and magmatism in some areas (14, 45). In
detail, the heterogeneous nature of the
lithosphere probably contributes to the
observed complexity in volcanic and tec-
tonic patterns.
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High-T. Molecular-Based Magnets: Ferrimagnetic
Mixed-Valence Chromium(lll)-Chromium(ll)
Cyanides with T at 240 and 190 Kelvin

T. Mallah, S. Thiébaut, M. Verdaguer,* P. Veillet

Molecular-based magnets with high magnetic-ordering temperatures, T, can be obtained
by mild chemistry methods by focusing on the bimetallic and mixed-valence transition metal
p-cyanide of the Prussian blue family. A simple orbital model was used to predict the
electronic structure of the metal ions required to achieve a high ordering temperature. The
synthesis and magnetic properties of two compounds, [Crg(CN),,].10H,O and Cs ,5
[Cr, 425(CN)g]-5H,0, which exhibited magnetic-ordering temperatures of 240 and 190
kelvin, respectively, are reported, together with the strategy for further work.

The synthesis of well-characterized molec-
ular-based magnets with Curie tempera-
tures, Tc's, close to room temperature re-
mains a challenge (I-4). We are trying to
prepare molecular-based materials of low
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density that are transparent and have a
tunable high T..

For our work, the classical cyanide sys-
tem, based on Prussian blue (5, 6), is
particularly useful because (i) the synthesis
of bimetallic or mixed-valence systems is
easy and flexible, relying on the reaction of
stable hexacyanometallates {octahedral
[B(CN)J*~ Lewis bases, which can be used
as molecular building blocks} with metallic
cations At (Lewis acids, used as assem-
bling entities), where A and B can be
transition metal ions with various oxidation



and spin states; the starting molecular unit
[B(CN)¢] remains unchanged in the three-
dimensional (3D) solid, hence our name of
molecular-based materials; (ii) the structure
of the resulting 3D network is highly sym-
metrical, most often a face-centered-cubic
(fcc) frame of [B(CN)] units connected by
the metallic cations A in octahedral sites (7,
8); the general stoichiometric formula,
A, [B(CN)],nH,0 can be modified by in-
sertion of cations in the tetrahedral sites
(Fig. 1) (9); and (iii) the nature and strength
of the coupling constant ] between the
nearest neighbor ions A (spin S,) and B
(spin Sg) (with use of the interaction spin
Hamiltonian H = —J S§,-Sp) can be ana-
lyzed within the binuclear fragment,
(NC)sB-CN-A(NC);, where B, C, N, and
A are on a straight line.

The magnetic properties of such a system
have already attracted much interest (3, 10,
11). Prussian blue itself, Fe,"[Fe- (CN)l;-
15H,0, is a ferromagnet at low temperatures
with T = 5.5 K (12). However, the Fe' ions
are low-spin (LS) d° [Sgu(LS) = 0], and
the interaction between the next-nearest
neighbors Fe'! [high-spin (HS) d°, Sgu(HS)
= 5/2], more than 10 A distant, is weak. A
higher T implies two magnetic neighbors A
and B with a stronger interaction J be-
tween them because To « |JI (13, 14).

In our experiments, we used as the Lewis
base the hexacyanochromate (III) ion, [Cr'-
(CN)J’~ B = C') &, (tzg)3, S =
3/2]. Here, the three unpaired electrons are
described by t,, orbitals, delocalized on the
cyanide ions, particularly on the nitrogen
atoms (15, 16). These mw-symmetry “mag-
netic orbitals” allow interactions in the
three spatial directions. The choice of the
A Lewis acid best-suited to combine with

[Cr™(CN)¢J*>~ and to obtain the desired

Fig. 1. Structure of the system C'A'[B"(CN)g.
Trivalent B"", large white spheres; divalent A'l,
large light gray spheres (octahedral sites);
monovalent C', black spheres (tetrahedral
sites); and carbon (bonded to B"') and nitrogen
(bonded to A'), small white spheres.

