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Spin Crossover in a Catenane 
Supramolecular System 
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Miguel Julve, Thierry Granier, Auedine Bousseksou, 

Fran~ois Varret 

The compound [Fe(tvp),(NCS)J . CH,OH, where tvp is 1,2-di-(4-pyridy1)-ethylene, has 
been synthesized and characterized by x-ray single-crystal diffraction. It consists of two 
perpendicular, two-dimensional networks organized in parallel stacks of sheets made up 
of edge-shared [Fe(ll)], rhombuses. The fully interlocked networks define large square 
channels in the [OOl] direction. Variable-temperature magnetic susceptibility measure- 
ments and Massbauer studies reveal that this compound shows low-spin to high-spin 
crossover behavior in the temperature range from 100 to 250 kelvin. The combined 
structural and magnetic characterization of this kind of compound is fundamental for the 
interpretation of the mechanism leading to the spin crossover, which is important in the 
development of electronic devices such as molecular switches. 

T h e  electronic spin crossover phenome- 
non is a type of molecular magnetism (1, 
2) that occurs in some six-coordinate, 
first-row transition metal com~lexes. It is 
the result of an electronic instability driv- 
en by external constraints (temperature, 
pressure, or electromagnetic radiation) 
(3-5), which induce structural changes at 
molecular and lattice levels (6). S' IX-coor- 
dinate iron(I1) (3d6) spin crossover com- 
pounds are among the systems studied in 
most detail; they change reversibly from 
diamagnetic (S = 0) to paramagnetic (S = 
2) spin states. In the solid state, coopera- 
tive first-order s ~ i n  transition (ST) takes , , 

place at a well-defined critical tempera- 
ture for a few of these com~ounds. some of 
which show thermal hyste;esis. ' 

Such properties have interested many 
different research groups because ST com- 
pounds could be used as molecular switches 
in new electronic devices because of their 
bistable nature (7-1 0). Light-induced excit- 
ed spin state trapping (LIESST) (1 1) and 
liganddriven light-induced spin changes 
(LD-LISC) are two examples of how quan- 
titative 'A,(S = 0) 'T2 (S = 2) revers- 
ible transformation may be achieved. In the 
former case, the sample is irradiated with 
green light (550 nm) at low temperature 
( 6 0  K) to induce the 'A, + IT, absorp- 
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tion band transition, whereas in the latter 
case, photochemical cis-trans isomerization 
of the ligand occurs (12, 13). A display 
based on an iron(I1) com~lex has been re- . , 
cently reported (1 4), whiLh takes advantage 
of the dramatic chanee of color and the - 
large thermal hysteresis accompanying the 
ST. 

We have attempted to clarify the nature 
of the cooperative mechanism in spin cross- 
over systems by correlating the structural 
changes with magnetic susceptibility, Moss- 
bauer spectroscopy, and calorimetry data 
(15-17). The aim is to define the main 
factors that control abruptness, hysteresis, 
and critical temperature to design new ma- 
terials that mieht be used in molecular de- 

w 

vices. To date, the major source of informa- 
tion on ST systems comes from mononucle- 
ar iron(I1) compounds where, as a conse- 
quence of the spin conversion, molecular 
distortions spread through the whole crystal 

by means of intermolecular interactions. 
The cooperativity in these systems could 

be enhanced by controlling both intra- and 
intermolecular interactions. Cooperativity 
can be achieved by using suitable bridging 
ligands. A series of dimeric iron(I1) spin 
crossover compounds were prepared and in- 
vestieated. The most remarkable feature of - 
this family of compounds is the occurrence 
of a double-step spin transition. The two- 
step character is attributable to the synergis- 
tic effect between intramolecular and inter- 
molecular interactions (18). A further step 
would consist of extending the connectivity 
among iron(I1) ions by polymerizing a mo- 
lecular fragment that could undergo spin 
conversion. In fact. one exam~le of a two- 
dimensional (2D) spin crossover system 
that exhibits an abru~t  s ~ i n  transition has . . 
been reported (1 9); the question is wheth- 
er this behavior is intrinsic to this kind of 
polymeric system. In this context, we re- 
port here the results concerning a poly- 
meric spin crossover system of formula 
[Fe(tvp),(NCS),] . CH,OH (tvp = 1,2- 
di-(4-pyridy1)-ethylene), which is unusual 
in that it is made up of interlocking 2D 
networks (20). Interlocked macrocvcles of 
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this kind are called catenanes. 

