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Two new spin crossover complexes [FeL(py).] (1) and [FeL(DMAP),] (2) with L being a tetradentate N,On?~
coordinating Schiff-base-like ligand [([3,3']-[1,2-phenylenebis(iminomethylidyne)]bis(2,4-pentanedionato)(2-)-
N,N',C?,0*], py = pyridine and DMAP = p-dimethylaminopyridine have been investigated using temperature-
dependent susceptibility and thermogravimetric and photomagnetic measurements as well as Mossbauer spectroscopy
and X-ray structure analysis. Both complexes show a cooperative spin transition with an approximately 9 K wide
thermal hysteresis loop in the case of 2 (Tyt = 183 K and Ty = 174 K) and an approximately 2 K wide thermal
hysteresis loop in the case of the pyridine diadduct 1 (Ty2r = 191 K and Ty = 189 K). The spin transition was
additionally followed by different temperature-scanning calorimetry and Mdssbauer spectroscopy for 2, and a good
agreement for the transition temperatures obtained with the different methods was found. Results from X-ray structure
analysis indicate that the cooperative interactions are due to elastic interactions in both compounds. They are
more pronounced in the case of 2 with very short intermolecular iron—iron distances of 7.2 A and several intense
C—C contacts. The change of the spin state at the iron center is accompanied by a change of the O—Fe-0 angle,
the so-called bit of the equatorial ligand, from 108° in the high-spin state to 90° in the low-spin state. The reflectivity
measurements of both compounds give at low temperature indication that at the sample surface the light-induced
excited spin state trapping (LIESST) effect occurs. In bulk condition using a SQUID magnetometer the complex 2
displays some photomagnetic properties with an photoexcitation level of 60% and a T(LIESST) value of 53 K.

1. Introduction complex with & (n = 4—7) electron configuration, the spin
transition in octahedral iron(ll) complexes is by far the most

Spin crossover complexes are an interesting class o fthoroughlymvestlgated with the diamagnetic low-spin (LS)

switchable moleculéswith possible future applications as
molecular switches or in data storage devités. part of a (1) (a) Goodwin, H. ACoord. Chem. Re 1976 18, 293. (b) Giiich, P.

more genera' program that deals with the purposefu| Struct. Bonding (Berl01_1981 44, 83. (c) Kanig, E.Prog. Inorg. Chem

. . . . 1987, 35, 527. (d) Gulich, P.; Hauser, ACoord. Chem. Re 1990
synthes'ls of ollgonuc[ear complexes Wlth tuneable magnetic 97, 1. (e) Kanig, E. Struct. Bonding (Berlin1991, 76, 51. (f) Gitlich,
properties we investigated the properties of mononuclear P, Hausder, fA.; Splerl?]g, I-An?e)w. Chenzj., Int. Ed.”l]Engl994 33, .
; : : : 2024 and references therein. (g) Coronado, E.; Delhaes, P.; Gatteschi,
Iron(”) Complexe_s with .Ell’l_ octahedral,8, coordination D.; Miller, J. S. NATO ASI Series E; Kluwer Academic Publishing,
sphere as possible building blocks for larger systems. 1996; Vol. 321, p 327. (h) @lich, P., Goodwin, H. A., EdsSpin

i Crossaser in Transition Metal CompoundsHlll; Topics in Current

Although spin crossover could be observed for any octahedral Chemistry: Springer-Verlag: Berlin. Heidelberg. New York, 2004.
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state and the paramagnetic high-spin (HS) state. Of thoseScheme 1. General Procedure for the Synthesis of the Octahedral
complexes investigated, about 90% exhibit ajchordina- Iron(ll) g)?drenplexes Discussed in This \é\(l)(;:k and Used Abbreviations
tion spheré. Other examples with an J0.°° or N;Sy°

CHy

inati ; +Fe(OAc), d Ly= py; DMAP
coordination sphere are seldom. In contrast to this observa- ~_nu: o MO L NS N N
tion, there are several examples for iron(lll) spin crossover C[NH o 5 N/Fe\;\LM )
complexes with MO, coordination spheré. Sy, 21O S, HON

