Inorg. Chem. 2007, 46, 9646—9654

Inorganic:Chemistry

* Article

Thermal- and Pressure-Induced Cooperative Spin Transition in the 2D
and 3D Coordination Polymers  {Fe(5-Br-pmd) JM(CN),],} (M = Ag', Au',
Ni"", Pd", Pt")

Gloria Agusti”," Ana Belé n Gaspar, T M. Carmen Muri'oz,* and Jose€ Antonio Real* '

Institut de Ciacia Molecular/Departament de Quica Inorganica, Universitat de Valacia,
Edifici de Instituts de Paterna, Apartat de Correus 22085, 4607 1n¢ide Spain, and
Departament de sica Aplicada, Uniersitat Politecnica de Valacia, Camide Vera s/n,
46022 Valacia, Spain

Received May 22, 2007

A new family of cyanide-based spin-crossover polymers with the general formula { Fe(5-Br-pmd) [M(CN),J,} [M =
Ag' (1), Au' (2), Ni" (3), Pd" (4), Pt" (5); 5-Br-pmd = 5-bromopyrimidine; z=1or 2, x=2or 4,and y = 2 or 1]
have been synthesized and characterized using single-crystal X-ray diffraction (XRD), X-ray powder diffraction
(XRPD), magnetic susceptibility measurements, and differential scanning calorimetry (DSC). At 293 K, compound
1 presents the monoclinic space group C2/c, whereas at 120 K, it changes to the monoclinic space group P2i/c.
At 293 K, the crystal structure of 1 displays an uninodal three-dimensional network whose nodes, constituted of
Fe', lie at the inversion center of an elongated octahedron. The equatorial bond lengths are defined by the N
atoms of four [Ag'(CN),]~ groups belonging to two crystallographically nonequivalent Ag' atoms, Ag(1) and Ag(2).
They are shorter than those of the axial positions occupied by the N atoms of the 5-Br-pmd ligands. The Fe—N
average bond length of 2.1657(7) A is consistent with a high-spin (HS) state for the Fe' ions. At 120 K, the crystal
structure changes refer mainly to the Fe"" environment. There are two crystallographically independent Fe" ions at
this temperature, Fe(1) and Fe(2), which adopt the HS and low-spin (LS) states, respectively. The average Fe—-N
bond length for Fe(1) [2.174(5) A] and Fe(2) [1.955(5) A] agrees well with the reported magnetic data at this
temperature. The spin transition of the Fe" ions labeled as Fe(1) is found to be centered at T = 149 K and T
= 167 K and accompanied by a drastic change of color from orange (HS) to red (LS). Magnetic susceptibility
measurements under applied hydrostatic pressure performed on 1 have shown a linear displacement of the transition
to higher temperatures while the hysteresis width remains unaltered in the interval of pressures of 10° Pa to 0.34
GPa. A further increase of the pressure induces the spin transition in the Fe(2) ions, which is completely accomplished
at 1.12 GPa (T, = 162 K). Compounds 1 and 2 are isostructural, but 2 does not exhibit spin-transition properties;
the Fe" centers remain in the HS state in the temperature range investigated, 5-300 K. Compounds 3-5 are not
similar or isostructural with 1. A two-dimensional structure for 3—5 has been proposed on the basis of analytical
data and the XRPD patterns. Compounds 3-5 undergo first-order spin transition where the critical temperatures
for the cooling (7" and warming (T.") modes are 170 and 180 K (3), 204 and 214 K (4), and 197 and 223 K (5),
respectively. It is worth mentioning the color change from yellow to orange observed in 3—5 upon spin transition.
The thermodynamic parameters associated with the spin transition estimated from DSC measurements are AH =
6 kJ mol=? (1), 11 kJ mol~* (3), 16 kJ mol=* (4), and 16 kJ mol~* (5) and AS = 38 J K™ mol~* (1), 62 J K™?
mol™t (3), 76 J K~* mol™* (4), and 81 J K~ mol~* (5).

Introduction an important number of coordination polymers with specific
topologies have recently been reporteidhcorporation of

Functional materials with switch properties and memory
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. . . . . Chem. Soc., Dalton Tran2003 2781.
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{Fe(5-Br-pmd)[M(CN)],} (M = Ag', Au', Ni'', Pd', Pt')

mechanically, electronically, or optically active building

they can also combine their cooperative spin-transition

blocks as essential structural components in the constructionproperties (magnetic, chromatic, and structural) with different

of such functional materials has been scarcely expldtad.

chemical properties such as crystalline-state ligand-substitu-

this regard, the use of spin-crossover (SCO) building blocks tion reactions with remarkable structural chardgesr

for the construction of functional coordination polymers has

metallophilicity* Most of the above referredFe'L[M'-

been shown as a suitable strategy because they changéCN),]} systems are based on the [Ag(GN)or [AU(CN),]~

reversibly their magnetic, structural, dielectric, and optical
properties in response to stimuli such as a variation of
temperature or pressure and light irradiatfoh.

