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ABSTRACT: We report the crystal face indexing and
molecular spatial orientation, magnetic properties, electron
paramagnetic resonance (EPR) spectra, and density functional
theory (DFT) calculations of two previously reported
oxovanadium phosphates functionalized with Cu" complexes,
namely, [Cu(bipy)(VO,)(PO,)], (1) and [{Cu(phen)},-
(VO,(H,0),)(H,P0O4), (PO,)], (2), where bipy = 2,2’
bipyridine and phen = 1,10-phenanthroline, obtained by a new
synthetic route allowing the growth of single crystals
appropriate for the EPR measurements. Compounds 1 and 2
crystallize in the triclinic group P1 and in the orthorhombic
Pccn group, respectively, containing dinuclear copper units
connected by two —O—P—O— bridges in 1 and by a single
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—O—P—O- bridge in 2, further connected through —O—P—O—V—O— bridges. We emphasize in our work the structural
aspects related to the chemical paths that determine the magnetic properties. Magnetic susceptibility data indicate bulk
antiferromagnetism for both compounds, allowing to calculate ] = —43.0 cm™" (dc,_c, = 5.07 A; ] defined as H,,(i) = —J S;'S;),
considering dinuclear units for 1, and ] = —1.44 cm™ (d¢,_c, = 3.47 A) using the molecular field approximation for 2. The
single-crystal EPR study allows evaluation of the g matrices, which provide a better understanding of the electronic structure. The
absence of structure of the EPR spectra arising from the dinuclear character of the compounds allows estimation of weak
additional exchange couplings I]'l > 0.3 cm™" for 1 (dgy—_c, = 5.54 A) and a smaller value of IJ'l > 0.15 cm™" for 2 (d¢y_cy, = 6.59
A). DFT calculations allow evaluating two different exchange couplings for each compound, specifically, J = —36.60 cm™" (dc,_c,
=5.07A) and J' = 0.20 cm™ (dg,_c, =5.54 A) for 1 and J = —1.10 cm™* (dc,_c, =347 A) and J' = 0.01 cm™ (dc,_c, = 6.59 A)
for 2, this last value being in the range of the uncertainties of the calculations. Thus, these values are in good agreement with
those provided by magnetic and single-crystal EPR measurements.

B INTRODUCTION

Materials science focuses attention on the design and synthesis
of hybrid materials derived from oxometallic inorganic lattices
due to the possibility of varying their physicochemical
properties functionalizing with both coordination compounds
and/or organic molecules. Diamagnetic V'PO lattices can be
functionalized with paramagnetic coordination compounds
such as Cu" complexes, which also modify the dimensionality
of the matrix.'~® They offer possibilities to host the complexes,
and to provide pathways for superexchange couplings
conferring cooperative magnetic properties to the material.
Research in the field of hybrid compounds based on
phosphovanadium oxides concentrates on the following
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materials: (a) oxovanadium phosphate or phosphonate with
charge-compensating organic cations;’ '° (b) oxovanadium
phosphates with directly coordinated organic ligands,"' ™" (c)
oxovanadium phosphates with transition metal ion com-
plexes."®™*° The obtained compounds allow studying the role
of —O—P—0O— and —O—V—0O- bridges, and their combina-
tions, in supporting exchange interactions between Cu"
centers.”' ™%

A new synthetic route and structural, magnetic, and electron
paramagnetic resonance (EPR) studies of two VPO lattices
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functionalized with Cu" complexes [Cu(bipz)(VOz)(PO4)]n
(1) (reported previously by Shi et al.**) and [{Cu-
(phen)},(VO,(H,0),)(H,P04), (PO,)], (2) (reported pre-
viously by Cui et al.*®) are presented. Magnetic susceptibility
data describe the bulk magnetic behavior. Single-crystal EPR
spectroscopy applied for the first time to study VPO chains
allows detection of small exchange couplings in the presence of
larger couplings, and also the principal axes of the g-tensors of
the copper centers, that are correlated with the molecular
structure, thus allowing a better understanding of underlying
phenomena in these materials. Density functional theory
(DFT) calculations complete this characterization with a
theoretical analysis of the interactions.

B EXPERIMENTAL SECTION

Synthesis and Characterization. All chemicals were of reagent
grade and used without further purification. Reactions were performed
in 23 mL Teflon-lined stainless steel containers. After the reactions
finished, the reactors were removed from the oven and allowed to cool
to room temperature. Initially we used the methods reported by Shi et
al”* to prepare compound 1 and those of Cui et al.”® to prepare
compound 2; these failed to give suitable single crystals for EPR
measurements. Thus, we used modified synthetic methods described
below, obtaining larger single crystals of good quality as needed for
single-crystal EPR measurements.

[Cu(bipy)(VO,)(PO,)], (1). CuO (0.1935 g 243 mmol), 2,2-
bipyridine (0.0734 g 0.47 mmol), H;PO, (041 g 4.2 mmol),
NaVO; (0.0875 g, 0.72 mmol), and H,0 (10 mL, 555.56 mmol) in
5.2:1:8.9:1.5:1182 molar ratio were mixed in the reactor and heated
under autogenous pressure at 200 °C for 4 d. The initial pH value of
the reaction mixture was 1.3. After the reaction solution had cooled to
room temperature, the products were filtered off and dried at 40 °C.
Rectangular blue crystals corresponding to [Cu(bipy)(VO,)(PO,)],
displaying (010) growth faces and edges along [100] direction were
obtained and separated manually (yield: 30.4% based on V). In the
present work more acidic conditions were used than those reported by
Shi et al,** leading to crystals of adequate size for single-crystal EPR
measurements.

