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ABSTRACT: A series of new hybrid multilayers has been synthesized by A~ A~ A

insertion-grafting of transition metal (Cu", Co", Ni', and Zn") -Y v -‘ . .Y .
tetrasulfonato phthalocyanines between layers of Cu' and Co" simple o %

eSS QO T s
hydroxides. The structural and spectroscopic investigations confirm the W Y
formation of new layered hybrid materials in which the phthalocyanines act Wl % W
as pillars between the inorganic layers. The magnetic investigations show A ‘ . D {
. -

that all copper hydroxide-based compounds behave similarly, presentingan A~ A A
overall antiferromagnetic behavior with no ordering down to 1.8 K. On the N VN v
contrary, the cobalt hydroxide-based compounds present a ferrimagnetic
ordering around 6 K, regardless of the nature of the metal phthalocyanine
between the inorganic layers. The latter observation points to strictly dipolar interactions between the inorganic layers. The
amplitude of the dipolar field has been evaluated from X-band and Q-band EPR spectroscopy investigation (B, ~ 30 mT).

B INTRODUCTION hydroxides (LSH), with general formulation
M,(OH),,_,,(X""), (M(II) = Co, Cu, Ni, Mn, and X"~ =

Hybrid organic—inorganic materials can be described as made 57 8
carboxylate, sulfate, or sulfonate anion). The X"~ anion

of two subnetworks, one inorganic and one organic, intimately

connected together. They constitute a class of materials of located in the interlayer space may be substituted by a large

considerable interest.' > The controlled assembly of the two variety of molecules via anionic exchange reaction.
components at a nanoscale level is suitable to provide new The insertion of transition metal complexes into lamellar
multifunctional systems in which each subnetwork exhibits its hosts such as layered oxalates, zirconium phosphate, MPS,,
own properties or contributes synergistically to new physical LDH, or clays or their insertion-grafting into LSH is a very
phenomena and novel applications.*> Layered insertion promising route to promote multiple properties such as
compounds, in which the properties of each subnetwork and luminescence, 872 chirality,23’24 or magnetism (additional
their synergy can be tuned by the topology and chemical paramagnetism,zs’% spin crossover27_29) with the advantage
bonding between constituents, are particularly worthy of of immobilizing the metal complexes in inorganic host
interest.” Many works about multifunctional hybrids have structures. In addition these functionalities can be quite easily
investigated layered bimetallic trioxalatometalates,”® hexathio- tuned by changing the metal center.*’

hypodiphosphates (MPS;),” or magnetic layered double
hydroxides (LDH),"® owing to their ability to be functionalized
with various ligands via versatile reactions. Very recently,
striking results were obtained with respect to the combination
of magnetism with chirality, ferroelectricity,'* superconductiv-
ity,"® or nonlinear optics."*

In this field, it is essential to identify and control the
structural features and physical mechanisms influencing the
properties of these new hierarchically organized nanostruc-
tures.'> The interfaces play a key role here. As an alternative to

Among transition metal complexes, the phthalocyanine
complexes are worthy of interest. Phthalocyanines have been
studied for many years because of their intriguing properties,
resulting from their peculiar aromatic electronic structure,®' >
and they have been particularly used in the field of

. 34-36
catalysis,
tors, 40

organic photovoltaics,>” organic semiconduc-
or photodynamic therapy,** for instance. To
improve their properties, to reinforce their stability, or to
enable their practical applications, phthalocyanine complexes

the previously mentioned layered magnetic materials (class I are often embedded into host materials, such as polymers,43
materials, in which the bonds between the subnetworks are

weak'*), we have focused on the insertion and grafting (strong Received: November 5, 2013

bond) of functional molecules into magnetic layered simple Published: January 8, 2014
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zeolites,

clays,
.1 2548,52-57
ides. #5273

or layered double hydrox-

Apart from one single example,58 the insertion of
phthalocyanine complexes into layered simple hydroxides has
never been reported. Actually, the insertion of large molecules
into LSH is still a chemical challenge. This is likely due to the
cohesion forces between the inorganic layers in the case of
LSH, which are more important than in the case of LDH, for
example. This difference is further illustrated by the fact that
LDH can be exfoliated more easily*”*® than LSH.®"** Actually,
whereas interleaved species in LDH are held by coulombic
interactions, in LSH, they must be grafted onto the inorganic
layers via anchoring groups coordinating the metal cations of
the inorganic sheets.

The motivation for the present work stems from different
aspects. First, due to the variety of layered hosts encountered in
the literature, one needs to advance toward a more
comprehensive understanding of interfaces to control the
properties of the various hybrid systems obtained. We specially
explore the less investigated LSH systems. In these systems, the
interaction between the molecular and inorganic components
via iono-covalent coordination is quite strong. Moreover, this
interaction is a priori tunable by using different coordination
functions.

Thus, in this paper, we particularly investigate the possible
interplay between the magnetic properties of the LSH hosts
and the ones of phthalocyanine guests. We describe the
synthesis, structural characterization, and properties of
homologous series of new hydroxide-based compounds
functionalized by metal—phthalocyanine complexes, with
general formulation M,(OH),_,(M'PcTS,),.zH,0 (M = Cu,
Co, and Zn and M’ = Cu, Co, Nj, and Zn). In the following
sections, the hybrid compounds will be referred to as
M'PcTS,CM. Moreover, magnetic measurements coupled to
X and Q-band EPR spectroscopy allow an explicit description
of the mechanism responsible for the magnetic ordering in
layered simple hydroxides.®*

