtained, which reveal that the
contribution of the H-bonds in mediating exchange interactions
cannot be neglected. This thorough study clearly evidences the
particular (important) role of H-bond networks in spin-coupled
systems.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1 illustrating the crystal packing of 2 and Figure S2
illustrating the magnetic molecular orbitals of dinuclear models
1a, 1b, 3, and 3w. This material is available free of charge via
the Internet at http://pubs.acs.org.
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