[{Cu(phen)},(VO,(H,0),)(H,PO4),(PO,)], (2). CuCl,-2H,0 (0.2866
g, 1.68 mmol), 1,10-phenanthroline (0.1533 g, 0.85 mmol), NaH,PO,
(1.200 g, 10 mmol), NaVOj; (0.1033 g,0.85 mmol), Zn (0.1055 g, 1.61
mmol), and H,0O (5§ mL, 277 mmol) in 1.9:1:11.8:1:1.9:326 molar
ratio were mixed in the reactor and heated under autogenous pressure
at 120 °C for 3 d. The initial pH value of the reaction mixture was 2.8.
Blue rod-shaped crystals of [{Cu(phen)},(VO,(H,0),)-
(H,P04),(PO,)], displaying largest (001) growth faces with edges
along the [100] direction were obtained together with other
byproducts, which were filtered off and dried at 40 °C; the crystals
were separated manually (yield: 9.6% based on V). Even though the
synthetic conditions used in the present work produced a lower yield
than that reported by Cui et al,” the differences in the nature of the
reagents and the used temperature permitted to obtain larger crystals,
which were adequate for single-crystal EPR measurements. Besides,
the presence of metallic zinc in the hydrothermal reaction to induce
crystallization was introduced, whose utility in the crystallization
process has been proven before.'”?® It is important to stress that
several experiments were performed to improve the quality of the
crystals, but no general method was found. For example, the use of
metallic zinc proved to be useful for 2 but not in the case of 1.

Experimental Techniques. Infrared spectra of pressed KBr
pellets were recorded on a PerkinElmer FT-IR spectrometer Spectrum
Two, in the 4000—400 cm™" region. Elemental analyses (C,H,N) were
performed on a CE Instruments, ED 1108 Elemental Analyzer.

Results for 1. IR, cm™": 1101(s), 1055 (s) bands are assigned to the
P—O stretching mode, band at 955 (m) is due to stretching vibrations
of the terminal V=0 group, while 885 (s), 852 (w) are assigned to
V—O0-V stretching vibrations. 721 (s); 503 (w), 494 (w) correspond
to stretching vibrations of V—O or V—O—P bonds; 1628 (m), 1608
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(m), 1425 (s) correspond to the 2,2-bipyridine ligand. Anal. Calcd for
C1oH:CuN,0OPV: C, 30.17; H, 2.01; N, 7.04%. Found: C, 29.7; H,
2.5; N, 6.0%.

Results for 2. IR, cm™: 1045(s), 1007 (m) bands are assigned to
P—O stretching, 964 (s), 943 (m) are assigned to V—O—V stretching
vibrations; 721 (w), S03 (w) correspond to stretching vibrations of V—
O or V=0O—P bonds; 1632 (m), 1520 (m), 1429 (s) correspond to the
organic ligand 1,10-phenanthroline. Anal. Calcd for
C,,H,,Cu,N,0,,P5V: C, 32.47; H, 1.81; N, 6.31%. Found: C, 31.5;
H, 22; N, 6.1%.

X-ray Diffraction Methods. The data were collected on a Bruker
Smart Apex diffractometer at 293 K, using separations of 0.3° between
frames, and 10 s by frame. Data integration was made using
SAINTPLUS.”” The structures of 1 and 2 were solved by direct
methods using XS in SHELXTL?® and completed (non-H atoms) by
Fourier difference synthesis. Refinement until convergence was
obtained using XL SHELXTL and SHELXL97.”’ All hydrogen
atoms were calculated in idealized positions on geometric basis and
refined with restrictions. Table 1 summarizes the methods used and
displays the main structural parameters obtained for compounds 1 and
2.

Table 1. Crystallographic Parameters for 1 and 2

1 2,
empiric formula CuC,(HgO¢N,PV Cu,C,,H,,0,(N,P;V
formula weight 397.64 895.42
temperature (K) 296(2) 298(2)
wavelength (A) 0.71073 0.71073
crystal system triclinic orthorhombic
space group PT (No. 2) Pcen (No. 56)
a (A) 5.5358(2) 10.0539(10)
b (A) 10.254(3) 12.762 (12)

c (A) 11.750(4) 22.749(2)

a (deg) 74.43(10) 90.00

B (deg) 79.87(10) 90.00

7 (deg) 85.71(2) 90.00

volume (A3) 635.27(4) 2919.0(5)

Z 2 4

density (calcd) 2.089 2.037

coeff absorption 2.576 2.012

F(000) 394 1800

goodness-of-fit on F* 1.096 1.035

final R indices (I > 26(I)) R1 = 0.0187 R1 = 0.0261
wR2 = 0.0567 wR2 = 0.0782

indices (all data) R1 = 0.0192 R1 = 0.0276
wR2 = 0.0565 wR2 = 0.0772

Magnetic Measurements. The magnetic susceptibilities of
powder samples of 1 (47.0 mg) and 2 (39.2 mg) were measured in
the temperature range of 2—300 K with a field of 100 mT, using a
Quantum Design SQUID magnetometer MPMS-XLS. All exper-
imental data were corrected for diamagnetism estimated from Pascal
constants and temperature-independent paramagnetism (TIP) (—1.2
X 10™* emu mol™! for 1 and —2.8 X 10™* emu mol™! for 2).*° The
used molecular weights to obtain the molar susceptibility were 795.28
for 1 and 447.71 for 2.