COMe COMe

The influence of chemical parameters such as the ligand,-
counterions, or solvent molecules on the spin transition, with pyridine and imidazole, respectively, as axial ligands
especially the transition temperatufey, is well understood ~ also perform temperature-dependent spin transitibidn
by now. This is not the case for cooperative effects betweenthis work we use next to pyridine the sterically more
the molecules during spin crossover phenomenon. Thedemanding DMAP as axial ligands.
possibility to predict which effect is induced by a change of
the ligand structure or other parameters is limited. Rigid
linkers that allow communication between spin transition
centers are often quoted to be necessary for the observatio
of this phenomenon. The most frequently used method is
the application of suitable bridging ligands as cova_lent I|r_1kers described in literature. The complexes were prepared by conversion
between the metal centérbiowev_er, here the question arises of the equatorial ligand with iron(ll) acetate in the presence of an
whether the observed properties are due to the covalenteycess of the axial ligand in methanol (see Scheme 1). The
bridge or due to additional elastic interactions between the composition of the complex was confirmed by elemental analysis

2. Experimental Section

2.1. Syntheseslf not described differently, all syntheses were
ﬁarried out under argon using Schlenk tube techniques. All solvents
were purified as described in the literatifrand distilled under
argon. The synthesis of the ligand!H® and iron(ll) acetat® is

covalently linked unit§.0ne possibility of elastic interactions
is a communicating network of hydrogen bonds. Systematic
investigations on iron(ll) complexes with a dianionigQy

in combination with thermogravimetric analysis.
[FeL(py)2] (1) ([3,3]-[1,2-phenylenebis(iminomethylidyne)]bis-
(2,4-pentanedionato)(2N;N',02,021iron(ll)) -2pyridine: Iron(ll)

salene-type Schiff base ligand did demonstrate that theacetate (0.5 g, 2.10 mmol) and;lH(0.41 g, 1.24 mmol) were

properties of spin crossover are closely related to intermo-
lecular interactions and crystal packing. Stepwise transitions,

thermal hysteresis, or gradual spin crossover (SCO) were

associated with small differences in the formation of infinite,
hydrogen-bond-bridged chaifis> z-Stacking or van der

dissolved in 10 mL of pyridine and 20 mL of methanol and refluxed
for 0.5 h. After cooling, 2 mL of oxygen-free water was added to
the solution and one-third of the solvent was removed by cold
distillation. A further 5 mL of oxygen-free water was added to the
solution to enable the slow crystallization of the product. The
precipitate was filtered off and washed with a small amount of

Waals interactions are rarely, however, strong intermolecular methanol. vield: 0.48 g (72%). Anal. Calcd fordElhsN,OsFe

m—z interactions due to extended aromatic rings that can
enhance the cooperativity in iron(ll) SCO complexes sig-
nificantly.?

In this work we introduce two new JD,-coordinated SCO
complexes with cooperative spin transitions due to van der

Waals interactions. Scheme 1 displays the general formula

of the ligands and complexes used in this work. Complexes
of these types of Schiff-base-like equatorial ligands were first
investigated by Iger!® A pentacoordinated iron(lll) complex
with nitric oxide as axial ligand was reported to show a
gradual spin transitiol;?and two similar iron(Il) complexes

(3) Psomas, G.; Bfael, N.; Dahan, F.; Tuchagues, J.4Rorg. Chem.
2004 43, 4590-4594.

(4) Boinnard, D.; Bousseksou, A.; Dworkin, A.; Savariault, J.-M.; Varret,
F.; Tuchagues, J.-Pnorg. Chem.1994 33, 271-281.

(5) Salmon, L.; Bousseksou, A.; Donnadieu, B.; Tuchagues, lhelry.
Chem.2005 44, 1763-1773.

(6) Grillo, V. A.; Gahan, L. R.; Hanson, G. R.; Stranger, R.; Hambley,
T. W.; Murray, K. S.; Moubaraki, B.; Cashion, J. D. Chem. Soc.,
Dalton Trans.1998 2341-2348.