B EXPERIMENTAL SECTION

Co,(OH);(0Ac)-H,0,%% Cu,(OH);(DS)* and Zns(OH)4(DS),*
were prepared as previously described. (NaDS and NaD§, are sodium
dodecylsulfate and dodecylsulfonate, respectively.) All experiments
were conducted under argon, and the solvents were degassed prior to
use. Yields of the synthesis of hybrid compounds are around 60—70%.
Co(II), Ni(II), and Zn(II) phthalocyanine-4,4’,4",4" -tetrasulfonic-
acid, tetrasodium salt (CoPcTS,Na,, NiPcTS,Na,, and ZnPcTS,Na,)
were synthesized according to published procedures.®” Cu(Il)
phthalocyanine-3,4’,4" 4" -tetrasulfonic-acid, tetrasodium salt (Aldrich,
85%) (CuPcTSoNa,) was used without further purification.
Elemental analyses for C, H, N, S, Co, Cu, and Zn were carried out
at the Service Central d’Analyse of the CNRS (USR-59). The powder
XRD patterns were collected with a Bruker D8 diffractometer (Cu Ka,
= 0.1540598 nm) equipped with a SolX detector discriminating in
energy. The SEM images were obtained with a JEOL 6700F (scanning
electron microscope (SEM) equipped with a field emission gun,
operating at 3 kV in the SEI mode). FT-IR spectra were collected on a
Digilab FTS 3000 computer-driven instrument (0.1 mm thick powder
samples in KBr). UV/vis/NIR studies were performed on a Perkin-
Elmer Lambda 950 spectrometer (spectra recorded in the reflection
mode, using a 150 mm integrating sphere, with a mean resolution of 2
nm and a sampling rate of 300 nm'min~"). TGA-TDA experiments
were performed using a Setaram TG92 instrument (heating rate of §
°C'min”", air stream). The magnetic studies were carried out with a
SQUID magnetometer (Quantum Design MPMS-XL) covering the
temperature and fields ranges of 2—300 K, + 5 T. The ac susceptibility
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measurements were performed in a 0.35 mT alternative field (100 Hz).
Magnetization measurements at different fields at room temperature
confirm the absence of ferromagnetic impurities. X-band EPR spectra
were recorded with a continuous-wave ESP-300-E spectrometer
(Bruker Biospin GmbH, Germany). The resonator is a Bruker ER
4102ST standard rectangular cavity operating in the TE;j3 mode
equipped with an ESR900 Oxford cryostat (v~9.3 GHz in X-band, and
v~34 GHz in Q-band). Temperature was measured within the 4—300
K temperature range with a Cernox sensor (accuracy: AT/T ~ 5%).
The spectrometer was tuned so as the settings (modulation coils,
incident microwave power) do not distort the EPR signal. Simulations
were generated with the EasySpin free software.”

CuPcTS,cCu (1). CuPcTS,Na, (453 mg, 0.46 mmol) was
dissolved in 30 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Cu,(OH);(DS) (260 mg, 0.59 mmol) was
added along with 20 mL of ethanol, and the mixture was stirred for 8 h
at 80 °C under argon. The blue powder was collected after four
centrifugations (8000 rpm, 10 min each), and the supernatant was
replaced after each centrifugation by distilled water in order to wash
the product. The collected solid was finally washed with ethanol and
dried under vacuum.

Anal. Calecd for Cu,(OH); ;,(CuPcTSy)g.,,-3H,0,
Cuy5:C704Hs 76N 176505505.76'3.-0H,0 (M = 430.5 g/mol): Cu, 32.77;
C, 19.64; H, 2.75; N, 5.73; S, 6.55. Found: Cu, 32.70; C, 19.62; H,
2.73; N, 5.39; S, 5.27. IR (KBr pellet, cm™): 746m, 922w, 1029,
1109m, 1151m, 1187s, 1334m, 1402m, 1507m 1625m, 3436b.

CoPcTS,CCu (2). CoPcTS,Na, (450 mg, 0.46 mmol) was
dissolved in 60 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Cu,(OH);(DS) (260 mg, 0.59 mmol) was
added along with 20 mL of ethanol, and the mixture was stirred for 8 h
at 80 °C under argon. The blue powder was filtered and washed with
water and ethanol and dried under vacuum.

Anal. Calcd for Cu,(OH);,3(CoPcTSg)0.19-2.5H,0,
Cu,C00.19Ce0sHs 51N15280760551:2.5H,0 (M = 3959 g/ mol): Cu,
32.10; Co, 2.83; C, 18.45; H, 2.68; N, 5.38; S, 6.16. Found: Cu, 32.38;
Co, 2.56; C, 18.82; H, 2.59; N, 4.89; S, 5.18. IR (KBr pellet, cm™):
752m, 932m, 1030s, 1059m, 1109m, 1151m, 1189m, 1329m, 1404m,
1522m, 1629m, 3425b.

NiPcTSoCCu (3). NiPcTS,Na, (450 mg, 0.46 mmol) was dissolved
in 100 mL of water, and the pH was adjusted to 8 using HCI 0.2 M. At
this stage, Cu,(OH);(DS) (260 mg, 0.59 mmol) was added along with
50 mL of ethanol, and the mixture was stirred for 15 h at 80 °C under
argon. The blue-green powder was filtered and washed with water and
ethanol and dried under vacuum.

Anal. Calcd for Cu,(OH);,(NiPcTSy),,2.3H,0,
Cu,Nig,Cg 4Hs N, ¢S050562.3H,0 (M = 4004 g/mol): Cu, 31.74;
Ni, 2.93; C, 19.20; H, 2.57; N, 5.60; S, 6.41. Found: Cu, 31.70; Ni,
2.80; C, 19.18; H, 3.06; N, 5.05; S, 5.28. IR (KBr pellet, cm™): 750w,
1030s, 1062m, 1107w, 1189m, 1331w, 1404w, 1474w, 1622m, 3443b.

ZnPcTS,CCu (4). ZnPcTS(Na, (454 mg, 0.46 mmol) was
dissolved in 100 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Cu,(OH);(DS) (260 mg, 0.59 mmol) was
added along with S0 mL of ethanol, and the mixture was stirred for 24
h at 80 °C under argon. The green powder was filtered and washed
with water and ethanol and dried under vacuum.

Anal. Calcd for Cu,(OH); 4(ZnPcTSy),:-2.5H,0,
Cu,yZny,,Ce72Hs 65N 6550.8405.652-SH,O (M = 413.6 g/mol): Cu,
30.73; Zn, 3.32; C, 19.51; H, 2.60; N, 5.69; S, 6.51. Found: Cu, 30.93;
Zn, 2.59; C, 19.20; H, 3.06; N, 5.60; S, 5.28. IR (KBr pellet, cm™):
1030s, 1187m, 1335w, 1397w, 1485w, 1627m, 3432b.

CuPcTSocCo (5). CuPcTSgNa, (246 mg, 0.25 mmol) was
dissolved in 30 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Co,(OH);(OAc)-H,0 (248 mg, 1 mmol)
was added, and the mixture was stirred for 20 h at 60 °C under argon.
The blue powder was collected after four centrifugations (8000 rpm,
10 min each), and the supernatant was replaced after each
centrifugation by distilled water in order to wash the product. The
collected solid was finally washed with ethanol and dried under
vacuum.
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Anal. Calcd for Co,(OH); ,4,(CuPcTSy)y.19-3.8H,0,
C0,Cup19Ce0sHs 52N 152807605.52:3-8H,0 (M = 4187 g/mol): Co,
28.20; Cu, 2.97; C, 18.0; H, 3.20; N, 5.24; S, 6.00. Found: Co, 28.18;
Cu, 2.91; C, 18.06; H, 2.76; N, 4.9; S, 4.26. IR (KBr pellet, cm™)
743m, 920w, 1028s,1107m, 1150m, 1187m, 1334w, 1397m, 1502m,
1614m, 3447b.