Electron Paramagnetic Resonance Techniques. Spectra of
single-crystal and powder samples of both compounds were collected
at ~33.9 and ~9.7 GHz (Q and X-bands, respectively) and room
temperature using a Bruker ESP-300 spectrometer, with standard
Bruker cavities operating with ~0.8 mT of 100 kHz magnetic field
modulation and a microwave power of ~20 mW. The magnetic field
B, = poH (i, is the permeability of the vacuum) at the position of the
sample was calibrated using a speck of diphenylpicrylhydrazyl (dpph, g
= 2.0036) as field marker. Powder samples were made by grinding
selected single crystals. For the single-crystal EPR studies the
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orientations of By in the crystal axes were attained by gluing the largest
growth face of a single crystal to cubic KBr single-crystal sample
holders obtained by cleavage, with a natural crystal edge along one side
of the cube, which defines an xyz set of orthogonal axes. Knowledge of
the growth habit of the crystals allows relating this “laboratory” xyz
system to the crystallographic axes. For the triclinic compound 1, x =
a, the [100] direction, y = b*= ¢ X a/lc X al (normal to the (010)
growth face), and z = ¢* = a X b*/la X b*|. The crystallographic data
in the triclinic system were transformed®"** to the set of orthogonal
axes xyz = ab*c* to correlate the EPR results to the crystal structure.
For the orthorhombic compound 2, x|[a, y||b, and z||c, and no
transformation is needed. The holders were positioned on a pedestal
inside the microwave cavity, and the orientation of the external
magnetic field By in the coordinate system of the holder was varied by
rotating the magnet. The spectra were recorded at S° orientation
intervals for the external magnetic field in a range from 0° to 180° in
the three xy, yz, and zx orthogonal planes. Positions and peak-to-peak
line widths (AB,) of the resonance lines were obtained by least-
squares fittings of a Lorentzian derivative line shape to the observed
spectra. The positions of the crystal axes in the three orthogonal planes
can be accurately defined when there is an axis of symmetry in these
planes, which should be reflected by the angular variations of the g-
factor and the line width. This task is less accurate in triclinic crystals
lacking an axis of symmetry. The values of g*(6,¢) and ABy(6,¢) for
any crystal direction at Q- and X-bands are very similar, the better
quality results being mostly at Q-band, described and discussed in this
work. The results at X-band do not add much information, and we add
a comment about this point. The EPR data were analyzed with
EasySpin,® a program package working under Matlab.**

Density Functional Theory Calculations. Spin-unrestricted
calculations under the DFT were done using the hybrid B3LYP
functional® and a triple-¢ all-electron basis set for all atoms.>® A guess
function, generated using Jaguar 5.5 code,®” and using a triple-¢ basis
set, was used for all atoms. Total-energy calculations were performed
with the Gaussian09 program,38 using the quadratic convergence
method with a convergence criterion of 1 X 1077 a.u. Mulliken spin
densities were obtained from the Gaussian09 single-point calculations.
Using the nonprojected energy of the broken-symmetry solution as the
energy of the low spin state within the DFT methodology gives good
results because it avoids the cancellation of the nondynamic
correlation effects, as stated in studies performed by Ruiz et al.*’
Thus, the J value is obtained using the nonprojected method proposed
by the same authors:*

Epg — Egs = —J(25,S, + S,) (1)

where S; and S, are the total spins of the two interacting paramagnetic
centers with §; > S,, using the Heisenberg Hamiltonian for 1 (eq 2a)
and 2 (eq 2b):

Hupyy = —J(S1:8, + 85:8,) = J'(81:S; + 85:8,) = J"(81:S,) = J"(S5°S;)
(2a)
For 1, J” = 0, due to the Cu2—Cu3 distance of 8.167 A.

Hypyy = —J(8;S, + 53'54) - ]/(52'53) (2b)

B RESULTS AND ANALYSIS

Structural Description. Selected distances and angles of
structures 1 and 2 are given in Tables 2 and 3, respectively. The
bond valence sum (BVS) for the vanadium atom is 5.02 for 1
considering tetrahedral geometry and 4.98 for 2 considering
octahedral sites. For the copper atom it is 1.90 for 1 and 2.03
for 2, considering in both cases square pyramidal geometry.*!
These values fit well with the oxidation states V' and Cu"
deduced from the observed crystal structures.

[Cu(bipy)(VO,)(PO,)], (1). Triclinic compound 1 consists of
{Cu(bipy)}** cationic units linked to a {(VO,)(PO,)},
skeleton in a one-dimensional (1D) array parallel to the
[100] direction with V¥V and PV atoms in tetrahedral
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Table 2. Selected Distances and Angles for

[Cu(bipy)(VO,)(PO,)], (1)

distances (A)
Cu—03 1.9207(12)
Cu—01 1.9180(13)
Cu—N1 1.9925(15)
Cu—N2 1.9969(16)
Cu—05 2.3510(14)
Cul--Cul’ 5.067(2)
Cul--Cul 5.536(2)

V1-04 1.8548(13)
V1-05 1.6265(13)
V1-02 1.8407(13)
V1-06 1.6124(14)

P1-03 1.5103(13)
P1-01 1.5046(14)
P1-02 1.5575(13)
P1-04 1.5636(13)

angles (deg)
03—Cul—01 93.94(5)
03—Cul—-N1 167.69(6)
01-Cul—N2 173.33(6)
N1-Cul—N2 80.98(7)
01-Cul—07 90.18(6)
03—Cul—N2 92.07(6)
N1-Cul—05 100.13(6)
N2—Cul—-05 91.13(5)

04-V1-05 109.91(6)
05-V1-02 111.61(7)
04-V1-06 106.83(7)
05-V1-06 107.98(7)
02-V1-06 107.10(7)

O1-P1-04 109.61(8
01-P1-02 108.04(7)
03-P1-02 109.11(7)
03—P1-01 114.37(8)
03-P1-04 110.83(7)

Table 3. Selected Distances and Angles for
[{Cu(phen)},(VO,(H,0),)(H,PO,)(PO,)], (2)

distances” (A)
Cu—05 1.9376(15)

Cu—06 1.9245(16)
Cu—N1 2.0110(2)

Cu—N2 2.0172(18)
Cu—O01 2.2436(15)

Cu-Cul' 6,591(2)
Cul'--Cul® 3.465(2)
V1-01 1.6371(15)
V1-01W 2.2897(17)
V1-02 1.9605(15)
P1-05 1.5102(15)
P1-02 1.5166(16)
P1-03 1.5424(15)
P1-04 1.5696(16)

P2-06 1.5332(16)
P2—07 1.5408(15)
P2—-06' 1.5336(2)
P2—07' 1.5408(15)

angles (deg)
05—Cul—N1 90.28(7)
06—Cul—N1 166.87(7)
01-Cul—N1 96.33(7)
01-Cul—06 95.69(6)
NI1-Cul—N2 81.35(7)
01-Cul—05 91.17(6)
06—Cul—05 94.74(7)
05—Cul—N2 170.03(7)