The necessity of improving communication between the

building blocks. In fact, only two SCO coordination polymers
based on [Cu(CN)~ have been investigated so f&f°

As a continuation of this research line, we present here
the synthesis and characterization of a new family of cyanide-

active SCO centers has prompted the search for new synthetibased SCO polymers with the general form{ifee(5-Br-

strategies to obtain not only more rigid networks but also
more chemically and structurally versatile systems. For
instance, the possibility of inducing polymerization through

pmd}[M(CN).,} [M = Ag' (1), Au' (2), Ni" (3), Pd' (4),
Pt' (5); 5-Br-pmd= 5-bromopyrimidinez= 1 or 2,x = 2
or 4, andy = 2 or 1].

suitable coordinated anions, i.e., cyanide ligands, has been

considered only recently.
Cyanide-bridged homo- and heterometallic coordination

Results
Crystal Structure of 1 at 293 and 120 K.The crystal

polymers have been shown to exhibit a remarkable diversity structure determinations were performed at 293 and 120 K

of structural types with interesting magnetic, electrochemical,
magneto-optical, thermomechanical, and zeolitic propefties.
In particular, Hofmann-like clathrate compoufdsentaining

Fe' ions have led to the development of a number of two-
dimensional (2D) Fe(pyridine)[M"(CN)4]}%aand three-
dimensional (3D) Fe(pyrazine)[M(CN),]} -nH,O frame-
works where M is Ni, Pd, or Pt. The pyrazine derivatives
undergo abrupt thermal-, pressure-, and light-induced'$CO
behavior with thermal hysteresis close to room tempera-
ture *a¢ which confers them bistability, an essential property
for the construction of advanced materials with potential
applications. The formal replacement of the'"[l@N)]>~
anions by [M(CN),]~ groups (M = Cu, Ag, Au), withtrans
bis(pyridyl)ethylene, 4,/4bipyridine, 3-cyanopyridine, or
pyrimidine (pmd) as ligands, has afforded new 2D and 3D
SCO polymerd?2% Such compounds not only display
interesting pressure- and light-induced propertfe¥, but
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Soc 2005 127, 17980.
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1991; Vol. 5, p 177.
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(11) (a) Niel, V.; Martinez-Agudo, J. M.; Mg, M. C.; Gaspar, A. B.;
Real, J. A.lInorg. Chem 2001, 40, 3838. (b) Molnar, G.; Niel, V.;
Gaspar, A. B.; Real, J. A.; Zwick, A.; Bousseksou, A.; McGarvey, J.
J.J. Phys. Chem. B002 106, 9701. (c) Molnar, G.; Niel, V.; Real,
J. A.; Dubrovinsky, L.; Bousseksou, A.; McGarvey, JJ.JPhys. Chem.
B 2003 107, 3149. (d) Bonhommeau, S.; Moin&.; Galet, A.; Zwick,
A.; Real, J. A;; McGarvey, J. J.; Bousseksou,Agew. Chem., Int.
Ed. 2005 44, 2.

for polymer 1. At 293 K, 1 displays the monoclinic space
groupC2/c, whereas at 120 K, it changes to the monoclinic
space group2,/c. A selection of crystallographic data and
bond distances and angles is given in Tables 1 and 2. The
structure ofl can be described as a 3D network, where the
Fe' ions are the nodes (# 2 connection). Topologicallgt
it is described a§4*.6'°.8} (Schidli symbol) or [4.4.4.4.6.6s.
65.65.65.65.67.67.611.611.%] (long topological O’Keeffe vertex
symbol)??

Figure 1 displays an ORTEP view around thél Eenter
at 293 K with the corresponding atom numbering scheme.
The Fe atom lies at the inversion center of an elongated
octahedron. The equatorial bond lengths are defined by the
N atoms of four [Ag(CN),]~ groups belonging to two
crystallographically nonequivalent Agtoms, Ag(1) and Ag-
(2). They are shorter than those of the axial positions
occupied by the N atoms of the 5-Br-pmd ligandsHf&1)eq
= 2.118(6), FeN(2)eq = 2.108(8) A, and FeN(3)x =
2.271(6) A]. The Ag-C bond distances are AgL(1) =

(12) Niel, V.; Mutoz, M. C.; Gaspar, A. B.; Galet, A.; Levchenko, G.;
Real, J. A.Chem—Eur. J.2002 11, 2446.
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Galet, A.; Goeta, A. E.; Real, J. Angew. Chem. Int. ER003 42,
3759.
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2005 44, 8749.
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2003 125, 14224.
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2006 4321.

(18) Niel, V.; Galet, A.; Gaspar, A. B.; Migz, M. C.; Real, J. AChem.
Commun2003 1248.
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246, 247. (b) Blatov, V. A.; Shevchenko, A. P.; Serezhkin, V.J\.
Appl. Crystallogr.200Q 33, 1193. (c) Blatov, V. A.; Carlucci, L.;
Ciani, G.; Proserpio, D. MCrystEngComm2004 65, 377. (d)
Delgado-Friedrichs, O.; O'’Keeffe, Micta Crystallogr., Sect. 2003
Ab9 351.
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Appl. Crystallogr.2003 36, 1283.