CoPcTS,cCo (6). CoPcTS(Na, (245 mg, 0.25 mmol) was
dissolved in 60 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Co,(OH);(OAc)-H,O (248 mg, 1 mmol)
was added, and the mixture was stirred for 20 h at 60 °C under argon.
The blue powder was filtered and washed with water and ethanol and
dried under vacuum.

Anal. Calcd for Co,(OH);,(CoPcTS,),,-4.3H,0,
C0,,Cs4H; 6N 650505643H,0 (M = 427.3 g/mol): Co, 30.34; C,
17.99; H, 3.35; N, 5.24; S, 6.00. Found: Co, 30.99; C, 17.85; H, 2.94;
N, 4.71; S, 4.50. IR (KBr pellet, cm™): 750m, 933w, 1029s, 1059m,
1109m, 1152m, 1186m, 1330w, 1400w, 1522w, 1622m, 3434b.

NiPcTSoCCo (7). NiPcTS(Na, (245 mg, 0.25 mmol) was dissolved
in 35 mL of water, and the pH was adjusted to 8 using HCI 0.2 M. At
this stage, Co,(OH);(OAc)-H,0 (248 mg, 1 mmol) was added, and
the mixture was stirred for 20 h at 60 °C under argon. The blue
powder was filtered and washed with water and ethanol and dried
under vacuum.

Anal. Calcd for Co,(OH);,(NiPcTSy),,-3.5H,0,
Co,Nij,C44Hs 6N 6S0505,6:3.5H,O (M = 412.8 g/mol): Co, 28.55;
Ni, 2.84; C, 18.62; H, 3.08; N, 5.43; S, 6.21. Found: Co, 28.16; Ni,
2.71; C, 18.81; H, 2.77; N, 5.86; S, 4.05. IR (KBr pellet, cm™"): 1029s,
1061m, 1109w, 1184m, 1331w, 1400w, 1474w, 1609m, 1741w, 3434b.

ZnPcTS,cCo (8). ZnPcTS,Na, (247 mg, 0.25 mmol) was
dissolved in 60 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Co,(OH);(OAc)-H,0 (248 mg, 1 mmol)
was added, and the mixture was stirred for 15 h at 60 °C under argon.
The blue powder was filtered and washed with water and ethanol and
dried under vacuum.

Anal. Calecd for Co,(OH); 44(ZnPcTSy)g 14:5.0H,0,
C0,Zn914Cy 4Hs 12N1 2580560512 SH,0 (M = 3916 g/mol): Co,
30.10; Zn, 2.34; C, 13.74; H, 3.89; N, 4.01; S, 4.59. Found: Co,
29.78; Zn, 1.83; C, 13.65; H, 2.74; N, 3.88; S, 4.98. IR (KBr pellet,
cm™): 1029s, 1186m, 1334w, 1384w, 1484w, 1608m, 3437b.

CuPcTS,CZn (9). CuPcTS,Na, (246 mg, 0.25 mmol) was
dissolved in 40 mL of water, and the pH was adjusted to 8 using
HCI 0.2 M. At this stage, Zns(OH)s(DS), (420 mg, 0.42 mmol) was
added along with 25 mL of ethanol, and the mixture was stirred for 24
h at 65 °C under argon. The blue powder was collected after four
centrifugations (5000 rpm, 20 min each), and the supernatant was
replaced after each centrifugation by a 50/50 v/v water/ethanol
mixture in order to wash the product. The collected solid was finally
dried under vacuum.

Anal. Calcd for Zng(OH)g(CuPcTSg),.5-6.5H,0,
ZnyCuy5C1¢H4N,S,0,,-6.5H,0 (M = 1026.3 g/mol): Zn, 31.86;
Cu, 3.10; C, 18.73; H, 2.65; N, 5.46; S, 6.25. Found: Zn, 31.50; Cu,
2.86; C, 19.32; H, 2.47; N, 5.54; S, 5.99. IR (KBr pellet, cm™'): 1029s,
1150m, 1190m, 1337w, 1398w, 1506m, 1629m, 3459b.

B RESULTS AND DISCUSSION

Synthesis. The synthesis procedures described here result
from significant optimization of the process that we used for
insertion-grafting of some metal complexes into layered simple
hydroxides. The synthesis of the hybrid compounds was
performed using anionic exchange, which is a well-documented
method to obtain such hybrid compounds.'®®~¥6771=74 yet,
despite repeated efforts, direct intercalation of metal
phthalocyanine tetrasulfonate MPcTS,* into copper hydrox-
yacetate Cu,(OH);(OAc)-H,O led to a mixture of the starting
compounds or to badly crystallized functionalized hybrid
lamellar compounds with noticeable quantities of copper
oxide CuO. We thus used the preintercalation strategy we
have recently described for layered simple hydroxides.”” This
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strategy consists in performing the anionic exchange reaction
using layered copper hydroxide preintercalated by dodecyl
sulfate (DS™), Cu,(OH);(DS), instead of copper hydroxyace-
tate.”>*>**3° The difficulty to directly insert MPcTS,* into the
parent copper hydroxy acetate is in line with what has been
reported by Hayashi and Hudson, who actually managed to
“readily” intercalate the CuPcTS,* anion into
Cu,(OH);(0Ac)-H,0.%® Yet, the powder X-ray diffraction
pattern of the hybrid compound showed the presence of copper
oxide impurities. The mechanism proposed by Hayashi and
Hudson consists in the initial intercalation of the phthalocya-
nines parallel to the layers, followed by their rearrangement to
be more perpendicular to the layers.>®”> However, the real size
of the species to be intercalated is strongly dependent on the
degree of aggregation of the metal phthalocyanines and thus of
the concentration of the starting solution.*” Therefore, the
intercalation of MPcTS,* into layered copper hydroxides with
small interlamellar spacing is either impossible (for instance,
starting from Cu,(OH);(NO;), which has an interlamellar
distance of 0.69 nm’®’’) or extremely dependent on the
reaction conditions (for instance, starting from
Cu,(OH);(0Ac)-H,0, which has an interlamellar distance of
0.938 nm’®), giving results rather difficult to reproduce
satisfactorily.