01-V1-02 101.16(7)
01W-V1-01 167.81(7)
02-V1-01W 78.17(6)
03-P1-01 110.04(10)
03-P1-02 110.30(9)
02—-P1-04 108.69(9)
03-P1-04 103.79(9)
05—P1-02 114.25(9)
01-P1-04 107.89(10)
06—P2—06 108.94(19)
06—P2—-07 109.16(8)
06-P2—07 107.41(8)
07-P2-07 113.15(14)
010—P2—-08 108.96(15)
P1—-O4—H4P 118.92(13)

“Symmetry codes: (i) —1/2 — x, —1/2 — y, z; (i) =1 + %, y, 2.

environments. The Cu" ions disglay a square pyramidal
coordination geometry (7 = 0.10),* defined by two nitrogen
atoms (N1 and N2) belonging to the 2,2"-bipyridine ligand,
two oxygen atoms (Ol and O3) from two different phosphate
groups, while the apical position is occupied by one oxygen
atom (OS) from a tetrahedral vanadate group (Table 2). Each
Cu" atom links three oxygen atoms from adjacent VO, and
PO, tetrahedra from one chain, and a PO, group from the
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neighboring chain, to form a double {(VO,)(PO,)}, 1D
structure (Figure 1). As a result of the formed double-stranded

Figure 1. View of the chain structure for [Cu(bipy)(VO,)(PO,)], 1
running along the a axis. Symmetry code (i) 2 — x, 1 — y, —z.

chains there are two crystallographically equivalent Cu' atoms
within a dinuclear unit (Cul---Cul® at 5.067 (3)A; (i) 2 — x, 1
— y, —z) related by an inversion center and bonded through
two equatorial—equatorial phosphate bridges Cu.,—O1-P1—
03—Cu,,, with a bond distance of 6.853 A and a bridge angle
O1-P1-03 of 114.37(8)°. These dinuclear units can be
considered as the rungs of the ladder defined by the double-
stranded chain. Another dinuclear unit bonded with a distance
of 5.536(3) A between Cul--Cul atoms and bridged by an
equatorial—axial phosphovanadate bridge (Cu,—OS—V1—
02-P1-03—Cu,, 10.806 A) is observed along the ¢ axis. In
the 1D structure the rings from adjacent 2,2'-bipyridine ligands
provide weak 7—7 intrachain interactions, ca. 3.5 A with a
slippage angle of 16.1° (Supporting Information, Figure S1).
Hydrogen atoms of the 2,2'-bipyridine ligand form nonbonded
contacts with two O atoms from one oxovanadium group of the
neighboring chain. This weak interaction occurs between atoms
C9--05' (3.331(3) A) and C8--06' (3.335(3) A), (i) x, y, z +
1.

[{Cu(phen)},(VO,(H,0),)(H,P0,), (PO,)], (2). Orthorhombic
compound 2 displays a 1D structure described by {Cu-
(phen)}** units linked by PO, groups, forming dinuclear units.
These units are further connected by {VO,(H,0),(H,PO,),}
bridges, giving rise to chains parallel to the [100] direction
(Figure 2) with the vanadium atom in (VOg4) octahedral
environment. The expanded chain allows defining two

Figure 2. View of structure for [{Cu(phen)},(VO,(H,0),)(H,PO,)-
(PO,)], 2 running along the a axis. Symmetry codes (i) —1/2 — x, 1/2
-y 2 (ii) =1 + %, y, z. Cgl: N1 C8 C9 C11 C12 C10.

3808

dinuclear Cu--Cu distances with different bridges. The
intradinuclear distance between {Cu(phen)}*" entities is
3.465(3) A (CulCul’; (i) —=1/2 — x, 1/2 — y, z, (i) —1 +
%, y, z) and the equatorial—equatorial chemical paths are
provided by a PO, bridge (Cul'-O6—P2—06—Cul", with a
total ¢ bond distance of 6.922 A). The apical—apical bridges
between Cul--Cul' at 6.591(3) A, Cul-01-V1-O1—Cul’
have a total distance of 7.762 A and contain three diamagnetic
atoms. 1,10-Phenanthroline ligands are located on one side of
the 1D structure, and the rings belonging to adjacent 1,10-
phenanthroline ligands are at ca. 3.5 A generating 7—x stacking
interactions, with a slippage angle of 20.0° (Supporting
Information, Figure S2). Hydrogen atoms of the H,PO, groups
and oxygen atoms of VO,(H,0), groups from the neighboring
chain are forming hydrogen bonds. This interaction allows the
structural stabilization of the chains along the axis of growth.
The hydrogen bonds are O1W---04" (2.896(3) A; (i) —x, y —
1/2,1/2 - 2).

Magnetic Properties. Figure 3a,b displays the T depend-
ence of the yT (a) and y(T) (b) corresponding to 1 mol of

0.8} (a1l N g
S06t ]
z 0.6
v / < 0.006}
E 0.4 E 0.004} i
k:
&>'<O.2 = 0002} |

0.000 R
0.0l . 050 100 150 200 250 300 |
0 50 100 150 200 _ 250 300

Temperature [K]

Figure 3. Temperature dependence of yT (a) and y(T) (b) for 1.
Circles (O) represent the experimental results, and the red lines
correspond to the fit with the Bleaney—Bowers equation as described
in the text.

dinuclear units per formula of 1. At 300 K, yT = 0.80 emu-
mol ™" K indicating a g value of 2.09 and effective magnetic
moment per Cu of 1.80 ug. The T curve (a) decreases sharply
at low temperatures, indicating dominant antiferromagnetic
(AF) interactions; y(T) (b) displays a maximum value at 27.2
K, as is usually obtained for dinuclear compounds.*

Figure 4a,b displays yT(T) (a) and the inverse susceptibility
2 '(T) (b) for one mol of Cu of 2. At room temperature yT =
0.46 emu-mol ™' K, consistent with one Cu" center per formula
having g = 2.12 and an effective magnetic moment of 1.92 y3.
As observed for 1 the yT curve indicates predominant AF
interactions for 2. No maximum in the studied temperature
range is observed in the y(T) curve for compound 2 (not
shown) above 2 K.