magnetic properties does not a priori de-
mand a thorough mathematical treatment
(17-21). There are two kinds of interac-
tions between the t,, magnetic orbitals of
Cr'™" and the singly occupied (magnetic)
orbitals of the nearest neighbor A" (when
both A and B are octahedral). Neglecting the
interaction between next-nearest neighbors,
we observe that (case 1) when all the Al
magnetic orbitals have e, symmetry (o sym-
metry), the e, (A) and t,,(Cr) orbitals are
orthogonal, and overlap is  zero
(Fig. 2A). This situation leads to a ferromag-
netic contribution ], (F) for each t,(Cr)-
e,(A) orbital pair and to an overall ferromag-
netic interaction between A and B (J = J >
0) (17, 22). These results are observed in
Cs'Ni'[Cr(CN) (-2H,O, where we find ev-
idence of a ferromagnetic short-range interac-
tion between Cr' and Ni" and a 3D ferro-
magnetic ordering at T = 90K (23, 24). On
the other hand (case 2), when all the A"
magnetic otbitals have t,, symmetry (m sym-
metry), the t,,(A) and t,,(Cr) orbitals over-
lap, and their interaction gives rise to two
molecular orbitals with a A energy gap (Fig.
2B). The stronger the overlap, the larger the
A energy gap and the stronger the antiferro-
magnetic contribution J, (AF) (25, 26). Ad-
dition of the orbital contributions J ; leads to
an overall antiferromagnetic interaction be-
tween A and B (J < 0).

The general case is the superimposition of
cases 1 and 2: Both t,, and e, electrons are on
Al and the coupling constant J is the sum
of the ferromagnetic (J; > 0) and antiferro-
magnetic (J4r < 0) orbital contributions. In
this case, the antiferromagnetic term is
often the leading one. For example, for
Al = Mn" [high-spin d°, (tzg)3, (e.)?, Sin
= 5/2], Babel demonstrated in és'Mn"-
[CHII(CN)4] that the antiferromagnetic
short-range interaction between Cr'' and
Mn!,, bearing different spins, induces a 3D
ferrimagnetic order at T = 90 K (3).

We used this ferrimagnetic approach to
reach higher T by increasing the antifer-
romagnetic coupling ] between Cr'' and
AU with a suitable choice of A. Two
routes are possible: increase the antiferro-
magnetic contribution | J 5! or decrease the
ferromagnetic one Ji. Chromium(II) is a
good candidate for A" because it can work
in both ways: High-spin Cr'" has a d*, (t,,)%
(eg)1 Jahn-Teller distorted electronic con-
figuration (Sct = 2). On one hand, it is
less bulky than Mn" and gives a shorter
Cr.CN-A" distance, hence a stronger
overlap between Cr'' and A" ¢, orbitals
and enlarged ¢, (Cr'™)-t,,(A") antiferro-
magnetic contributions; on the other hand,
Cr"" has only one e, magnetic orbital, in-
stead of the two orbitals in Mn', and the
weaker number of t,, (Crm)-eg (A ferro-
magnetic interactions induces a weaker re-
sultant ferromagnetic term Jg.
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The reaction of K;[Cr'™(CN)y and
Cr'Cl, in a deaerated aqueous medium un-
der inert atmosphere affords a light gray
precipitate (27). The elemental analysis is
consistent with the formula Crgs(CN),,
10H,0  [Ct;"Cr,(CN),,10H,0  from
charge analysis]. The powder x-ray diffraction
pattern is consistent with a fcc structure (unit
cella = 10.34 A). Infrared (IR) spectroscopy
in the 2000 to 2200 cm™! region shows an
intense single band at 2194 cm™!, assigned to
Cr'™-CN-Cr" links (28), similar to that found
in AJU[Cr™(CN)4l, bimetallic compounds
(23). These IR data are a first indication that
all the cyanide bridges are bound to Cr'!!
through the carbon. In the visible region, the
electronic spectrum shows weak, badly re-
solved bands of the two independent chromi-
um chromophores. No absorption is observed
in the near IR, in accord with localized
unpaired electrons. In the photoelectron
spectrum, the 2p chromium peak consists of
two symmetrical bands assigned to Cr'' and
Cr" jons, in a 3/2 ratio; the 1s carbon peak is
unique, as in K;[Cr(CN),], which confirms
the bonding of the cyanide to Cr'" by the
carbon: + + + NC-Cr'"™-CN-Cr!! « - - .

Thermogravimetric analysis from room
temperature to 600°C, in an inert atmo-
sphere, shows a three-step curve. The first
step between room temperature and 50°C
corresponds to the loss of about four water
molecules per formula unit. The second
step, up to 230°C, corresponds to the loss of
the six coordinated water molecules (two
per Cr'! ion). Above 230°C, decomposition
begins. The water molecules take up the
Cr"I(CN)6 vacancies; on average, two wa-
ter molecules are bound to Cr!!, and the
others are zeolitic. The mean coordination
of chromium is therefore Cr'"'Cq and

B C N A

Fig. 2. Schematic orbital interaction in a
(NC)gB-CN-A(NC)g dinuclear unit. (A) Orthogo-
nality between t,g (x2) and e, (z?) magnetic
orbitals (B = Crii; A" = Ni). (B) Overlap
between two t,4 (x2) magnetic orbitals [B =
Cr'; A = any (t,)® ion]. For clarity, only the
part of the orbitals located along the cyano
bridge is shown.
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Cr''N,O,. The mean number of Cr"" neigh-
bors of Cr'!' is = 4. The best formula is
Cr,"[Cr™(CN) ], 10H,O (compound 1).