The preintercalation strategy enables us to overcome these
difficulties by increasing considerably the interlamellar space
available (2.67 nm for Cu,(OH);(DS))®” and by providing
hydrophobic interlamellar environment, which may reduce the
sensibility toward oxidation during the insertion reaction.”’
Four hybrid layered copper hydroxides functionalized by
MPcTS,* were obtained and characterized: CuPcTS,CCu
(1), CoPcTS,CCu (2), NiPcTS,CCu (3), and ZnPcTS,CCu
(4). It is worth emphasizing here the importance of the
temperature of the insertion reaction. The use of temperatures
lower than 70 °C leads to monophasic compounds, but in
which the exchange of the dodecylsulfate anion remains partial,
for any duration of reaction.*® Finally, copper phthalocyanine
tetrasulfonate CuPcTS," was inserted into layered zinc
hydroxide using the same preintercalation strategy
(CuPcTS,CZn (9)).

For the cobalt hydroxide-based compounds, direct insertion
of MPcTS,* into Co,(OH),(OAc)-H,0 led to the desired
hybrids with good yields (CuPcTS,CCo (5), CoPcTS,CCo
(6), NiPcTS,CCo (7), and ZnPcTS,CCo (8)). The use of the
preintercalated compound Co,(OH);(DSy)-H,0 (DS, =
dodecylsulfonate) as a starting material generates the same
compounds. This difference, both in reactivity (necessary ratio
between reactants) and in mechanism (preintercalation or not),
suggests different insertion-grafting mechanisms in the two
lamellar hosts, exhibiting different structures of the inorganic
sheets. The process is mainly topotactic in the case of copper
hydroxide, although some small variation of the inorganic layer
structure may occur because of the necessary adaptation of the
metal layer to the molecular area of the grafted anions;®'
however, dissolution—recrystallization occurs in the case of
cobalt hydroxide.*>*

Finally, there was no difference neither in the reaction
conditions nor in the obtained hybrid compounds whether the
phthalocyanine used were sulfonated in 3,4',4",4” or in
4,4',4",4" positions.

The different reaction conditions are summarized in Table
S1. Elemental analyses carried out on all compounds 1—8 are in
accordance with the general formula M,(OH),_,,(M'PcTS,),
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zH, 0, with x around 0.2 and z ranging from 2.3 to S. For 9, the
elemental analysis brings about the formula
Zng(OH)g(CuPcTSy)(5:6.5H,0, in accordance with the
structure of layered Zn hydroxide hybrids (see below). It is
worth noting that the elemental analyses show no evidence of
any remaining dodecyl sulfate or acetate molecules, using the
present insertion conditions.

X-ray Diffraction. PXRD patterns of the hybrid com-
pounds 1—9 show intense 00! diffraction lines in the low 20
region, up to at least the third harmonic, which is characteristic
of their lamellar structure (Figures 1, S1 and S2). After the

(8)

(7)

Intensity (a. u.)

Co,(OH) (OAc) H,0
—~ A~

8 16 24 32 40 48 56 64
26 ()

Figure 1. PXRD patterns of the cobalt hydroxide-based compounds:
CuPcTS,CCo (5), CoPcTS,CCo (6), NiPcTS,CCo (7), and
ZnPcTS,CCo (8) along with the starting Co,(OH);(OAc)-H,0
(Cu Ka, 0.1540598 nm). Indexation of the diffraction peaks
corresponds to a hexagonal unit cell a ~ 3.12 A and ¢ as reported in
Table 1 (see text).

anion-exchange reaction, all products show an abrupt change of
the 00 peak position, which indicates that the insertion of a
new species actually occurred. No diffraction lines coming from
the starting materials were present, indicating the completeness
of the reactions. All compounds based on a given metal
hydroxide have the same basal spacing around 2.1 nm for
copper hydroxide-based compounds, around 2.2 nm for cobalt
hydroxide-based compounds, and around 2.1 nm for the zinc
hydroxide-based compound (Table 1).

With respect to the thickness of the copper, cobalt, and zinc
hydroxide layers (0.29, 0.73, and 0.72 nm, respectively),*”** the
basal spacing is in good agreement with the size of the
phthalocyanine complexes (about 1.99 X 1.73 X 0.55 nm?).*®
The basal spacings observed are consistent with phthalocyanine

Table 1. Interlamellar Spacing of the Hybrid Compounds 1—
9

interlamellar spacing (nm)

CuPcTS,CCu (1) 2.11(1)
CoPcTS,CCu (2) 2.07(2)
NiPcTS,CCu (3) 2.13(2)
ZnPcTS,CCu (4) 2.13(2)
CuPcTS,CCo (5) 2.22(3)
CoPcTS,CCo (6) 2.26(2)
NiPcTS,CCo (7) 223(2)
ZnPcTS,CCo (8) 2.25(5)
CuPcTS,CZn (9) 2.17(2)
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complexes grafted almost perpendicularly to the copper
hydroxide layers (tilted by less than 15°) and with a tilt angle
of about 35° in the case of cobalt and zinc hydroxides. A model
structure of the cobalt hydroxide-based hybrids is schematized
in Figure 2. The structure of the cobalt hydroxide layers is

< e 4 e ' 1‘
& . « .
b et d vt d
I e [
<0 <
Fe e Fe e
vl s P [ .
o<’ vy W vy
[ ‘r‘ [ g
¢ \ —
P o s o

< L4 L] < .} . v » .
‘ - ‘ - ‘ r .
Figure 2. Schematic representation of the structure of compounds 5—
8.

typical of hydrozincite. Nevertheless, if hydrozincite is a good
model to represent the structure of the present compounds, the
actual structure is merely a disordered variation, with a
statistical distribution of the tetrahedral sites. Such a disordered
structure was suggested for a-cobalt hydroxide, cobalt
hydroxychloride, and cobalt hydroxycarbonates on the basis
of synchrotron X-ray data and neutron analysis. The structures
of these compounds were refined in a hexagonal R3m
system.84_86

Finally, the XRD patterns of all cobalt hydroxide compounds
including the starting acetate Co,(OH);(OAc)-H,O exhibit
similar features in the region of in-plane diffraction lines (high
20 angles) with characteristic asymmetrical peaks at 20 = 33°
and 20 = 59° (Cu Ka; = 0.1540598 nm). Such asymmetry
suggests turbostratic disorder. We collected essentially 00!
diffraction lines and very few lines giving information on the in-
plane parameters. We tentatively indexed the patterns in Figure
1 on the basis of a hexagonal unit cell with a around 3.12 A
evaluated from the peaks around 26 = 60° and c as evaluated
from the 00! lines. This is consistent with the hexagonal unit
cells found for a-cobalt hydroxide, cobalt hydroxychloride, and
cobalt hydroxycarbonates.