Powder Electron Paramagnetic Resonance Spectra of
1 and 2. Figure Sab displays powder EPR spectra (dy”/dB,)
at Q-band for 1 and 2, respectively, observed at room
temperature. They are typical of S = 1/2 Cu" ions in square
planar or square pyramidal coordinations, with no fine
(dinuclear) or hyperfine splitting. The principal values of the
anisotropic g-matrices g; = g, = g1 = 2.057(3), g = gl =
2.262(3) for 1 and g = 2.071(2), g, = 2.072(3), and g =

DOI: 10.1021/ic503045d
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Figure 4. Temperature dependence of yT (a), and y '(T) for 2.
Circles (O) represent the experimental results, and the red lines
correspond to the fit with Curie—Weiss equation as described in the
text.

5
=,
m@
=
=
k)
v=33.8 GHz exp
c=1.0% voo--- fit
1 L 1 L 1 2
(b) 2
=
=,
m@
=
=
ie)
v=34.2 GHz
c=07% )
1000 1100 1200 1300

Magnetic Field B, [mT]

Figure 5. EPR spectrum of powder samples of (a) 1 and (b) 2,
obtained at Q-band and room temperature. Solid and dashed lines are,
respectively, the experimental results and the simulation obtained
using the parameters given in the text. ¢ is the rms deviation of the
simulation from the data (see text).

2.258(3) for 2 were calculated from these spectra using
EasySpin.®> The spectra calculated with these parameters,
shown as dashed lines in Figure Sa,b, are in good agreement
with the experimental results, displaying root-mean-square
(rms) deviations & = [(1/NP)Z,-(SeXPy,- - Ssimy,-)z]l/2 = 1.2% and
0.7% for 1 and 2, respectively, where S indicates the
experimental and simulated signal amplitudes, and the sum
runs over the N, points j of the spectra.

Single-Crystal Electron Paramagnetic Resonance
Spectra. A single resonance line without hyperfine splitting
was observed for all orientations of By in the three orthogonal
planes of compounds 1 and 2. Their squared g factors in the
three studied planes (Figure 6ab) were calculated from
positions obtained, proposing Lorentzian line shapes, as
expected for exchange-narrowed resonances and observed in
the data.

The spectra observed for a dinuclear unit with copper atoms
A and B coupled by an isotropic AF exchange and by

@1 . 5 v=337GHz

0 30 60 90 120 150 180

Figure 6. Experimental values of the g* factor at Q-band and room
temperature for B, applied in the three orthogonal laboratory planes
xy, zx, and zy of compounds 1 (a) and 2 (b). Symbols are the
experimental values. The solid lines were obtained with the
components of g* given in Table 4, obtained from global fits of eq 4
to the data in the three planes.

anisotropic interactions (sum of anisotropic exchange plus
dipole—dipole couplings) should obey the spin Hamiltonian:**

Hs = ﬂB(SA'gA'Bo + SB'gA'Bo) = JS4Sg + S4D-Sg (3)

where iy is the Bohr magneton, S, and Sg are effective spin 1/2
operators, and g, and gg are the molecular g-matrices, equal for
copper sites related by an inversion operation in 1, and related
by a C, operation in 2.

The AF exchange coupling term —JS,-Sp splits the levels in a
ground singlet and an excited triplet with energy ], where two
allowed EPR transitions, AMg = + 1 <> 0, occur. The D term of
eq 3 considers anisotropic exchange and dipolar interactions
giving rise to an angular dependent splitting of these lines that
should be observed if IDI/guy is larger than the EPR line width.
The two principal values of the traceless D matrix, D and E,
could be determined from the angular variation of this splitting
in single crystal samples. Since the observed spectra do not
show such dinuclear splitting, either IDI is negligible, or the
coupling IJ'l between neighboring dinuclear units is larger than
IDI, and a single collapsed resonance is observed for the two
copper spins (see later).*™* The observed single-line EPR
results was interpreted proposing a crystal g matrix, average of
the molecular g matrices of the two copper sites, equal for 1,
and related by a C, rotation in 2. Least squares fitting of the
function:

gz(e, @) = (gz)xX sin® 0 cos® ¢ + (gz)yy sin” @ sin” ¢
+ (g%),, cos” 0 + Z(gz)xy sin® @ sin ¢ cos ¢
+ 2(g2)XZ sin @ cos 6 cos ¢

+ 2(g2)yz sin @ cos O sin ¢ (4)
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Table 4. Components of the Crystal g* Matrix for Compounds 1 and 2

compound 1

v 33.6 GHz

(&) 4.4082(5)

&)y 4.6066(5)

(&) 4.6543(4)

(&) 0.2536(6)

(@) —0.2774(6)

(@) ~0.3898(6)

(@) 4.2278(6)

&) 42419(7)

@) 5.1994(7)

a [0.84(3), —0.01(1), 0.54(2)]
a, [0.33(1), —0.786(4), —0.52(2)]
a, [0.429(3), 0.617(3), —0.660(3)]
crystallographic axial directions ey = [0.514, 0.579, —0.633]
S 2.2833(4)

a 2.0561(7)

a

compound 2

33.9 GHz
5.1654(8)

4.2751(8)

4.296(1)

0.005(1)

0.007(1)

0.001(1)

4.2750(8)

4.2961(10)

5.1655(8)

[0.008(1), 0.06(5), —0.998(5)]
[0.006(1), —0.998(5), —0.06(5)]

[0.999 95(1), 0.006(1), 0.008(1)]

[0.955, +0.278, F0.107] (n) [0.955, 0, 0]
2.278(2)

2.067(2)

“Obtained by least-squares fits of the function g*(6,¢)) to the experimental data taken on single crystals at Q-band, displayed in Figure 6. (g*),, (g"),
(¢%); and ay, a,, a, are the eigenvalues and eigenvectors of the g’-matrix in the ab*c* and in the abc coordinates systems, respectively.

to the experimental values of g*(6,¢) in Figure 6a,b, provide
the elements of the g2 matrices given in Table 4, together with
their eigenvalues and eigenvectors. The result of this global fit
of eq 4 to the data in the three studied planes, indicated as solid
lines in Figure 6a,b, are in good agreement with the data, and
provide accuracy matrix elements, eigenvalues and eigenvectors
of the g-matrices.