(7) (a) Real, J. A.; Gaspar, A. B.; Niel, V.; Munoz, M. Coord. Chem.
Rev. 2003 236, 121-141. (b) Niel, V.; Thompson, A. L.; Munoz, M.
C.; Galet, A.; Goeta, A. E.; Real, J. Angew. Chem., Int. E@003
42, 3760-3763.

(8) Weber, B.; Tandon, R.; Himsl, IZ. Anorg. Allg. Chem2007, 633
1159-1162.

(9) (a) Leard, J.-F.; Guionneau, P.; Codjovi, E.; Lavastre, O.; Bravic,
G.; Chasseau, D.; Kahn, Q. Am. Chem. S0d 997, 119 10861. (b)
Zhong, J. Z.; Tao, J.-Q.; Yu, Z.; Dun, C.-Y.; Liu, Y.-J.; You, X.-Z.
Chem. Soc., Dalton Tran4998 327—328.

(10) Jaer, E.-G.Chemistry at the Beginning of the Third Millennium
Fabbrizzi, L., Poggi, A., Eds.; Springer-Verlag: Berlin, 2000; pp-103
138.
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2CGHsN: C, 62.23; H, 5.22; N, 10.37. Found: C, 61.15; H, 5.11;
N, 10.02. IR (Nujol): »(CO) = 1634 cn1'. MS (DEI): base peak:
79 m/z (pyridine; 100%); 382z (M+, 6%). DTG: up to 170C,
—14.1%= loss of 1 Py (theory, 14.6%); up to 28C, —28.2%=
loss of 2 Py (theory, 29.3%); at 34C, decomposition.

[FEL(DMAP) ;] (2) ([3,3]-[1,2-phenylenebis(iminomethylidyne)]-
bis(2,4-pentanedionato)(2N:N',02,0%]iron(Il)) - 2p-dimethylami-
onpyridine: This given compound can be first obtained by
converting [FeL(MeOH) with DMAP in methanol. Another
strategy consists of dissolving iron(ll) acetate (0.63 g, 2.65 mmaol),
H,L (0.51 g, 1.55 mmol), and DMAP (15 g, 0.123 mol) in 30 mL
of methanol and refluxing for 0.5 h. After cooling, the fine
crystalline product was filtered off, washed with a small amount
of methanol, and dried in vacuum. Yield: 0.89 g (92%). Anal. Calcd
for CigH18NoO4Fe2CHioNo: C, 61.34; H, 6.11; N, 13.41. Found:
C, 61.04; H, 6.26; N, 13.39. IR (Nujol)v(CO)= 1638 cn1l. MS
(DEI): base peak: 12in/z (DMAP; 100%); 382nVz (M+, 5%).
DTG: up to 150°C, —4.5%= loss of DMAP in the crystal; up to
250°C, —26.5%= loss of 1 DMAP (theory, 19.5%); at 26C,
decomposition.

(11) Numata, Y.; Kubokura, K.; Nonaka, Y.; Okawa, H.; Kida,|®org.
Chim. Actal98Q 43, 193-197.

(12) Konig, E.; Ritter, G.; Dengler, J.; Larkworthy, L. Fnorg. Chem.
1992 31, 1196-1202.

(13) (a) Leibeling, G. Ph.D. Thesis, University of Jena, Jena, Germany,
2003. (b) Miler, B. R.; Leibeling, G.; Jger, E.-G.Chem. Phys. Lett.
2000 319, 368-374.

(14) Autorenkollektiv.Organikum Johann Ambrosius Barth Verlagsge-
sellschaft mbH, Leipzig, 1993.

(15) Wolf, L.; Jayer, E.-G.Z. Anorg. Allg. Chem1966 346, 76.

(16) Heyn, B.; Hipler, B.; Kreisel, G.; Schreer, H.; Walter,Anorganische
Synthesechemi&pringer-Verlag: Heidelberg, Germany, 1986.
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2.2. Physical MeasurementsMagnetic measurements of pul- 1
verized samples were performed on a Quantum Design MPMSR-
XL SQUID magnetometer in a temperature range from 2 to 300 H
K. All measurements were carried out at two field strengths (0.2 82 ////
and 0.5 T) in the settle mode (average scan rate 0.3 K/min). The 31 //-
data were corrected for the magnetization of the sample holder, e
and diamagnetic corrections were made using estimated values from i 0 X o
Pascal’'s constants. Thermogravimetric analysis was performed on 16 170 180 [K]‘9° 200 210 160 170 13°T [K]19° 200 210
an electromagnetic-compensated thermobalance (own construction
FSU Jena, Germany) with a heating rate of around 10 K/min. Figure 1. Thermal dependence gfyT for 1 and2.