Infrared Spectroscopy. FTIR spectra of the compounds
1—9 (Figures S3, S$4, and S5) show that the bands characteristic
of the molecules initially present in the interlamellar space of
the starting compounds totally vanished after the exchange
reaction (ie, the bands of acetate in the case of cobalt
hydroxide and of dodecyl sulfate in the case of copper and zinc
hydroxides). The absence of acetate anions is clearly evidenced
by the absence of the COO™ elongation vibrations around 1550
and 1400 cm™". The absence of the dodecyl sulfate chains is
evidenced by the very low intensity of the CH, elongation
vibrations (2924 and 2853 cm™'). Moreover, the complete
removal of the dodecyl sulfate or acetate moieties for
compounds 1—9 upon exchange by the phthalocyanine
sulfonate complexes was confirmed by elemental analysis (see
the Experimental Section). Finally, the low energy region
clearly shows the bands corresponding to the phthalocyanine
complexes, indicating a successful insertion (Table 2). The
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Table 2. Position of Some Vibrational Absorption Bands for the Starting Complexes and for the Hybrid Compounds 1-9

(em™)
vC—N (em™) Visoindore (cm ™) 1,C—C (ecm™) ,805™ (em™) v, SO;~ (em™) Av (em™)

MPcTs,Na, (M = Cu, Co, Ni, Zn) 1480—1505 1390—1400 1330 1189 1030 159
CuPcTS,CCu (1) 1507 1398 1337 1188 1029 159
CoPcTS,CCu (2) 1524 1404 1331 1189 1030 159
NiPcTS,CCu (3) 1522° 1407 1333 1189 1030 159
ZnPcTS,CCu (4) 1485 1397 1335 1187 1030 157
CuPcTS,CCo (5) 1507 1396 1340 1187 1029 158
CoPcTS,CCo (6) 1522 1402 1331 1186 1029 157
NiPcTS,CCo 7) 1541¢ 1403 1333 1185 1029 156
ZnPcTS,CCo (8) 1484 1384 1334 1186 1029 157
CuPcTS,CZn (9) 1506 1398 1337 1190 1029 161

“Poorly resolved.

C=C elongation vibration around 1630 cm™! cannot be

identified precisely, due to strong overlap with the water
bending vibration. Between 1530 and 1300 cm™!, three
absorption bands can be identified, corresponding to C—N
pyrrole, isoindole, and C—C pyrrole elongation vibrations.**¢

The identification of the asymmetric and symmetric
vibrations of the sulfonate groups is important to precisely
determine the coordination of the ligands.”>®~° In the
present case, two stretching vibrations of SO;™ are observed as
a sharp peak around 1030 cm™" and a broader one around 1190
cm™', which is attributed to the symmetric and asymmetric
vibration modes, respectively. For the hybrid compounds, Av
(Av = Vasym — vsym) is almost identical to the one observed for
the free sulfonato phthalocyanine anions. A Av value lower that
the one of the free ligand indicates noncoordination to the
inorganic layer, whereas a higher one indicates monocoordina-
tion of the sulfonate group to the inorganic layers.””**~*° Here,
the situation is intermediate, which, considering the broadness
of the asymmetric streching band of the sulfonates, may
indicate that some of the four sulfonate groups borne by the
phthalocyanines are coordinated, whereas some are not directly
linked to the metal ion of the inorganic layers but involved in
hydrogen bonds, as in LDH compounds or some NiLSH.**

UV-Vis Spectroscopy. The main and most characteristic
feature of the absorption spectra of the phthalocyanines is the
presence of two very intensive bands, called Q- and B-bands (at
about 670 and 350 nm, respectively) and both attributed to
7—m* macrocyclic ring transition.>

The spectra of the hybrid compounds present similar
teatures, supporting the presence of the phthalocyanine
complexes (Figures 3, S6 and S7). The Q-band is slightly
shifted toward higher energy in the hybrids with respect to its
position in the MPsTS,* ion alone. For instance, the Q-band of
CuPcTS,* is around 580 nm in the hybrids, whereas it is at 600
and 630 nm for CuPcTS;Na, in the solid state and in solution
in water (2 X 107 mol-L™"), respectively. This blue shift of the
Q-band suggests near or full cofacial alignment of two or more
phthalocyanine molecules in the interlamellar space of the
layered hybrids.”'~**

Lastly, the electronic transitions of the phthalocyanine
complexes partially overlay the transitions arising from the
inorganic structures. In the UV region, the O—M charge
transfer (M Co or Cu) of the inorganic layers is
superimposed upon the B-band of the phthalocyanine. For
the cobalt hybrids (5-8), two additional bands are observed in
the NIR region around 1190 and 1450 nm. These bands are
attributed to electronic d—d transitions of d’ Co(Il) ions, in
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Figure 3. UV—vis NIR absorption spectra of CuPcTS,CCu (1)
(green), CuPcTS,CCo (5) (red) (solid state), and CuPcTS,Na,
(blue) (2 x 107 mol-L™! in water).

octahedral (4T1g(F)—>4T2g(F)) and tetrahedral sites
(*A,(F)—*T,(F)), respectively.”* These features are consistent
with the proposed structure of the inorganic layers and with the
magnetic behavior (see below).”””> Two additional transitions
are expected at higher energies (around $80 and 630 nm),
corresponding, respectively, to the 4T1g(F)—>4T1 (P) transition
of Co(Il) in octahedral site and to the *A,(F)—*T,(P)
transition of Co(II) in tetrahedral site. These two transitions
are not observed here because they are masked by the Q-band
of the phthalocyanine complexes.

For the MPcTs,CCu hybrid (1-4), the expected *E,—"T,,
transition of Cu(II) ions in octahedral geometry is masked by
the Q-band as well.

Magnetic Properties. The magnetic properties of the
copper hydroxide-based compounds are rather similar (Figure
4, S11 and S12). The Curie constants deduced using the
Curie—Weiss law (1.06, 1.03, 0.86, and 0.75 emu-K-mol™! for 1,
2, 3, and 4, respectively) are in agreement with the expected
values (around 0.9 emu-K-mol™' for 1 and 2 and around 0.8
emu-K-mol™ for 3 and 4) considering C ~ 0.8 emu-K-mol™’
for the two Cu(II) ions of the inorganic layer,”® and C = 0.39
emu-K-mol™ and 0.44 emu-K:mol™ for CuPcTS,* and
CoPcTS,*, respectively.69 (NiPcTS," and ZnPcTS,* are
diamagnetic.) The uniform decrease of yT versus T curves
with temperature indicates the predominance of antiferromag-
netic interactions.
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Figure 4. T = f(T) under a 5000 G applied dc field for CuPcTS,CCu
(1) (blue), CoPcTS,CCu (2) (red), NiPcTS,CCu (3) (green), and
ZnPcTS,CCu (4) (brown) (full lines are only guides for the eye).