The eigenvector a; for 1, shown in Figure 6a and
corresponding to g; (or g;), lies at (S + 1)° with the normal
fc, to the copper equatorial planes defined by the ligands N2,
N1, O1, and O3 atoms in the dinuclear unit, reflects copper
ions located in approximate axial symmetry.>® For 2 the g*
matrix (Table S) is diagonal in the xyz = abc axes, as required
by the orthorhombic crystal symmetry, and nearly axially
symmetric with g; ~ 2.278 along the chains (a axis, Figure 7b).
According to the structural data for 2, the vectors n, and ng
normal to the planes of the ligands to two copper neighbors A
and B along one chain, (Cul and Cul’, Figure 7b), are related
by a C,, operation around the axis of the chain, with an angle
2a = 12.9° between them, in good agreement with the EPR
result of 2a = 17.5°, obtained using established procedures.*"**
In both cases the eigenvalues of the g matrices reflect the axial
symmetry already shown by the EPR spectra of the powder
samples, the consequence of a ground state of By,
corresponding to a single electronic occupation of orbital
d(x>=y?) of the 3d’ configuration of the copper ions,” as
expected for an approximate square pyramidal coordination. All
results show that g is larger than g, the eigenvector aj lies in
the direction of the d(z*) orbital, and is normal to the plane of
the maximum of the probability amplitude of the d(x*—y?)
magnetic orbital, in the basal plane (see Figure 7). The
differences between widths observed at Q and X bands are less
than 10%, indicating that residual Zeeman interactions do not
contribute to the EPR broadening.>

B DISCUSSION

Magnetic Behavior. As shown in Figure 1 and Scheme 1,
two bridges connecting the Cul-+Cul' nearest neighbors (at
5.07 A) are observed for [Cu(bipy)(VO,)(PO,)], (1). In the
first bridge, the 1,3-PO, groups, in a syn—anti coordination
mode, are involved in the exchange through three atom
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equatorial—equatorial —O—P—O— bridges (6.85 A). The
second bridge involves the equatorial—axial paths containing
five diamagnetic atoms and condensed vanadium phosphate
bridges —O—V—O—-P—0O— (1091 A), and should not be
considered as an effective exchange pathway. A bridge —O—P—
O—V—0- is responsible for the expansion of the “building
block”, and thus the generation of the chain. The second
exchange pathway is between Cul and the next neighboring
Cul in the chain (Figure 1, Scheme 1).

Since the exchange interaction parameter | decreases with an
increasing number of ¢ bonds in the path, it becomes evident
that in the description of the bulk magnetic behavior the
phosphate bridge is most important, and the experimental
magnetic susceptibility data were successfully analyzed
considering dinuclear units with the Hamiltonian of eq §,
using the Bleaney—Bowers equation:*>>*

2N 2 2
22 134 exp(—1/k D]

2(T) = T

©)

where N is Avogadro’s number, i is the Bohr magneton, and
kg is the Boltzmann constant. Using g = 2.130 + 0.005, | =
—43.0 + 0.5 cm™" gives the best fit of the data for ¥T in the
temperature range from 2 to 300 K, with R = Z[O(M)exp -
O et 2L () exp)” = 6.12 X 107, and the calculated curve
is shown in Figure 3a. The negative value of | indicates AF
exchange coupling, already shown by the decrease of y at low T
(inset, Figure 3b). This value can be compared to J = —8 cm ™"
reported for [Cu,(phen),(H,0),(H,P0,),](NO;),-2H,0],"
where the two metal centers also have a square pyramidal
geometry bridged by two syn—anti phosphate groups with Cu---
Cu distance of 5.01 A, comparable to 5.07 A for compound 1.
In both cases the PO, groups form a chairlike arrangement.
Considering the definition for the dihedral angle given in ref 13
(defined by the plane of the equatorial ligands to copper and by
the plane of the four oxygen atoms of the bridging phosphate
groups), 160.8° is calculated for this angle in 1. Thus,
compound 1 is less distorted than [Cu,(phen),(H,0),-
(H,PO,),](NO;),-2H,0], (150.8°) and a larger exchange
coupling occurs due to a larger overlap between the orbitals
responsible for the exchange phenomenon.
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Table S. Comparison of the Magnetic Parameters of 1 and 2 with those for Related Compounds®

compound

(D) [Cu(bipy)(VO,)(PO,)], (1)

(I? [{Cu(phen)},(VO,(H,0),)(H,P04),

Dl

(1) [Cuz(bipy)2V4011(PO4)2] S H,0

v)
[Cus(phen)s(VO,)4(PO,)s(VO,HO);]
(V) [Cu(HINT)(VO,)(PO,)]

(VI) [Cuy(phen),(H,0),(H,P04),]
(NO3), 2 (H,0)

(VII) [Cuy(bipy),(V,40,)(PO4),(HPO,)
(H2P207)]n n(H;_O)

(Vi) [Cu, (biPY)z(Voz)z(P04) 20

(1X) [Cuy(bipy), (7" HPO,) ('
H2P04)(ﬂ:’7 'H2P04)]n

(X) [Cuy(phen),(u3,7>-HPO,), (s,
H,PO,),(H,P0,),](H,0),

(X1) [Cu(phen)(u*-HPO,)(H,0),],

deu-ca

5.07

5.54

3.46

6.59

3.19

4.10

5.38

S.01

3.26

S.01

4.48

S.10

5.28

3.32
3.16

S5.06

4.78

7.02

bridge
—0—-P-0- (1,3-PO,, syn—syn)

-0-V-0-P-O-

—0-P-0- (1,3-PO,, syn—syn)

—0-V-0- (1,3-VO,,syn—anti)