Elemental analysis was performed on an Elementar Vario EL
instrument.
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mated Mo ku radiation. Data were corrected for Lorentz and
. Goolarization effect and for absorption (XRéd)rhe structures were
Thermoanalytical measurements between room temperature an } . ) i . _
100 °C were recorded and analvzed on a Setaram DSC 141 solved by direct methods (Sir &y and refined by full-matrix least
including a home-made low-tem errzure attachment. The instrument>J-2/ o> techniques agaifigt (SHELXL-972). The hydrogen atoms
9 . pe . : were included at calculated positions with fixed thermal parameters.
was calibrated at solid C¢transition and melting temperatures. X ! : . i
. i . . All non-hydrogen atoms were refined anisotropically. ORTEP-III
The differential scanning calorimetry (DSC) charts were recorded
. . . was used for structure representatién.
at the temperature-scanning rate of@/min. The cooling and
heating charts of the DSC measurements were repeated three time§ Results
and have been summed to obtain the average DSC curve. The™
freezing Femperature was determined by the crossing point of the  3.1. Magnetic Properties, Heat Capacity Measure-
linear rising part of the peak and the average background. The ments, and M¢ssbauer SpectroscopyFigure 1 shows the
enthalpy of freezing was obtained from the peak area and used forthermal dependence of theyT product g = molar

the energy calibration. The melting temperature was determined suscebtibili
; S ptibility) for [FeL(pyj (1) and [FeL(DMAP}] (2)
using the dropping linear part of the peak. Pbtained in the settle mode. At room temperature,h€

Mossbauer spectra have been recorded using a conventiona . .
Mdéssbauer spectrometer operating in the constant accelerationva‘Iues ofl and2 (i.e., respectively, 3.32 and 3.25 &

mode. The sample was placed in an Oxford bath cryostat. mol™) are Within.the region expected fF’r aHsS i.rF’“(',')' As
For the light-induced excited spin state trapping (LIESST) the temperature is lowered, a cooperative transition into the

measurements, the measurements of the diffuse absorption spectrlac.S state takes_ plgce in both Cases-.An approximatgly 9K
and reflectivity signal were performed by using a custom-built setup Wide hysteresis is observed f& with a characteristic
equipped with an SM240 spectrometer (Opton Laser International). temperaturd, of 174 K (estimated on cooling at HS molar
This equipment allows us to record both the diffuse absorption fraction,yns, equal to 0.5) andy» of 183 K for heating up.
spectra within the range of 56®00 nm at a given temperature  |n the case ofl a small, approximately 2 K, wide hysteresis
and the temperature dependenceZ80 K) of the reflectivity signal with Ty = 189 K andTy» = 191 K is observed. For both
at a selected wavelengtht2.5 nm). The diffuse reflectance  complexes, hysteresis loops can be repeated several times.
spectrum was calibrated with respect to charcoal activated (Merck) . . . .

Differential scanning calorimetry measurements were

as black standard and barium sulfate (Batin 5033, Merck) as recorded between room temperature and 165 K for both SCO

white standard. . . . )
The photomagnetic measurements were performed using acomplexes with a heating and cooling rate of 1 K/min. The