Magnetization versus field measurements at 1.8 K (Figure
S11) shows a rather slow increase at low field, with a high-field
magnetization far from saturation and much lower than the
expected value for full alignment of the moments of the
paramagnetic ions. The ac susceptibility measurements (Figure
S$12) are identical for all compounds, and only bases of growing
peaks in the ¥’ and y” signals were observed for 1—4, indicating
that there is no long-range order down to 1.8 K. This behavior
is similar to the one observed for the starting Cuz(OH)3(DS).65
Two hypotheses can explain the behavior. The coupling
between the spin carriers within the inorganic planes may be
antiferromagnetic, resulting in an overall antiferromagnetic
behavior. Or, the coupling within the plane leads to a resulting
moment (weak canting or ferrimagnetism), and for anisotropy
reasons, this moment is aligned within the inorganic plane. This
situation leads to an antiferromagnetic coupling between the
planes due to dipolar interaction.”® Yet, in the absence of
additional structural information, it is not possible to go further
in the interpretation of the magnetic behavior.

The magnetic behaviors of the cobalt hydroxide-based
compounds are also very similar. The Curie constants (6.23,
6.32, 6.03, and 593 emu-K-mol™! for S, 6, 7, and 8,
respectively) are consistent with the presence of the
phthalocyanine complexes and a mixture of tetrahedral and
octahedral high-spin Co(II) ions with Cyy, ~ 2.2 - 2.8 emu-K-
mol ™ and Cy, ~ 3.2 emu-K-mol™.">”**"”® Upon cooling, the
xT product for the four cobalt hybrids shown in Figure 5
decreases regularly down to a minimum at around 100 K (from
6.13 emu-K-mol ™ at 300 K to 5.94 emu-K-mol™ at 89 K for §,
6.22 emu-K-mol™! at 300 K to 6.04 emu-K-mol™" at 95 K for 6,
5.93 emu-K-mol™" at 300 K to 5.79 emu-K:mol™" at 109 K for
7, and 5.86 emu-K-mol ™ at 300 K to 5.74 emu-K-mol™! at 92 K
for 8). This small decrease is well understood as a result of
spin—orbit coupling effect and/or antiferromagnetic interac-
tions between the Co(II) moments. Below this minimum, the
T products for 5—8 exhibit a steep increase to a maximum at
10.1 K (16.6 emu-K-mol™") for 5, 10.9 K (18.1 emu-K-mol™)
for 6, 13.0 K (17.4 emu-K-mol™") for 7, and 10.0 K (16.6 emu-
K:mol™) for 8 (all measurements were performed under an
applied dc field of 0.5 T). This steep increase can be related to
the occurrence of long-range ferromagnetic correlations.
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Figure S. yT = f(T) under a 5000 G applied dc field for CuPcTS,CCo
(5) (blue), CoPcTS,CCo (6) (red), NiPcTS,CCo (7) (green), and
ZnPcTS,CCo (8) (brown) (full lines are only guides for the eye).

Ordering temperatures were determined by ac susceptibility
measurements (Figure 6). The maximum of the real part y’
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Figure 6. In-phase (open circles) and out-of-phase (open squares)
susceptibility measurements (0 T dc field, 0.35 mT oscillating field, f =
95 Hz) for CuPcTS,CCo (5) (blue), CoPcTS,CCo (6) (red),
NiPcTS,CCo (7) (green), and ZnPcTS,CCo (8) (brown) (full lines
are only guides for the eye).

leads to Ty = 6.6 K for §, 6.4 K for 6, 6.3 K for 7, and 6.3 K for
8. The ferromagnetic behavior of compounds 5—8 was
confirmed by the magnetization versus field curves at low
temperature (Figure 7), which exhibit hysteresis loops with
almost identical coercive fields of 65 mT at 1.8 K for §, 7, and 8
and 47 mT for 6 and remnant magnetization around 1.1 g at
1.8 K for all compounds. The low value of the moments at high
field (around 3.4 py at S T and 1.8 K) compared to the
expected value for a total alignment of the moments (4—6 i
for two Co(II) and about 1 p per Cu or Co phthalocyanine),
supports a ferrimagnetic ordering. As observed in other layered
cobalt simple hydroxides,"”®” we can assume that this
ferrimagnetic ordering results from unbalanced antiparallel
alignment of the moments borne by tetrahedral and octahedral
Co(II) ions. This behavior is similar to the one of the starting
compound Co,(OH);(OAc)-H,0, which presents a ferrimag-
netic ordering at Ty = 18 K.*? The difference of the ordering
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Figure 7. M = f(H) at 1.8 K for CuPcTS,CCo (S) (blue),
CoPcTS,CCo (6) (red), NiPcTS,CCo (7) (green), and
ZnPcTS,CCo (8) (brown) (full lines are only guides for the eye).

temperature is due to the modification of the inorganic layer
induced by the grafting of the phthalocyanine complexes,
resulting in a change on the 2D magnetic correlation
domains.®®

The important point which is worth noting here is that there
is almost no difference in the magnetic properties of the various
cobalt hydroxide-based hybrids regardless of the transition
metal present in the phthalocyanine complex inserted. This
indicates that the complexes bridging the layers do not
participate in the establishment of the magnetic ordering.
This feature was already observed in the case of salen-type
complexes anchored via sulfonate groups in LSH.>>*° There-
fore, the magnetic interaction between the inorganic layers can
be considered here as purely dipolar.”®**~'%!

Electron Paramagnetic Resonance Spectroscopy. To
support the interlayer mechanism of coupling that we suggest,
the behavior of the paramagnetic phthalocyanines inserted was
characterized by means of EPR spectroscopy performed at X-
band (v ~ 9.8 GHz) and Q-band (v ~ 34 GHz). The lack of
resolution of anisotropic g-tensors may be overcome at least
partially upon applying a higher frequency, which splits up the
different resonance fields.

We focus here on the compounds functionalized with the
Cu(Ill) phthalocyanine complex (1, S, 9), which will be
compared when necessary with the compounds involving the
Ni(II) and Zn(II) phthalocyanine complexes (3, 4, 7, 8). Due
to the specificity of the EPR behavior of Co(II), detailed
analysis of the behavior of the compounds functionalized by the
Co(II) phthalocyanine (2 and 6) will be published else-
where.”~ Measurements were carried out on polycrystalline
powder samples.