Compound 1 was synthesized (21) as a 
dark red powder by reacting methanolic 
solutions of iron(I1)-NCS- (1: 2 metal-to- 
ligand molar ratio) with an excess of tvp. 
Single crystals suitable for x-ray diffraction 
were isolated by slow diffusion in an H- 
shaped tube. All operations were carried out 
under an argon atmosphere. 

The x-ray crystal structure of 1 (22) 

Fig. 1. Interlocking of two layers of 
1 in the [001] direction. Deep red, 
green, and blue correspond to Fe, 
N, and S atoms. The C atoms of 
dierents layers are block-colored 9 (phk and yellow). 
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shows the occurrence of two perpendicular, 
fully interlocked 2D networks (Fig. 1) con- 
stituted by parallel layers separated by 11.3 
A. The iron(I1) lies in a compressed octa- 
hedron with two trans-thiocyanato ligands 
filling the axial positions and four pyridine 
nitrogen atoms building the basal plane 
[Fe(II)-N(CS) = 2.061 A; Fe(I1)-N(tvp) 
= 2.196 A]. The two pyridine rings and the 
ethylene group of each tvp ligand are co- 
planar. The four pyridine units associated 
with each metal atom are arranged in pro- 
peller fashion (dihedral angle, 51.8O). Each 
tvp ligand connects two iron(I1) ions defi- 
ing the edges of a [Fe(II)I4 rhombus: The 
metal-metal se aration through the tvp li- 
gand is 13.66 !i , whereas the metal-metal 
distances through the diagonals of the 
rhombus are 22.59 and 15.36 A, respective- 
ly. Despite the strict D4, symmetry of the 
iron(I1) site, the particular disposition of 
the ethylene groups defines a significantly 
elongated rhombus (the internal angles are 
111.55" and 68.44"). 

The edee-shared rhombuses define the - 
grid-layered structures mentioned above, 
with all of the iron(I1) ions in a co~lanar 
sheet. Parallel sheets are displaced sb that 
the iron centers of the first sheet are verti- 
cally above those of the third, fifth, and 
further odd-numbered sheets, while verti- 

Fig. 2 (A) Scheme of the interpenetrating sheets 
orientated in the [ I  101 direction, showing the par- 
ticular disposition of the tvp ligands leading to the 
rhombus grid, the alternatively displaced sheets 
(along [OOl]), and the orientation of the trans 
NCS- ligands along the large diagonal of the 
[Fe(ll)], rhombuses [black and whte spheres rep- 
resent iron(ll) ions, which belong to different per- 
pendicular networks; the straight line denotes the 
tvp ligand]. (B) View of the coordination octahe- 
dron, emphasizing the propeller arrangement of 
the four basal pyridines. 

cally above the midpoints of [Fe(II)I4 rhom- 
buses of the even-numbered sheets (see Fig. 
2). An equivalent stack of sheets is found in 
planes perpendicular to the first set, defin- 
ing large square channels orientated in the 
[Wl] direction (see Fig. 3), where the sol- 
vent molecules are located. 

The high-spin to low-spin conversion in 
1 was followed bv measurement of the molar 
magnetic susceptibility X, and Mossbauer 
studies as a function of temperature T. As 
observed from these data, the extent and 
steepness of the spin conversion are very 
sensitive to the sample preparation and show 
different high- and low-spin residual frac- 
tions at low and high temperature as well as 
different cooperativity. The magnetic behav- 
ior of two different samples (denoted A and 
B) is illustrated in Fig. 4 (23). The x,T 
product remains practically constant from 
room temperature to 250 K and then de- 
creases to reach a plateau in which residual 

Fig. 3. Space-filling representation of the struc- 
ture of 1 in the [ I  101 direction, emphasizing the 
large channels formed by the interlocking of the 
two bidimensional nets. 

Fig. 4. Magnetic properties of samples A and B of 
1 (23). 

paramagnetism is present. The x,T values 
for warming and cooling modes show that 
the thermal hysteresis effect, if present, is less 
than 0.5 K. The temperature evolution of 
the Mkbauer spectra (corresponding to 
sample A) shown in Fig. 5 agrees with the 
rnaenetic curve. The dominant doublet ob- - 
served at mom temperature, characterized by 
the quadmpole splitting hE, = 2.108(6) mm 
s-' and isomer shift IS = 1.00(3) mm s-' 
(numbers in parentheses are standard errors 
in the last digit), corresponds to the S = 2 
high-spin ground state of iron(I1). As the 
temperature is lowered, a doublet between 
the two former peaks appears; its intensity 
increases at the exDense of the former with 
decreasing temperature. Its characteristics at 
5 K are AE, = 0.193(2) mm s-' and IS = 
0.449(2) mm s-', typical of the S = 0 low- 
spin ground state of iron(I1). The spin con- 
version is intomplete: high-spin fractions nh, 
of 13% at 5 K and of 66% at 293 K are found 
in sample A. 