Faraday balance susceptibility measure-
ments were carried out from T = 390 to 50
K. The product of the magnetic susceptibil-
ity and temperature, xT, first decreases
continuously with temperature, from 390 K
to a minimum at 290 K, and then climbs at
lower temperatures (Fig. 3). Such behavior
indicates a short-range antiferromagnetic in-
teraction between nearest neighbor ions
with different spins (ferrimagnetism). The
linear part of the x,,~! versus temperature
curve was fitted to the Curie-Weiss law x,,
= C//(T - 8,). The Curie constant is C; =
8.1 cm® mol™! K [instead of the expected
12.75 (29)], and the Weiss constant 6, =
—306 K, indicating a large antiferromag-
netic interaction between Cr™ and Cr!!
through the cyanide bridge.

Magnetization measurements were per-
formed with a superconducting quantum in-
terference device (SQUID) magnetometer.
The field-cooled magnetization versus tem-
perature plot at H = 5 G shows a break at T
= 240 K (Fig. 4, compound 1), which is the
onset of 3D long-range ferrimagnetic order.
Magnetization versus field measurements up
to 7 T were carried out at T = 10 K (30). At
H = 7T, M = 1.4 Bohr magnetons, instead
of the expected 6 (Fig. 5, compound 1),
showing that the saturation is far from being
complete. Finally, the magnetization versus
field curve at 5 K, in the =100 G range,
presents a hysteresis loop with a remnant
magnetization M, = 1333 cm® mol™! Gand a
coercive field H, = 20 G.

These results indicate that 1 is a 3D
ferrimagnet with T = 240 K. Other mag-
netic measurements are necessary (at higher
field, under pressure, and on single crystals
when available) to better characterize the
magnetization behavior, in particular to
look for possible spin-canting.
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Fig. 3. Thermal variation of the susceptibility of
compound 1, x,, Tversus T. (Insert) Expanded
view of the minimum region.
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Fig. 4. Field-cooled magnetization versus tem-

perature at H = 5 G for compound 1 (O) and
compound 2 (A).

The value of T may be increased if z, the
mean number of magnetic neighbors, is en-
hanced [To « z (13)]. This is possible, in
principle, by reduction of the Cr(CN), va-
cancies present in 1 (9) with the use of Cs!
salts during the synthesis, as previously dem-
onstrated (3, 24). When Cs,K[Cr'"™(CN),],
instead of K;[Cr™(CN)], was mixed with
Cr''Cl, in deaerated aqueous medium under
inert atmosphere, a deep green precipitate
{compound 2) was obtained. Reproducible
elemental analysis of 2 is consistent with the
formula Cs, ,5[Cr, ;,5(CN)g-5H,O {Cs, ;5
[Cr;125"Cr; M(CN)(I'5H,O  from charge
analysis} (31).

Compound 2 has a fcc structure (unit
cell parameter a = 10.38 A). The IR
spectrum has two C-N stretching bands at
2069 and 2187 cm™!. The 2069 cm™!
band suggests the presence of Cr''-CN-
Cr™! links (32), in addition to those of
Cr'"™CN-Cr", at 2187 cm~". In the pho-
toelectron spectrum, the 2p chromium
peak consists of two main bands, assigned
to Cr'™ and Cr" jons. The 1s carbon peak

M (Bohr magneton)

H(T

Fig. 5. First magnetization curve M versus H at
T= 10 K for compound 1 (O) and compound 2
(A).
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displays two bands: one (=80%) can be
assigned to carbon bound to CrllI, Cr"
uCg, as in 1, and the other (=20%) to
carbon bound to Cr'l. However, Cr''C
corresponds to a low-spin state, [(tz)*,
Scu(LS) = 1]. The amount of Cr!I(LS) is
then =20% of the total amount of Cr'.
The electronic spectrum shows a wide
band centered at 1140 nm. The color can
be assigned to some electron transfer be-
tween the two chromium ions (33).