Spectra Physics series 2025'Haser (530.9, 647:1676.4, 752.5 experimental curves of the heating rate versufor both
799.3 nm) or a diode lasef (= 830 nm) coupled via an optical  COmplexes are given in Supporting Information, Figure S1.
fiber to the cavity of the MPMS-55 Quantum Design SQUID The values of the transition temperatures form the onset of
magnetometer operating with an external magnetic field of 2 T the DSC peaks are with 190.4/194.8 K (cooling/heating) for
within the 2-300 K temperature range and a speed of 10 Kthin 1 and 176.8/186.5 K (cooling/heating) fd2, in good
in the settle mode at atmospheric pressiigne power of the laser  agreement with results from the susceptibility measurements,
beam on the sample whatever the selected wavelength(s) used Wagaking into account that the onset temperatures were deter-
adjusted to 5 mW cnt. Bulk attenuation of light intensity was  ineqd with a scanning rate a little bit faster than for the
limited as much as possible by the preparation of a thin layer of SQUID in the settle mode (see Table 1). The enthalpy
compound. It is noteworthy that there was no change in the data . . . .
changesAH, associated with each step of the spin conversion

due to sample heating upon laser irradiation. The weight of these .

thin layer samplesapproximately 0.2 mgwas obtained by ha_lve been c_alculatgd by averaging Fhe measurements ob-

comparison of the measured thermal SCO curve with another curvet@ined from increasing and decreasing temperatures. The

of a more accurately weighed sample of the same compound. Thedverage values are 7.3& 0.14 kJ motf* for 1 and

data were corrected for the magnetization of the sample holder and5.72 + 0.12 kJ mot? for 2. From the mean valued doiing

for diamagnetic contributions, estimated from Pascal’'s constants.
2.3. Crystal Structure Determinations. The intensity data were ~ (18) Sheldrick, G. M.SHELXL97 University of Gatingen: Gatingen,

; ; o _ Germany, 1993.
collected on a Stoe IPDS diffractometer using graphite-monochro (19) Altomare. A.: Burla, M. C.: Camalli, G. M. Cascarano, G.: Giaco-

vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
(17) (a) Laard, J. F.; Guionneau, P.; Rabardel, L.; Howard, J. A. K.; Goeta, R. J. Appl. Crystallogr.1999 32, 115-119.
A. E.; Chasseau, D.; Kahn, Morg. Chem.1998 37, 4432-4441. (20) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—-473.
(b) Létard, J. F.; Chastanet, G.; Nguyen, O.; Marcen, S.; Marchivie, (21) (a) Johnson, C. K.; Burnett, M. DRTEP-IIt Oak-Ridge National
M.; Guionneau, P.; Chasseau, D.; Gutlich Mnatsh. Chem2003 Laboratory: Oak-Ridge, TN, 1996. (b) Farrugia, L. J. Appl.
134, 165-182. (c) Leard, J.-F.J. Mater. Chem2006 16, 2550. Crystallogr. 1997, 30, 565.
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Table 1. Influence of the Scanning Rate on the Spin Transition
Behavior of [FeL(pyj] and [FeL(DMAP})]

compd rate [K/min] Tl [K]  Tuof (heating) [K] AT [K]

[FeL(py)] 0.3 189 191 2
10 190.4 194.8 4

[FEL(DMAP),] 0.3 174 183 9
1° 176.8 186.5 10

settlé 173 180 7

aSQUID measurements, in the settle mode the data points were taken
in 1 K steps leading to an average rate of 0.3 K/mjips = 0.5.®DSC
measurements, onset temperatdfddssbauer measurements.

+ Theaiing/2, the entropy changeAsS, values of 37.8t 1.10
J mol! K1 for 1 and 31.54+ 0.84 J mot! K~ for 2 were
calculated.

Knowing the AH and AS values the intermolecular
interaction parametdr can be determined using the mean-
field model proposed by Slichter and Drickamer (&6).1