Inorganic Chemistry, Vol. 46, No. 23, 2007 9647



Table 1. Crystal Data forl at 293 and 120 K

293K 120K
formula GH3sNeFeBrAg CgH3NgFeBrAg
M; 534.66 534.66
cryst syst monoclinic monoclinic
space group C2lc P2i/c
a(h) 14.5280(6) 11.9230(3)
b (A) 14.8730(8) 14.6690(7)
c(A) 7.9490(5) 8.0680(5)
p (deg) 121.612(2) 92.211(3)
V (A3) 1462.72(14) 1410.03(12)
4 4 4
D¢ (mg cnt3) 2.428 2.519
F(000) 992 992
u(Mo Ka) (mm1) 6.350 6.588
cryst size (mm) 0.0% 0.06 x 0.09 0.03x 0.06 x 0.09
T(K) 293(2) 120(2)
no. of total reflns 1528 3220
no. of refins [ > 20(1)] 1248 2506
R1[l > 20(1)] 0.0593 0.0410
wR2 0.1635 0.0951
S 1.034 1.010

AR1=J||Fo| — |Fd|l/ZIFol; WR2 = [T[W(Fo? — Fc?)?/ 3 [W(Fo?)?]]*?,
w = 1/[0%(Fe?) + (MP)2 + nP], whereP = (Fs2 + 2F3)/3; m= 0.1056 L
(293 K)], 0.0471 (120 K)]; n = 10.7989 [ (293 K)], 7.1652 1 (120
K)J.

Table 2. Selected Bond Lengths [A] and Angles [deg] fbat 293 and

150 K
293 K 150 K

Fe—N(1) 2.118(6) Fe(1yN(1) 2.120(5)

Fe—-N(2) 2.108(8) Fe(LyN(2) 2.116(5)

Fe—N(3) 2.271(6) Fe(1XN(3) 2.285(5)
Fe(2)-N(4) 1.999(4)
Fe(2)-N(5) 1.932(5)
Fe(2)-N(6) 1.934(5)

average FeN distance  2.1657(7) Fe(1) 2.174(5)
Fe(2) 1.955(5)

N(1)-Fe-N(2) 87.8(3) N(1)»-Fe(1)-N(@2) 91.6 (2)

N(1)-Fe-N(3) 90.4(2) N(1-Fe(1)-N@B) 91.6 (2)

N(2)-Fe-N(3) 88.2(3) N(2)-Fe(1)-N(3) 93.0(2)
N(4)—Fe(2-N(5) 88.6(2)
N(4)—Fe(2-N(6)  90.1(2)
N(5)—Fe(2)-N(6) 89.1(2)

2.055(7) A and Ag(2}C(2) = 2.048(10) A, whereas the
corresponding €N distances are C(BN(1) = 1.140(9) A
and C(2y-N(2) = 1.149(12) A. The FeN average bond
length of 2.1657(7) A is consistent with a high-spin (HS)

Agusti et al.

Figure 1. Perspective view of the representative fragment of compound
1 around the Pécenter with the corresponding atom numbering scheme
(293 K). Displacement ellipsoids are shown at 50% probability levels.

complementary angles of this pseudorhombus are 125(1)
and 55(1). Figure 2c emphasizes the undulated nature of
these planes imposed by the nonlinear [Ag(2)(§Nyroups
and the particular zigzag disposition of the 5-Br-pmd ligands
with respect to the Fe nodes. The [Ag(1)(GN)groups link

the sheets along thedirection, generating the 3D structure
illustrated in Figure 3. The [Ag(1)(CN)  groups are
disposed in such a way that they form an angle ¢fwih

the edgey of the crystal.

At 120 K, compound. adopts the monoclinic space group
P2i/c, but the crystal structure changes mainly involve the
Fe' environment. Figure 4 displays an ORTEP view around
the Fé centers at 150 K with the corresponding atom
numbering scheme. There are two crystallographically
independent Feions at this temperature, Fe(1) and Fe(2).
The average FeN bond length for Fe(1) [2.174(5) A] and
Fe(2) [1.955(5) A] agrees well with the F&l bond distances
typically found for an F&ion in the HS and low-spin (LS)
states, respectively. This singular fact perfectly correlates
with the reported magnetic data at this temperature. Figure

state for the Peions and matches with the reported magnetic S illustrates the{ Fe(1)Fe(2)(Br-pmd)(Ag(2)(CN)} .. sheet
data at this temperature (vide infra). Given its intricate in thexzplane. Because of the LS configuration adopted by
structure, we have deconstructed the network in severalthe Fe(2) ion, the distances FetBr-pmd-Fe(2) and Fe-
significant fragments. The 5-Br-pmd molecule acts as a bis- (1)—Ag(2)—Fe(2) are shorter at this temperature in com-

monodentate ligand linking two consecutive' leenters, as
depicted in Figure 2a. The coordination of the' F@de to
the nonlinear [Ag(2)(CNJ~ groups [C(2)-Ag(2)—C(2) =
168.8(5Y (i = 1 — X, y, =z — ;)] and to the 5-Br-pmd
ligands leads to the formation pfFe(Br-pmd)(Ag(2)(CNY)}
sheets, lying in thexz plane (Figure 2b), which are pillared
along they direction by the [Ag(1)(CNj~ groups [C(1}
Ag(1)—C(1) =180.04Yy i=1—x1—vy,1— 2)]. These
sheets are made up of edge-sharing rhombuseBr-pmd)-
(Ag(2)(CN))}2, where the distances F@&r-pmd—Fe and
Fe—Ag(2)—F€ are 6.1884(3) and 9.9412(4) A, respectively
i =-xY —z— i = —x1vYy, —z+ Y). The