The thermal variation of x,,T for 2
(from Faraday balance measurements) is
characteristic of ferrimagnetic behavior
(Fig. 6). It is similar to that of 1, but the
minimum occurs at 235 K. The high-tem-
perature, linear part of the x,-1 versus
temperature curve, fitted to the Curie-
Weiss law x, = C,/(T — 6,), yields a Curie
constant C, = 4.9 cm® mol™! K and a
Weiss constant 8, = —440 K. The 6, value
indicates a large antiferromagnetic interac-
tion between Cr'! and Cr'l. The Curie
constant allows an independent estimate of
the number of high-spin, N- and O-bonded
Cr' [Cr'(HS) = 0.95] and of low-spin,
C-bonded Cr' [Cr'/(LS) = 0.175] (33),
consistent with photoelectron spectrosco-
py. Compound 2 may then be formulated as
{Cs0.75Cro o5 (HS)  Cro 175™]  [Crg 5™
Cry.175 (LS)] (CN)¢}-5H,0.

The field-cooled magnetization versus
temperature plot at H = 5 G shows a break
at To = 190K (Fig. 4, compound 2), which
is the onset of a 3D long-range ferrimagnetic
order. The first magnetization versus field
curve at T = 10 K (Fig. 5, compound 2)
shows that magnetization at H = 7 T is close
to that expected from antiferromagnetically
coupled Cr'™-Cr"! ions (0.95 Bohr magne-
tons instead of 1.125) (30).

Qur results show that 2 behaves as a 3D
ferrimagnet with T = 190 K. This T, value
is high. Nevertheless, it is lower than ex-
pected and even lower than the T in 1.
There are two possible explanations for this



situation: (i) In our attempt to enhance z,
the number of magnetic neighbors, we were
only partially successful (in 2, z = 16/3,
larger than z = 4 in 1 but less than t = 6 in
the expected ideal structure); or (ii) the
nonnegligible presence of low-spin Cr"
(0.175) in the B(CN)j sites induces a struc-
tural (and magnetic) disorder, which defeats
our experimental strategy. The exchange
interaction in 2 is therefore more complex
than in 1, and its detailed description would
be beyond the scope of this note. It can be
said, however, that the lowering of T in 2,
compared with 1, is in large part a result of
the fact that two t,, unpaired electrons of the
low-spin Cr™! present in 2 are less efficient in
inducing antiferromagnetic  interactions
than the three of Cr'" in 1.

An important property of the two com-
pounds is their stability in atmospheric con-
ditions: They may be left for weeks in the
laboratory in bottles opened to air from time
to time without apparent chemical change of
Cr" or loss of the magnetic properties. Such
stability is surprising (the reduction properties
of Cr!! are well-known) but valuable because
it opens the possibility of useful applications at
room atmosphere. The two compounds,
stirred in hydrochloric acid (1 mol liter™!) for
24 hours and then dried under vacuum at
100°C, remain unchanged on return to room
atmosphere. In both compounds, the p-cyano
CrCr!! insoluble network, as soon as it is
formed, appears robust and chemically inert.

The deep green compound 2 deserves fur-
ther comment: It displays in the near IR, in
contrast to the light gray 1, an intense absorp-
tion band centered at 8720 cm™!, a much
lower energy than that of the intervalence
band of Prussian blue (15,000 cm™!) (34).
Hence, 2 presents a higher T~ (190 K com-
pared with 5.5 K) and an easier electronic
delocalization than Prussian blue. These two
associated properties can open new perspec-
tives in the field, and we consider 2 as the first
member of a series of promising new systems.

We are now engaged in a more complete
characterization of the two compounds and,
in particular, in the study of their magneto-
optical properties. Growth of single crystals
and new syntheses are in progress in order
to obtain new bimetallic and mixed-va-
lence systems with higher T.
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Binding to DNA and the Retinoblastoma Gene
Product Promoted by Complex Formation of
Different E2F Family Members

Wilhelm Krek, David M. Livingston,* Suman Shirodkar

The E2F family of transcription factors functions in the control of the mammalian cell cycle. Here
it is shown that two family members, E2F-1 and DP-1, form specific heterodimers in vivo, a
process that enhances DNA binding, transactivation, and the binding of the retinoblastoma
gene product. These results suggest that heterodimerization regulates E2F function and con-

tributes to cell cycle control.

The E2F family of transcription factors (1)
contributes to cell cycle regulation. through
the controlled activation of certain growth-
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responsive genes (2). Complementary
DNAs (cDNAs) from two family members,
E2F-1 and DP-1, were cloned and shown to
be components of Rb-E2F complexes (3-6).
Because E2F can bind its cognate DNA
binding motif as a complex of different sub-
units in vitro (7), we examined whether
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