X-Band. The X-band EPR spectra of CuPcTSyNa, and of
CuPcTS,CZn (9) exhibit a single line close to Lorentzian
shape centered at g, = 2.05 in accordance with commonly
reported shages and values for Cu(II) phthalocyanines (Figure
$13).2>1%71%7 The position of the peak and the peak-to-peak
line width (AB,, = 10 mT) are temperature independent. The
absence of hyperfine structure in the EPR spectra of the
phthalocyanine, either in its native form or intercalated in a
layered host (contrarily to what has been observed for Cu(II)
phthalocyanines inserted into zeolite-Y with a high Si/Al
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ratio*”), is probably due to intermolecular interactions between
phthalocyanines,>**”

The EPR spectrum of CuPcTS,CCu (1) is similar to the
ones of 9 and of CuPcTS,Na, (Figure S13). It exhibits a single
line centered at g, = 2.0S, the position and peak-to-peak line
width of which (AB,, = 10 mT) are also temperature
independent. The spin concentration calculated from the
double integration of the EPR spectrum of 1 is about 10*
spins'mol™’. To identify and then to subtract a possible
contribution of the Cu-hydroxide layers, the EPR spectrum of
NiPcTS,CCu (3) (identical to the one of ZnPcTS,CCu (4))
has been recorded (Figure S14). The Cu(Il) layers are
essentially EPR-silent due to strong antiferromagnetic inter-
actions. The very low spin concentration (~10'7 spins-mol™")
and the observation of the parallel components of the hyperfine
tensor allow concluding that the only weak EPR contribution
observed originates from uncoupled Cu(II) species within the
Cu-hydroxide layers.

As for the Co(Il)-hydroxide derivatives, the X-band
experimental spectra of CuPcTS,CCo (5) and of
NiPcTS,CCo (7) (identical to the one of ZnPcTS,CCo
(8)), recorded at 4.3 K, are presented in Figure 8, together with
simulated spectra.

dY/dB (a. u.)

0 100 200 300 400 500 600 700
B (mT)

Figure 8. X-band EPR spectra (T = 4.3 K) of powder samples of
CuPcTS,CCo (5) (v =9.391 GHz) and NiPcTS,CCo (7) (v = 9.391
GHz); experimental (upper trace) and simulation (lower trace, dashed

line) (simulation parameters are reported in Supporting Information,
Table S2).

Given that NiPcTSy* is diamagnetic, the X-band EPR
spectrum of 7 solely signs a high spin S = 3/2 Co(II) ion. Such
an HS Co ion is usually recognized by poorly resolved
resonances lines broadened by a combination of large g-
anisotropy, sizable spin—orbit coupling and a mixture of excited
state character into the magnetic ground state.'”®™''® The
sharp line at g = 1.99 likely arises from impurities of NiPc*
radical. The larger weak signal around g = 2 is due to the
resonator. Both of them account for less than 1% of the overall
EPR signal of 7.

The EPR spectrum of CuPcTS,CCo (5) shows two well-
separated peaks, which, according to the experiments
performed on the reference compounds described above, are
easily ascribed to: (i) the high-spin octahedral Co(II)
constituting the layers for the low-field component and (ii)
the inserted CuPcTS,* for the sharper line centered around
330 mT. The spin concentration of the signal attributed to the
Cu phthalocyanine is about 4 X 10** spins-mol ™, in very good
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agreement with the proposed formula for 5. The temperature
dependence of the X-band EPR spectrum (Figure 9) shows a

44K
58K
68K
79K
88K
10K
/ 12K
i 16K
/ 18K
19K
21K
22K
24K
26K
28K
30K
35K
40K
45K

dY/dB (a. u.)

0 100 200 300 400 500

B (mT)

Figure 9. X-band EPR spectra CuPcTS,CCo (5) as a function of
temperature (v = 9.391 GHz).

striking broadening and a shift toward high fields of the Cu
phthalocyanine line below 220 K. None of these features was
observed in the case of 1 and 9; therefore, this behavior in § is
necessarily a consequence of the magnetic ordering of the
compound. The Cu phthalocyanine complex acts as a
paramagnetic probe of the internal field of the compound
when it gets magnetically ordered. However, X-band EPR
spectra are not resolved enough to allow precise discussion of
this behavior. Hence, Q-band EPR spectroscopy experiments
have been performed to analyze in more detail the peculiar
features of the thermal evolution of the spectra (e.g, line
broadening versus g-shift).

Q-Band. Q-band EPR spectroscopy enables the resolution
of the anisotropy of the Cu phthalocyanine complexes. We
focus here on the g ~ 2 region of the spectra of 1, 5, and 9. The
Q-band EPR spectra of these three compounds are similar at 90
K (Figure 10). They sign a Cu(II)-ion in a planar configuration
with an axial g-tensor with principal values that are consistent
with those reported for isolated CuPcTS,Na, in solution'''™'"3
or with those deduced from the Q-band EPR spectrum of a
powdered sample of CuPcTSyNa, (Figure S15). The variations
of the line width and the resulting line shape are mostly due to
the unresolved hyperfine couplings, being more important at g,
than at g,. Simulation of the EPR spectra has been performed
with EasySpin software’® where By, stands for the residual
line width describing broadening due to unresolved hyperfine
couplings. The two components are the Gaussian linewidths in
the perpendicular and parallel directions of the molecular
frame. The spectra of 1, 5, and 9 at 90 K can be simulated with
close parameters. Simulated spectra yield g, = 2.150 + 0.005;
g1 = 2.040 + 0.003; B,.p,./y = SO + 2 mT; Byt = 13 £ 1 mT;
line width =10 + 1 mT. (Specific simulation parameters for
each spectrum are reported in Supporting Information.) The
unresolved large parallel By, (Bywan/,) required for the

1191

1000 1050 1100 1150 1200

B (mT)

1250 1300

Figure 10. Q-band EPR spectra of powder samples of CuPcTS,CCu
(1) (v = 34.073 GHz), CuPcTS,CCo (5) (v = 34.034 GHz), and
CuPcTS,CZn (9) (v = 34.080) at 90 K; experimental (upper trace)
and simulation (lower trace, dashed line) (simulation parameters are
reported in Supporting Information, Table S3).

numerical simulation accounts well for a typical parallel
contribution of the hyperfine tensor of a ®*Cu nucleus (~3 X
17 mT).""'~"'* The flat shape of the parallel region is possibly
due to the existence of intermolecular interactions between
neighboring phthalocyanines, leading to a broadening of the
spectra in the parallel region. It thus comes about that the
perpendicular part of the spectra is more suitable and precise
for discussion, thus confirming the advantage in terms of
resolution of the Q-band over the X-band.