9648 Inorganic Chemistry, Vol. 46, No. 23, 2007

parison with those at 293 K [5.962(1) and 9.845(1) A,
respectively]. Also, there are slight modifications of the-NC
Ag—CN angles and bond distances. The -Ag bond
distances are Ag(HC(1) = 2.051(5) A [Ag(1)-C(8) =
2.045(5) A] and Ag(2)-C(2) = 2.055(6) A [Ag(2)-C(7) =
2.061(6) A], whereas the corresponding B distances are
C(1)-N(1) = 1.158(7) A, C(8-N(6) = 1.162(7) A, C(2)-
N(2) = 1.142(8) A, and C(AN(5) = 1.147(7) A. Both
[Ag(1)(CN),]~ and [Ag(2)(CN}]~ groups are more bent at
this temperature, being C@Ag(1)—C(8) = 178.5(2) (i
=X, =y — Y, z+ ;) and C(2)-Ag(2)—C(7) = 167.4(2
(i=1-x -y, 1 — 2. These structural parameters are



{Fe(5-Br-pmd)[M(CN)],} (M = Ag', Ad', Ni'', Pd', Pt')

Figure 3. Perspective view of the 3D structure df The linear
[Ag(1)(CN)z]~ groups link the 2D fragments ¢fFe(pmd)(Ag(2)(CNY)}n
pillared in they direction, leading to the 3D structure where the nodes are
the six-connected Heions. Atom code: Fe, red; Ag(1), orange; Ag(2),
magenta; C, black; N, green; Br, yellow. The [Ag(1)(GN)groups are
depicted as gray rods.

(c)

Figure 2. lllustration of the structure of compouridat 293 K: (a) view
of the [Fe-pmd—Fe}], fragment in thex direction; (b) view of the 2D
fragment of{ [Fe(pmd)(Ag(2)(CN))} » in the xz plane where the nodes are
the Fé centers; (c) perspective view in tlyelirection of the undulated 2D
fragments of {[Fe(pmd)(Ag(2)(CN))}». Atom code: Fe, red; Ag(2),
magenta; C, black; N, green; Br, yellow. The [Ag(1)(GN)groups are
depicted as gray rods.

similar to those observed previously for other iron(ll)
dicyanoargentate systerts!®

X-ray Powder Diffraction (XRPD). Powder XRD pat-
terns for1—5 were recorded at 293 K (Figures SM1 and
SM2, Supporting Information). Compoundsand 2 have

very similar profiles, where the representative peaks are asFigure 4. Perspective view of the representative fragment of compound

follows: 20 = 9.3C. 14.30. 18.70. 18.95. 19.44. and 1 around the Fe(1) and Fe(2) centers with the corresponding atom numbering
’ T o R e scheme (120 K). Displacement ellipsoids are shown at 50% probability
22.50. From these XRPD profiles, one can conclude that |eyels.

compoundd and2 are isostructural. Compoun@s-5 have

quite similar patterns, but they do not match at all that,of Magnetic Properties. The magnetic data expressed in the
denoting that they are not isostructural. In all of them were form of yuT vs T, with yu being the molar magnetic
found common intense peaks located at about the samesusceptibility andrl the temperature, at different pressures
values in the ranges of #112°, 18-19°, and 21+-24° (20 are shown in Figure 6 for compourid The temperature
=11.80, 13.15, 18.50, 21.9%, and 24.15), which point dependence of the magnetic susceptibility was recorded on
out that the same structure seems to be the case in all ofa microcrystalline sample over the-300 K range in a field
these compounds. Taking into account the analytical dataof 1 T at arate d 1 K min~%. At atmospheric pressure (10

of compounds8—5 and the XRPD patterns, it is reasonable Pa) and 300 K, thguT value is 3.55 criK mol~L. This

to propose a 2D structure similar to that reported for [Fe- value remains constant down to 160 K, at which an abrupt
(py)2(M(CN),)] (M = Ni" 10 pd! 11 pt'11) In fact, the XRPD decrease ofuT takes place within few Kelvin because of
patterns of the latter compounds at 293 K show peaks atthe spin transition of the Eeons labeled as Fe(1) (T =
values of @ in the ranges 1112°, 18-19°, and 21-24°, 1.82 cn? K mol™! at 145 K). A second decrease giT is
which correspond to the Feére, Fe-M'", and P+C dis- observed at around 55 K, which corresponds to the zero-
tances, respectively. field splitting of the metallic centers remaining in the HS

Inorganic Chemistry, Vol. 46, No. 23, 2007 9649
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Figure 6. Temperature-dependent magnetic susceptibility measurements E 1.5
performed at 1®Pa and 0.24, 0.34, 0.46, 0.54, and 1.12 GPd4 fgate of -
measurements: 1 K nin). -z 14
state. TheywT product recorded in the warming mode 057 s
evidences a hysteresis of 18 K widfR(= 149 K andT, 0 : : : : : :
0 50 100 150 200 250 300

= 167 K). ForP = 0.24 GPa, the transition remains steep

while the critical temperature for the cooling and warming T/K

modes changeT¢ = 192 K andTd = 203 K. A further Figure 7. Temperatu_re-dependent magnetic susceptibility measurements

. . or 3—5 at atmospheric pressure (rate of measurements: 1 Kinin

increase of the pressure up to 0.34 GPa provokes a linear

displacement of the transition to higher temperatures, while forms into a second-order gradual phase transition. In fact,

the hysteresis width remains unalterdd & 217 K andT,! at pressures comprised between 0.46 and 0.54 GPa, the spin

= 228 K). transition in compound has been transformed into a second-
In general, SCO systems follow this linear dependence of order spin transition with more than 20% of the Fe(1) ions