The presence of residual paramagnetism 
and diamagnetism described above is not 
uncommon in spin crossover systems and is 
generally attributed to subtle effects in- 
duced by the presence of crystalline defects 
and molecular inclusions (counterions or 
solvent molecules) or both. The synthetic 
I;rocedure influences the above-mentioned 
factors: the magnetic properties of 1 are 
very sensitive to the size and quality of the 

I I 
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Velocity (mm sl) 
Fig. 5. A series of 57Fe-Mossbauer spectra (sat- 
ple A) for a representative set of temperatures (T = 
293-5 K), displaying the 5T2 (high-spin) U 'A, 
(low-spin) conversion. 
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crystals (23), possibly because we are deal
ing with a singular extended system with 
large channels, where the factors men
tioned above are likely to exert a greater 
influence on spin conversion than in relat
ed molecular systems. 

Catenanes are of great interest in topo
logical stereochemistry (24), not only for 
aesthetic or intellectual pleasure but also 
because of their potential derived properties. 
Supramolecular systems have attracted the 
attention of many research groups because 
of their photochemical (25) and magnetic 
properties that can result from the inter
action among their subunits. Detailed 
structural and magnetic characterization 
sheds light on the mechanisms leading to 
these properties, such as the cooperative 
mechanisms of spin crossover studied here. 
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The nanometer-scale structure of liquid 
films and surfaces is a fundamental subject 
of materials and biological sciences that has 
until now eluded a direct study because of 
the lack of suitable microscopy techniques 
with the required level of resolution. The 
growth of thin films of water is an impor
tant and largely unsolved problem in phys
ics, chemistry, and biology. Water films al
ter the adhesion and lubricating properties 
of surfaces and the reactivity of solids with 
ambient gas molecules. The contact angle 
of water is used as a measure of the chemical 
activity of the surface. In biological process
es, water films are critical for ion transport. 
Several studies have been recently devoted 
to the layering and orientation of water 
molecules on surfaces (1-4)- Ice-like struc
tures are predicted for the first layers, but no 
experimental evidence is available (5-9). 
Imaging water surfaces with nanometer res
olution would make it possible to study 
many basic aspects of wetting, including 
condensation, evaporation, and chemical 
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reactions. The validity of growth models 
and the structure of the first layers could be 
investigated at the molecular level. 

Although modern scanning probe micro
scopes, like the scanning tunneling micro
scope (STM) and the atomic force micro
scope (AFM), have atomic-scale resolution, 
they cannot be easily used to study free liquid 
surfaces. For liquids, if the probe tip comes 
into contact with the surface, strong capil
larity forces will cause the liquid to wet the 
tip and will strongly perturb the liquid. To 
avoid the bulging of the liquid surface that 
leads to wetting and capillary interaction, 
the tip must be kept at least several tens of 
angstroms from the imaging surface. 

Our approach has been to use electrical 
polarization forces by applying a voltage to a 
conductive AFM tip with respect to a re
mote grounded electrode, for example, the 
sample holder (10), The strong electric field 
around the charged tip induces a polarization 
charge distribution on the surface of any 
nearby conductive or insulating materials. 
Because of the long-range nature of electro
static interactions, the force can be detected 
at distances of several hundred of angstroms 
from the surface. This distance was deter
mined by measuring the displacement of the 

Imaging the Condensation and Evaporation of 
Molecularly Thin Films of Water 

with Nanometer Resolution 
J. Hu,* X.-D. Xiao, D. F. Ogletree, M. Salmeron 

The polarization force between an electrically charged atomic force microscope tip and 
a substrate has been used to follow the processes of condensation and evaporation of 
a monolayer of water on mica at room temperature. Condensation proceeds in two distinct 
structural phases. Up to about 25 percent humidity, the water film grows by forming 
two-dimensional clusters of less than a few 1000 angstroms in diameter. Above about 25 
percent humidity, a second phase grows, forming large two-dimensional islands with 
geometrical shapes in epitaxial relation with the underlaying mica lattice. The growth of 
this second water phase is completed when the humidity reaches about 45 percent. The 
reverse process of evaporation has also been imaged. 
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