-0- (1,1-PO,); —O—P-0O- (1,3-PO,, syn—syn); —0—(1,1-VO,)

—0-P-0—(1,3-PO,, syn—anti); —O—P—0—(1,3-PO,, syn—anti)

—-0-P-0- (1,3-PO,, syn—anti); -0-P-0- (1,3-PO,, syn—anti)

—-0-P-0- (1,3-PO,, syn—anti); —-0-P-0- (1,3-PO,, syn—anti)

—0- (1,1-PO,); —O— (1,1-PO,)

—0- (1,1-PQ,); —O— (1,1-VO;)—O—C—O— (HINT, syn—syn)

—0-P-0- (1,3-PO,, syn—anti); —O—P—O— (1,3-PO,, syn—anti)

—0-P-0- (1,3-PO,, syn—syn); —O—P—0— (1,3-PO,, syn—syn);
—0-V-0- (1,3-VO,, syn—syn)

—0-P-0- (1,3-PO,, anti—anti); —O—P—O— (1,3-PO,, anti—
anti)

—0-P-0- (1,3-PO,, syn—anti)

—0-P-0- (1,3-PO,, syn—syn); —O— (1,1-PO,)
—0- (1,1-PO,); —O— (1,1-PO,)

—-0-P-0- (1,3-PO,, syn—syn); —0-P-0- (1,3-PO,, anti—anti)
—0—-P-0- (1,3-PO,, syn—anti)

—0-P-0- (1,3-PO,, anti—anti)

coordination
form

€q—eq

eq—ax

eq—eq

eq—ax; eq—eq;
eq—ax
eq—eq; eq—ax
eq—ax; eq—ax
€q—eq; eq—eq
eq—ax; ax—eq
eq—eq; ax—ax;
€q—eq
€q—eq; eq—eq
eq—eq; eq—eq;
ax—ax
eq—eq; eq—eq

ax—eq

eq—eq; eq—ax

eq—ax; eq—ax

€q—eq; eq—eq

eq—ax

ax—ax

]b ref
—43.0 this
(exp) work
—36.6
(DFT)
-0.20
(DFT)
—144
(exp)
—1.1
(DFT)
—-0.01
DET)
+3.29 17
(DFT)
—0.63
(DFT)
—-2.23
(DFT)
—46.14
(DFT)
—3.5 (exp) 21

+36.0 15
(exp)
—8.0 (exp) 13

-28.8
(exp)
-29.0
(exp)
+0.14 63
(exp)
—5.3 (exp)
+0.12
(exp)
132
(exp)
+ 0.1
(exp)
—5.86 62
(exp)

“Obtained from magnetic susceptibilities data and DFT calculations. dg,_c, distances and J are given in A and cm™, respectively. bexp: J value
obtained from the fit of the experimental data; DFT: ] value calculated using density functional theory.

Figure 7. Molecular structure and principal directions of the g-tensors
for the Cu sites in (a) 1 and (b) 2 obtained at Q-band. At the center of
(b) ay, a,, and a; are the eigenvectors corresponding to the eigenvalues

la

g1 & and g; of the crystalline g-matrix in Table 4, coincident with the

abe crystalline axes. The directions a; and a, of 2 are not along the
Cu—X bonds in the equatorial planes; angles CuN2—a, = 111.4°, and

CuN2—a, = 25.2°.

crystallographic position.

Scheme 1. Exchange Pathways in the Four-Center Model for

“Cu2 is Cul' as the crystallographic position, and Cu3 is Cul as the

[{Cu(phen)},(VO,(H,0),)(H,PO4), (PO,)], (2). The distances
between neighboring copper atoms in 2 (Figure 2, Scheme 2)
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Scheme 2. Exchange Pathways in the Four-Center Model for

are 3.46 and 6.59 A. However, while the structure of 1 displays
dinuclear copper units perpendicular to the expansion of the
chain, the structure of 2 displays the dinuclear moieties
arranged along the chain expansion, with alternating double and
single bridges. The shortest distance (3.46 A), mediated by the
single 1,3-PO, bridge, should mediate the stronger exchange
interaction. For the second distance (6.59 A) a VO, bridge
exchange pathway involving several sigma bonds must be
considered (Figure 2, Scheme 2).

If this second superexchange pathway is taken into account
together with the first one, in principle an alternating chain
model could be used as a model to fit the susceptibility data,
with coupling constants ] and ]’ for the exchange within and
between dinuclear units.>> However, fits using the calculations
of Duffy and Barr™ for alternate chains, together with the
approximate expressions given by Hall et al.>® and Hatfield,””
gave inaccurate results. Since the model of Dufly requires the
following condition kT, /IJl > @, and a T, was not observed,
a good fit could not be expected. Thus, the magnetic data of 2
were fitted with a simple Curie—Weiss equation:*

_c
(T -0) (6)

A good fit of y7'(T) to the data gives C = Ng’u*S(S + 1)/
3k = 4.3 + 0.1 emu mol™ K for the Curie constant and © =
ZJS(S + 1)/3ky = —1.04 + 0.01 K for the Curie—Weiss
temperature) Wlth R z[()(M_l)exp _(%M_l)calc]z/
Z[()(M_l)exp]z = 2 X 107°. Figure 4ab, containing the yT
versus T data, y~* versus T data, and fits with eq 6, are typical of
an AF system. Considering S =1/2,z=2,and g=2.2 + 0.1, we
obtained ] = —1.44 + 0.01 cm™". This small value, together with
the lack of a maximum in the y(T) curve above 2 K, are
indicative of the extremely weak AF interactions in 2.