T«(P) vs P.2324 Furthermore, the mean-field theory of phase in the LS state (inferred fromuT at 300 K). Moreover, at

transitions in SCO compounds predicts a decrease of the0.46 GPa, the onset of the spin transition in the Fe(2) ions

hysteresis width and of the slope of the transition curve with can be appreciated at 190 K. At 0.54 GPa, practically all of

increasing pressuré.?® The hysteresis vanishes at a critical the Fe(2) ions change the spin state continuously in the

pressure, and at even higher pressures, the transition transinterval of temperatures comprised between 230 and 70 K.
Finally, when pressure attains 1.12 GPa, the Fe(1) ions are

(3) g{giclfg 1+ Ksenofontov, V.; Gaspar, A. Eioord. Chem. Re 2005 in the LS configuration in the whole range of temperatures
(24) Ksenofontov, V.; Gaspar, A. B.; @ich, P. Top. Curr. Chem2004 investigated (5300 K), whereas the Fe(2) ions undergo a
- %35h 2338_ _ R Rao. C. N.Ghem. Physl98s 100 447 gradual spin transition located &, = 162 K. Surprisingly,

(25) Usha, S; Srinivasan, R., Rao, C. N.Ghem. Phys1985 100 447. compound? does not exhibit spin-transition properties; the

(26) Kbohler, C. P.; Jakobi, R.; Meissner, E.; Wiehl, L.; Spiering, H:tl&h,
P.J. Phys. Chem. Solids99Q 51, 239.

(27) Romstedt, H.; Hauser, A.; Spiering, Bl. Phys. Chem. Solidk998 (28) Adler, P.; Wiehl, L.; Meissner, E.; Kder, C. P.; Spiering, H.; Qlich,
59, 265. P.J. Phys. Chem. Solids987, 48, 517.
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{Fe(5-Br-pmd)[M(CN)],} (M = Ag', Au', Ni'', Pd', Pt')
Discussion

Observation of cooperativity associated with the SCO
phenomenon in monomeric Feomplexes and its rational-
ization in terms of effective intermolecular interactions lead
to the realization that enhancement of cooperativity could
be achieved by the use of bifunctional ligands, leading to
polymeric compounds. Indeed, efficient propagation of the
molecular changes stemming from the SCO metal ion
through the crystal lattice would be improved by the covalent
bonds linking the SCO centers. In this regard, utilization of
. : ‘_‘ metallocyanate complexes as building blocks in combination
rigure 8. y%nga/geHosf ‘;(t’;?;)“pon spin transition in compouBés (orange,  with pyridine, pyrazine, pyrimidine, or related ligands has

' ' ' revealed itself to be a fruitful synthetic strategy to obtain
Fel centers remain in the HS state in the temperature range€W 2D and 3D FeSCO polymers displaying a rich variety
investigated, 5300 K (Figure SM3, Supporting Informa-  Of topologies and propertiés. =
tion). In particular, self-assembly of Fgomd, and [AYCN),] -

Like in 1, the magnetic susceptibility foB—5 was building blocks has originated five singular coordination
determined over the-5350 K range in a field of 1 T. The ~ Polymeric networks:{Fe(pmd)[Ag(CN),]5} ** (polymorphs
T vs T plots are shown in Figure 7. In the high-temperature A and B) {Fe(pmd)(HO)[Ag(CN):]z} -H,0,**>**{ Fe(pmd)-
region, theyT values are in the range 3:3.7 cn K mol~t  [AJ(CN)2]2},*** and{ Fe(pmd)[Ag(CN][Ag2(CN)s]} .** The
for 3—5. These values are consistent wita 2 HS ground ~ chemical diversity found in the system-Fgmd-—[Ag(CN)]
state for an Péion. Upon cooling,ywT remains almost  arises and concerns its synthesis. All polymers were isolated
constant down to a temperature value from which it as single crystals from the slow diffusion of water solutions
undergoes a sharp decrease characteristic of a first-order spiff) H-shaped vessels, with the exception{éfe(pmd)[Ag-
transition. For compound3—5, the conversion to the LS (CN)2J2},** which was obtained from dehydration {iFe-
state is complete, and it can also be inferred fromyg® ~ (PMA)(HO)[AG(CN)2]2} -H,0.1* Both the temperature and
values at low temperaturg\jT(5 K) = 0.39 @), 0.41 @), diffusion rate of the starting materials in the H-shaped vessels
and 0.31 5) cm® K mol~1]. The warming mode reveals the Were found to be critical for the isolation of one polymer or
occurrence of thermal hysteresis. The critical temperaturesanother. Indeed, polymorphs A and B are obtained when the
for the cooling T¢) and warming T') modes are 170 and ~ témperature is kept at around 303 K, while compourfess
180 K (3), 204 and 214 K 4), and 197 and 223 K5}, (pmd)(H0)[Ag(CN)]2} -H20 and{ Fe(pmd)[Ag(CN)][Ag -
respectively. It is worth mentioning the color change from (CN)il} are exclusively formed when the temperature is kept
yellow to orange observed i8—5 upon spin transiton  close to 280 K. In contrast, self-assembly of P&-Br-pmd,

(Figure 8). and [Ad(CN),]~ using the slow-diffusion technique at
Differential Scanning Calorimetry (DSC). DSC mea-  different temperatures only afforded compguhd

surements fofl and3—5 were carried out in the 156300 As far as the crystal structure of compouhi$ concerned,