Q-band EPR spectra of 1, 5, and 9 have been recorded at
various temperatures between 90 and 5 K to be compared to
similar studies at X-band (Figures 10, 11 and S16). Whereas for
1 and 9 the parameters obtained from the simulation hardly
change, for §, considerable line broadening and resonance shift
are observed as the temperature decreases.

It appears that between 90 and 5 K, the position of the
perpendicular resonance for CuPcTS,CCo (5) is shifted
toward high fields by ~30 mT. This is concomitant with a
drastic line broadening from 10 mT at 90 K up to ~66 mT at §
K (Figure 12).

Magnetic measurements have shown that 1 exhibits
antiferromagnetic interactions without ordering and § orders
ferrimagnetically with a critical temperature of &6 K, identical
for any particular nature of phthalocyanine complex inserted.
EPR experiments ascertain that the fingerprint of the Cu
phthalocyanine remains unchanged while sandwiched between
diamagnetic Zn hydroxide-based layers. Moreover, a temper-
ature-independent EPR signal of CuPcTS, is observed as well
in 1. This corroborates the absence of magnetic exchange
between Cu hydroxide-based layers and the CuPcTS, guest.
Therefore, assuming also the lack of direct magnetic exchange
between CuPcTS, and Co hydroxide-based layers in
compound § (which is confirmed by the invariance of the
ordering temperature upon the nature of the inserted metal
phthalocyanine complex), the line broadening and resonance
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Figure 11. Q-band EPR spectra of powder samples of CuPcTS,CCu
(1) (v = 33.996 GHz), CuPcTS,CCo (5) (v = 33.941 GHz), and
CuPcTS,CZn (9) (v = 34.043 GHz) at S K; experimental (upper
trace) and simulation (lower trace, dashed line) (simulation
parameters are reported in Supporting Information, Table S3).
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Figure 12. Temperature dependence of the Cu phthalocyanine
component of the Q-band EPR spectra of CuPcTS,CCo (5): line
width, AB,, (open squares), and g, (open circles) (full lines are only
guides for the eye).

shift noticed for § when decreasing temperature can be ascribed
solely to the dipolar field growin% between the Co hydroxide
layers. As previously suggested,”®'®" the magnetic ordering in $
takes place due to dipole—dipole interaction between “giant
spins”, corresponding to 2D correlation domains growing
within the Co hydroxide layers. A local field is concomitantly
created that superimposes to the applied Zeeman field of EPR.
The contribution of this additional field may be roughly
estimated from the shift of g, between 90 and § K: Byq1,r & 30
mT.

The paramagnetic phthalocyanine acts as a probe, which is
sensitive to the internal field that develops when the material
gets magnetically ordered. In the present case, this internal field
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is subtracted from the applied field, so as to increase the
resonance field. A similar feature was already observed in the
case of the insertion-grafting of nitroxide radical species into Co
hydroxide layers.”> The present result seems opposite to the
one recently observed for magnetic layered double hydrox-
ides.” In that case, however, it is likely that the overly low
resolution of X-band EPR spectroscopy prevented the precise
study of the evolution of the parallel and perpendicular
components of the transition. Our point is that the value of the
internal field determined here is of the same order of
magnitude compared to the one determined in the case of
the insertion of the radical species into Co hydroxide layers.*®
In the latter compounds, the internal field experienced by the
radical species was that of the dipolar field, but the radicals were
also involved in an interlamellar exchange pathway with
significant Co(II)-radical and radical—radical couplings. In the
present compounds, such exchange interaction through the
phthalocyanine complexes is ruled out by the magnetic
findings. To our knowledge, it is the first time the value of a
purely dipolar internal field developing between magnetic
layered simple hydroxides is reported.

B CONCLUSION

We have described here the synthesis and properties of a series
of new Cu, Co, and Zn layered simple hydroxides function-
alized by Cu, Ni, Co, and Zn phthalocyanine tetrasulfonate
complexes. These compounds are among the rare examples of
LSHs functionalized by transition metal complexes. In the case
of Cu and Zn layered hydroxides, the insertion-grafting of the
phthalocyanine complexes occurs via preinsertion of dodecyl
sulfate, whereas in the case of Co layered hydroxide, it takes
place from the starting Co hydroxyacetate. All compounds, for
a given metal hydroxide, are isostructural, with similar
interlamellar distances, regardless of the nature of the metal
phthalocyanine inserted. Such a strategy enables us to tune the
electronic structure of the inserted species without modifying
the structure of the layered host.

Whereas all Cu hydroxide-based compounds present an
overall antiferromagnetic behavior, the Co hydroxide-based
compounds show a ferrimagnetic ordering at about 6.4 K,
without any influence of the nature of the metal phthalocyanine
complex on the magnetic properties of the hybrid. The lack of
significant coupling between the inorganic host and the
molecular guest is explained by the use of sulfonate moieties
as coordinating functions. Sulfonates are indeed known to be
weak mediators of magnetic interactions.''* This enables us to
assert the strictly dipolar nature of the interaction between the
magnetic hydroxide layers. The inserted Cu or Co
phthalocyanine complexes act thus as innocent paramagnetic
probes of the internal dipolar field, which has been
determinated by X- and Q-band EPR spectroscopy studies
(Bdipolar ~ 30 mT)

This investigation states quantitatively the mechanisms
responsible for the magnetic ordering in these layered hybrids.
This is of utmost importance for the further design of magnetic
LSH-based multifunctional systems and more generally of
magnetic hybrid multilayers, especially when interaction
between the properties of the subnetworks is sought after.
For instance, as stated in the introduction, the design of
magneto-luminescent or magneto-chiral compounds by func-
tionalization of layered hydroxide-based magnets using different
coordination functions is currently an active field of research.
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Finally, we would like to emphasize that beyond their
magnetic properties, the materials reported in this paper
constitute a new family of hybrid magnetic materials in which
transition metal complexes are immobilized. This constitutes a
tractable and appealing way toward new multifunctional
materials with properties brought by the inserted phthalocya-
nine complexes, like photoluminescence or catalysis of the
oxygen reduction reaction. With regard to the properties of the
compounds described here, the electrochemical activity of the
LSHs functionalized by Co phthalocyanine is under study.
Preliminary results show that these hybrids catalyze the
reduction of O,, even at relatively low pH values.'**

B ASSOCIATED CONTENT

© Supporting Information

Summary of the synthesis conditions, powder XRD patterns for
the copper and zinc hydroxide-based hybrids, IR and UV
spectra of all compounds, SEM study, thermal analysis, ac
susceptibility measurements for copper hydroxide-based
compounds, additional X- and Q-band EPR spectra, simulation
parameters of EPR spectra. This material is available free of
charge via the Internet at http://pubs.acs.org.
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