The equatorial—axial —O—V—0O—P—O-— exchange pathways
in 1 and 2 and the axial—axial —-O—V—O— pathway in 2 are
less efficient for the exchange phenomena. Additionally, if the
lengths of the diamagnetic paths are considered, a decrease of
the magnetic exchange should be expected. The phosphate
(—O—P—0-) bridges are the most efficient to support AF
exchange couplings in both compounds, and the difference
between the fitted exchange coupling parameters could be
explained by the local coordination and the paths connecting
the Cu ions in each compound. In 1 the d(x*—y*) orbitals of
the Cu and Cu' ions are in the same plane, and the Cu—P—Cu
angle is 108.1° (Figure 1). These contribute to a more effective
mixing of the d-orbitals of the copper ions through two —O—
P—O- bridges. In contrast, in 2 the d(x*—y?) orbitals of each
copper atom lie in parallel planes, with a Cu—P—Cu angle of

2(T) =
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65.2°. These facts together with the presence of only one —O—
P—O— bridge decreases the magnitude of the exchange
phenomenon (Figure 2).

Electron Paramagnetic Resonance Results. The
absence of a splitting of the EPR peaks indicates that the
exchange interactions between dinuclear units are large enough
to collapse the structures, due to the dinuclear (D) fine
structure term.*>***® The exchange interactions also collapse
the hyperfine interactions with the nuclei of the copper ions (I
= 3/2), the nitrogen ligands (I = 1), and also the resonance
lines corresponding to the rotated copper ions in the case of
compound 2, giving rise to the single peak of the spectra.

Assuming an isotropic g-factor, the dipole—dipole (D, in
the point dipole approximation) and the anisotropic exchange

(Dexen) contributing to D aret¥59-61
3¢%u.*
Dyl v —2B
o )
A 2
lDexchl ~ (_g] |]|
’ (8)

More accurate expressions for Dg;, and D,,, would not be of
much help for our purpose,44 and according to structural and
magnetic results, IDg| and ID,| are 0.023 and 0.27 cm™ for 1
and ~0.073 and 0.027 cm™" for 2. In the case of compound 1,
the observed collapse of the EPR peaks and the values
estimated for the dipolar and anisotropic exchange contribu-
tions to D, allow to estimate IJ'l > 0.3 cm™", supported by the
already discussed —O—V—O—P—O- interdinuclear bridges.
This value is ~1% of the dinuclear interaction and therefore
very difficult to detect from the magnetic susceptibility data. In
the case of compound 2, a smaller interaction IJ'l is needed to
collapse the dinuclear structure. Thus, the EPR results help to
estimate the magnitudes of the smaller exchange couplings.

Density Functional Theory Calculations. For compound
1 a fragment of the 1D structure, composed of four copper
centers, was used as model (Scheme 1). This fragment contains
four possible exchange pathways with Cu—Cu distances of
Cul—Cu2 5.067 A, Cul—Cu3 5.536 A, Cul—Cu4 6.778 A, and
Cu2—Cu3 8.167 A (Scheme 1). The last distance was not
considered in the calculations; therefore, only three ] values
were estimated. To isolate each pathway, simultaneous
diamagnetic substitution of two Cu" centers by two Zn" ions
was used. For example, to evaluate ], Cu3 and Cu4 were
substituted by diamagnetic cations, leading to the calculation of
the ferromagnetic and the broken-symmetry configurations.

For compound 2 only two different exchange pathways can
be defined in the structure with Cu—Cu distances of Cul—Cu2
and Cu3—Cu4 = 3.465 A and Cu2—Cu3 = 6.591 A (Scheme 2).
In the second model, the used fragment considered four copper
centers, and the diamagnetic substitution method was also
employed. The results of DFT calculations were | = —36.60
em ™, J'=020cm ™}, and J” % 0 cm™ for 1 and J = —1.10 cm™!
and J' = 0.01 cm™" for 2, both ]’ values being lower than 10% of
the main exchange coupling. The information about complexes
1 and 2 obtained from susceptibility measurements and DFT
calculations are summarized in Table 5 and compared with
some related complexes.'>'>'”?»*% The high coordination
plasticity observed for 1,3-phosphate (1,3-PO,), together with
the scarce magnetic studies in the literature involving these
systems, does not permit to obtain clearer magnetostructural
correlations. A common problem in the related literature is that
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one, two, and three bridges are found between the spin carriers.
This fact would lead to complementary or counter-comple-
mentary effects,* in the corresponding superexchange
phenomena. For example, exchange pathways with only one
1,3-PO, bridge, in a syn—anti coordination mode and bonding
the copper(Il) centers in an axial—equatorial mode, leads to a
weak ferromagnetic exchange as is observed in compounds IX
and X in Table 5. However, when two 1,3-PO, bridges in a
syn—anti coordination mode, both bonding the Cu" centers in
an equatorial—equatorial fashion, give rise to an AF exchange
interaction, as observed in compounds III and VI in Table S.
Moreover for the same compound III where two 1,3-PO,
bridges, in which the syn—anti conformation is maintained but
the bonding becomes equatorial—axial, the AF phenomena
becomes weaker. Finally, when three bridges are present, the
counter-complementary effect avoids clear magnetostructural
correlations.

B CONCLUSIONS

New procedures of solvothermal synthesis are successfully
exploited to prepare suitable single crystals for EPR measure-
ments of two 1D Cu" oxovanadium phosphates 1 and 2. The fit
of the susceptibility data allow calculating, with the used
analytical models, only the strongest interactions | = —43.0 +
0.5 cm™ for 1 and | = —1.44 + 0.01 cm™ for 2. Smaller
couplings collapse the dinuclear structure of the EPR spectra
and lower limits |J'l > 0.3 cm™! for 1 and lJ'l > 0.15 cm~! for 2
can be estimated. DFT calculations allowed to calculate two
different J values for each compound (J = —36.60 cm™ and J' =
0.20 cm™ for 1, and J = —1.10 cm™" and J' = 0.01 cm™" for 2).
For compound 2 the second interaction defined by J' is small,
being in the range of the uncertainties of the calculations. Thus,
DEFT results are in good agreement with magnetic and EPR
results, providing in addition the signs of the small exchange
couplings J', which are not accessible from EPR.

B ASSOCIATED CONTENT

© Supporting Information

Tlustration of z—7x intrachain interaction, illustration of 7—rx
stacking interactions, and crystallographic data of 1 and 2 in
CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org. The Cambridge refcodes of
compounds 1 and 2 are XIWSIF** and XACTAX,>
respectively.
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