K temperature range at a raté ® K min~%. The thermal it is interesting to note that this type of uninodal 3D network

dependence of the anomalous heat capagiG, obtained ~ was not found in the polymers with the pmd ligand. Let us
from DSC measurements is shown in Figure 9. For com- briefly remember the crystal structure of these last polymers.
pound 1, an anomaly in the heat capacity appears in the Polymorphs A and B can be viewed as 3D coordination
cooling mode affd = 149 K and atT! = 168 K in the polymers made up of a stack of a series of layers constituted
warming one, indicating the occurrence of a hysteresis 19 of [Ag'(CN),]~ and Fé atoms defining squarg{Fe(pmd)-

K wide. These values agree reasonably well with those (Ag(CN)2)}» grids. The pmd ligands, which occupy the axial
observed from thgyT vs T plot. Compound$—5 exhibit positions of the coordination environment around thé Fe
anomalies in the heat capacity B = 172 K andT} = center, interact with the Ag atoms belonging to the adjacent
180 K (3), Td = 204 K andT = 214 K (4), andT = 198 layers, defining the 3D architectures. The architectural
K and T = 225 K (5), respectively, which are comparable isomerism represented by polymorphs A and B is associated
with those obtained from magnetic data. The small differ- with the conformational changes occurring in the usually
ences in critical temperatures between DSC and magneticrigid [Ag'(CN);]~ linker. Compound{Fe(pmd)(HO)[Ag-
data have their origin in the different rates at which the (CN)Jl2}*H.O has two Fe sites interconnected by the
experiments were done. Table 3 summarizes the derived[Ag'(CN)]~ linkers occupying the equatorial positions. While
thermodynamic parameterAHsco and ASsco for com- one Fd site has two pmd ligands in the axial positions, the
poundsl and3—5; the values obtained are in the ranges of other one has two molecules of water. Both sites alternate
the values expected for cooperative spin transitions ih Fe defining a highly porous net with CdS@opology. In fact,

compoundg; 6.2 three nets interpenetrate each other. In this polymer, the pmd
ligands do not coordinate the [XE@N);]~ linkers; if not,
(29) Sorai, M.; Nakano, M.; Miyazaki, YChem. Re. 2006 106, 976. they interact via hydrogen bonding with the coordinated
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Figure 9. DSC measurements performed at a rét& & min—* for 1 and3-5.
Table 3. Thermodynamic ParametefeH and AS for 1 and3-5 differences emerge if: (i) the structural reorganization as
Deduced from DSC Analysis a consequence of the spin state change is accompanied by a
compound AH (I mof?) AS(J K™t mol™) change of the space groupZ/c at 293 K andP2;/c at 150
1 6 38 K); (ii) there are no Agr-Ag interactions; those are prevented
3 11 62 by the uninodal 3D network; (iii) there are no hydrogen
4 16 76 . .
5 16 81 bonds or short €:C or Br-+Br interactions. The last two

differences arise from the undulated nature of these planes

water molecules of the adjacent nets. Dehydration of this MPosed by the nonlinear [Ag(2)(CB)) groups and the
compound provokes a spontaneous coalescence of the threBarticular zigzag disposition of the 5-Br-pmd ligands with
independent nets into a new 3D nigEe(pmd)[Ag(CN)] 2}, respect to the Fe node.
where the pmd ligands act as bridges between thafeens. Compound1 exhibits spin-transition characteristics at
Compound{ Fe(pmd)[Ag(CN}]J[Ag2(CN)y]} is rather par- atmospheric pressure similar to those reported for pmd-based
ticular in this series of compounds because it contains the 3D polymers. Cooperative spin transitions in the temperature
linker [Ag2(CN)s]~, which is formed in situ during the interval of 156-225 K accompanied by a drastic change of
diffusion process and defines a very complicated self- color (HS, yellow or orange; LS, red) are observed in most
interpenetrated 3D network. of the studied 3D polymers. This thermochromic effect is

In general, the structural parameters,-Rebond distances  the result of an increase in the intensity of the metal-to-ligand
and angles, FeN average bond length, AgC bond charge-transfer (MLCT) band around 550 nm, associated
distances and angles, and-Hgr-pmd—Fe and Fe-Ag(2)— with the electron delocalization from thg, brbitals of the
Fe distances found fot at 293 and 150 K are similar to  Fé' ion to thex* orbitals of the ligands, which is enhanced
those observed in the above-discussed pmd-based 30by the HS— LS spin change. The overall enthalpiH)
polymers. Another comparable fact is the presence of two and entropyAS) variations associated with the spin transition
different crystallographic Ag sites at 293 K, where one linker were found to be in the ranges-102 kJ mot* and 66-65
[Ag(CN),]~ [C(1)—Ag(1)—C(1) = 180.0(4)] is linear and J K™t mol™, respectively. As expected, theS values are,
the other is bent [C(DAg(2)—C(2) = 168.8(5y]. However, in general, significantly larger than the entropy variation
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resulting from the change in spin-only valugAS = R In- constructed of the alternating linkage between square-planar
[(2S4s + 1)/(2Ss + 1)] = 13.4 I molt K1 for S4s= 2 and M'" and octahedral Pdons through cyano bridges. The'Fe
Ss = 0}. The excess of entropy mainly corresponds to the ion is octahedrally coordinated by four terminal N atoms of
structural reorganization that takes place concomitantly with the cyano groups and two N atoms of two py ligands in a
the spin-state change. The structural reorganization account¢rans configuration.

mainly for the Fe-N bond distances, which are on average As far as the magnetic properties and DSC profile3-66
0.2 A shorter in the LS state. The thermodynamic parametersare concerned, it is worth mentioning that their cooperative
found for 1 fall into the range of values expected for spin transitions resemble very much those observed for [Fe-
cooperative spin transitions and are comparable to those(py),(M(CN),)] (M = Ni" 20 Pd' 11 P#I11). |n fact, the critical
observed in the polymers with the pmd ligand. Under applied temperatures of the spin transitions are similar, which
small hydrostatic pressures, compouhdollows a linear  indicates that the 5-Br-pmd ligand imparts a ligand field
dependence of¢ vs P and transforms into a second-order  similar to that of py.
gradual phase transition at increasing pressures as the mean- |, summary, the present family of polymeric iron(ll)
field theory of phase transitions in SCO compounds predicts. cyanide compounds adds new examples to the richness of
In contrast, the occurrence of structural phase transitions andky, spin-transition properties of cyanide-based polymers.
or a change of the bulk modulus of the material under applied p,sgibje applications of these materials can be foreseen as
pressure have been proposed for the anomalous behaviogica| sensors by virtue of their thermochromic properties.
observed in{Fe(pmd)(HO)[Ag(CN)]2}-HO,'° e.g., an
increase of the hysteresis width, a nonlinear behavidr.-of
(P) vs P. The magnetic behavior observed fonnder applied
pressure resembles more that of the cyanide polymers Materials. 5-Bromopyrimidine (5-Br-pmd), K[Ag(CN)], K[Au-
containing 3CN-p$? or bpe ligandd? (CN)al, K2INI(CN)4], K2[Pd(CN)], Ko[Pt(CN)], and Fe(Bf)z:

Compound? was isolated using the same synthetic route 6H2Q were purchased from commercial sources and used as
as was followed foll. Despite many attempts to obtain single "eceived.
crystals of enough quality to perform X-ray determinations, ~ Synthesis of 1.The synthesis of was performed under an Ar
the results were unsuccessful. The XRD profil@ aicquired atmosphere using a slow-diffusion technique. One side of an
at 293 K points out a structure similar to that observed for H-shaped vessel contains a mixture of Fe8#®H,0 (0.15 mmol,
1. The paramagnetic behavior®tan be understood in terms 20 mg) and 5-Br-pmd (0.30_mmo|, 48 m_g) n MeOHBI (1.1;

. mL). The other side contains a® solution (2 mL) of K[Ag-

of a decrease of the crystal-field strength at the Fe centers.(CN)z] (0.3 mmol, 60 mg). The vessel was filled with MeOH.
Itis provoked by the more electronegative character of the prjsmatic orange crystals df suitable for single-crystal X-ray
Au atoms of the [AU(CN]J ™ ligands in comparison with the  analysis were obtained after 3 weeks. Yield: 55%. FT-IR (KBr,
Ag atoms. Indeed, the AtC bond length is observed to be  c¢m1): »(C—H,,) 3103, 3056y(C=N) 2160,1(C=C,C=N) 1574,
notably shorter than the AgC one. This fact is finally 1431, 1408, 1330y(C—N) 1194, 1170, 1158, 1128(C—H in-
reflected as weaker donor and acceptor capabilities of the Nplane) 1045y(C—H out-of-plane) 913, 701, 653, 444. Anal. Calcd

Experimental Section

atom of the [Au(CNj]~ ligand?-20 for CgHaAg-BrFeNs (1): C, 17.97; H, 0.57; N, 15.72. Found: C,
Compounds3—5 are not similar or isostructural witf. 18.23; H, 0.62; N, 14.22. EDXA (energy-dispersive X-ray mi-

The information about the coordination mode of the 5-Br- croanalysis). Found: (33% Fe, 67% Ag); (56% Fe, 44% Br).

pmd ligand in complexe8—5 can be derived directly from Synthesis of 2.The synthesis o2 was performed under an Ar

the IR spectra measured at room temperature (Figure SM4 atmosphere. To a solution containing stoichiometric amounts of
. - ; B '5-Br-pmd (0.6 mmol, 96 mg) and Fe(Br6H,0 (0.3 mmol,
?;;ﬁ;rt;n%éﬁ?r;&fggg Er%ratlzgigr?ggot%ﬂ:lhneatédN SbSrru;)md 100 mg) in MeOH/HO (1:1) is added with constant stirring a

. L . . . solution of K[Au(CN)] in H,O (0.3 mmol, 86 mg). The resulting
stretching of the ring is observed. Itis shifted to the high- yellowish solution is evaporated under Ar flow, and after a few

frequency region in the case of bidentate coordination. yays yellowish twinned needles 2funsuitable for single-crystal

Indeed, the value of this band in coordination polymers lies x.ray analysis were obtained. Yield: 60%. Compotndan also

typically 15-30 cnt? higher compared to that of the free  pe obtained using a slow-diffusion technique as described.for

ligand, and for compoundsand?, the values are 1573 and  However, it was not possible to grow single crystal2uitable

1574 cm', respectively. When the ligand acts as monoden- for XRD studies. FT-IR (KBr, cm?): »(C—H,) 3105, 3055,-

tate, an additional band shifted to the lower frequency region (C=N) 2163,v(C=C,C=N) 1573, 1431, 1408, 1339(C—N) 1195,

is found. The intense peaks located3n5, at 1570 and 1172, 1157, 1127y(C—H in-plane) 1047y(C—H out-of-plane)

1540 cm* (3), 1570 and 1539 cnt (4), and 1570 and 912 743,701, 655 481 Anal. Calct fouGALBIFel (O O,
. A48; H, 0.42; N, 11.79. Found: C, 13.72; H, 0.45; N, 11.49.

1540 cm* (5), strongly suggest that the ligand 5-Br-pmd o o 07 50 e " 6200 ALY (4706 Fe, 53% Br).

acts as monodentate in compouris5. Considering the _ i

analytical data, the XRPD patterns, and the IR spectra of Synthesis of 3-5. The syntheses &—5 were carried out under

. an Ar atmosphere. To a solution containing stoichiometric amounts
compounds3—5, one could propose a 2D structure similar P 9

T of 5-Br-pmd (0.6 mmol, 96 mg) and Fe(B&6H,0 (0.3 mmol,
to that reported for [Fe(pyM(CN)4)] (M = Ni", 2% Pd' 1! 100 mg) in MeOH/HO (1:1) is added with constant stirring a

Pt'11). It consists of 2D extended metal cyanide sheets g, tion of K[M(CN)4] [0.3 mmol, 72 mg (Ni), 86 mg (Pd):

(30) Galet, A.; Gaspar, A. B.; Agusts.; Muioz, M. C.; Real, J. AChem. 112 mg (Pt)] in H,O (10 mL). Compounds$—5 precipitate as
Phys. Lett 2007, 434, 68—72. light-yellow microcrystalline powders immediately after the addition
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of a few drops of the kD solution. The precipitates are filtered
off, washed with HO, and dried under vacuum. Yield: 80%-
5).
Compound 3. FT-IR (KBr, cmi™): »(C—H,) 3054, 3027 v-
(C=N) 2159,»(C=C,C=N) 1568, 1540, 1422, 1403, 1333 C—
N) 1187, 1169, 1152, 1128(C—H in-plane) 1083y(C—H out-
of-plane) 1031, 905, 704, 636, 439. Anal. Calcd fesHgBr.FeNsNi
(3): C, 26.86; H, 1.13; N, 20.88. Found: C, 27.02; H, 1.17; N,
20.42. EDXA. Found: (50% Fe, 50% Ni); (32% Fe, 68% Br).
Compound 4. FT-IR (KBr, cm1): »(C—Hg) 3061, 3029v-
(C=N) 2169,»(C=C,C=N) 1570, 1539, 1424, 1402, 1334C—
N) 1185, 1168, 1136, 1129(C—H in-plane) 1032y(C—H out-
of-plane) 905, 706, 636, 468. Anal. Calcd fog,BsBr.FeNsPd
(4): C, 24.67; H, 1.04; N, 19.18. Found: C, 25.03; H, 1.07; N,
19.03. EDXA. Found: (50% Fe, 50% Pd); (36% Fe, 64% Br).
Compound 5. FT-IR (KBr, cm1): »(C—H,) 3061, 3028,-
(C=N) 2169,v(C=C,C=N) 1569, 1539, 1424, 1401, 1334C—
N) 1185, 1168, 1154, 1129(C—H in-plane) 1032y(C—H out-
of-plane) 906, 706, 636, 468. Anal. Calcd for,8sBroFeNsPt (5):
C, 21.42; H, 0.90; N, 16.65. Found: C, 21.85; H, 0.89; N, 16.35.
EDXA. Found: (48% Fe, 52% Pt); (40% Fe, 60% Br).
X-ray Crystallographic Study. Diffraction data forl were
collected with a Nonius Kappa CCD single-crystal diffractometer
using Mo Ko radiation ¢ = 0.710 73 A). A multiscan absorption
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holder, refrigerated with a flow of liquid N and stabilized at a
temperature of 110 K. The sample holder was kept in a drybox
under a flow of dry N gas to avoid water condensation. The
measurements were carried out using around 20 mg of a powdered
sample sealed in Al pans with a mechanical crimp. Temperature
and heat-flow calibrations were made with standard samples of In
by using its melting (429.6 K, 28.45 J°} transition. Overall
accuracies of 0.2 K in the temperature and 2% in the heat flow are
estimated.

Magnetic Susceptibility Measurements under Hydrostatic
Pressure.The variable-temperature magnetic susceptibility mea-
surements were performed on small single crystals by using a
Quantum Design MPMS2 SQUID susceptometer equipped with a
5.5 T magnet and operating AT and 1.8-375 K. The hydrostatic
pressure cell made of hardened beryllium bronze with silicon oll
as the pressure-transmitting medium operates in the pressure range
10° Pa< P < 1.2 GPa (accuracy +0.025 GPa). A cylindrically
shaped powder sample holder with dimensions of 1 mm in diameter
and 5-7 mm in length was used. The pressure was measured using
the pressure dependence of the superconducting transition temper-
ature of a built-in pressure sensor made of high-purity3?Sn.
Experimental data were corrected for diamagnetism using Pascal’s
constants?
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samplesl and 3—5 at a rate 65 K min~! using a differential

scanning calorimeter (Mettler Toledo DSC 821e). Low temperatures
were obtained with an Al block, which was attached to the sample
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