AGy = AHy = TAS, + (1 = 2y9) @

This was done by least-squares fittings of the (HS
molar fraction) versug curves of the two complexes with
AH andASas fixed parameters. In Supporting Information,
Figure S2, the fit ofyys versusT is represented for the two
complexes. The obtained parameters are, respectiVety, Figure 2. Plot of the Mssbauer spectra @fat 80, 173, and 200 K with
3.40+ 0.08 kJ mot* andT" = 3.784 0.41 kJ mot* for 1 the high-spin molar fraction indicated.
and2. Following the suggestion of Purcell and EdwaPds /s at 180 K and = 0.97 mm/s AEq = 2.17 mmis at
the parameteC (= I'/2RTy, = cooperativity factor) was  o99 k (LS and HS form, respectively, see Supporting
determined. Its value is, respectively, 1.08 and 1.28Ifor | tormation. Table S2).
and 2. The cooperativity factor is above unity for both 35 _ray Structure Analysis. Crystals suitable for X-ray
complexes in agreement with the existence of a thermal g¢\cture analysis have been obtained for both complexes.
hysteresis loop. Furthermore it increases frdmto 2 Selected bond lengths and angles within the first coordination
reflecting the increasing width of the thermal hysteresis.  gphere are summarized in Table 2. The crystallographic data
The spin trar_lsmon o2 was also followed using Nk;bauer of the complexes are summarized in Table 3. Ortep drawings
spectroscopy in the temperature region of-00 K in the of the HS forms ofL and2 are given in Figures 3 and 4. In
heating and cooling mode. Selected spectra at differenty,q case of, the X-ray structure was measured before and
temperatures followed in the cooling mode are given in 4fier the spin transition. F@the determination of the X-ray
Figure 2 with the HS mole fraction indicated. Values of the  ¢t,cture was possible only for the HS state because the

Mdssbauer parameters obtained by least-squares fitting Ofcrystals crumble while cooling down (possibly due to a phase
the spectra are gathered in Supporting Information, Tabletransition).

S1. At 200 K the Masbauer spectrum consists of a unique 1 average bond lengths in the HS state are 2.08

quadrupole-split doublet, with an isomer shift of 0.99 mm/s (Fe~Neg), 2.01 (Fe-Ogg), and 2.25 A (Fe-N,,). Upon spin
and a quadrupole splitting of 2.24 mm/s. These parametersyapgition a shortening of the bond lengths of about 10% as
are typical for HS iron(ll). Below 10 K a LSiron(ll) doublet  giscyssed for other iron(il) SCO complexes in literattie
appears with the parameters= 0.47 mm/s and\Eq = 1.20 observed. The variation is more pronounced for the axial

mm/s at 80 K. No evidence of residual LS and HS fractions ligands @ — 023 A) than flthe equatorial donor atoms,

are found in the high-temperatur@ & 185 K) and low-
und | 9 peraturé ¢ ) W especially the oxygen atomAR = 0.07 A). The average

temperature { < 165 K) spectra, respectively. The high- = .
: ; distances in the LS state are 1.90 ), 1.94 (Fe-Ocg),
spin mole fractio at each temperature was deduced from . .
R 10Ty is perature w . and 2.02 A (Fe-Ng). A sensible tool for determining the

the area ratioAus/A determined from the least-squares ) . . )

fitting of the spectradus = area of the HS doublefi = spin state of this typel of iron cqmplexes is the-ke—0O
total Mssbauer absorption). The transition temperat(rgs, angle, the so-cglled bite of the I|ganq. It changes from an
= 173 K andT.z = 180 K, are in good agreement with the average of 10'8|_n the HS state to 90in the LS state. In
results from the other methods (see Table 1). For Compound':Igure 5 atop view of.the. molecu_le structures l?fn the

1, the Messbauer parameters were determined for the HS HS and the LS forms is given to illustrate the differences.

and the LS form. They aré = 0.45 mm/S'AEQ =132 (24) (a) McGarvey, J.; Lawthers,J. Chem. Soc., Chem. Comma@82
906. (b) Decurtins, S.; Glich, P.; Kéhler, C. P.; Spiering, H.; Hauser,

(22) Slichter, C. P.; Drickamer, H. G.. Chem. Phys1972 56, 2142 A Chem. Phys. Lett1984 105 1. (c) Decurtins, S.; QGiich, P.;
2160. Hasselbach, K. M.; Hauser, A.; Spiering, lHorg. Chem 1985 24,
(23) Purcell, K. F.; Edwards, M. Rnorg. Chem.1984 23, 2620-2625. 2174. (d) Hauser, AChem. Phys. Lettl986 124, 543.
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Table 2. Selected Bond Lengths [angstroms] and Angles [deg] within the First Coordination Sphere of Octahedral Open-Chain Iron(ll) Complexes

with Spin StateS

complex TIK] S Fe-N1/2 Fe-01/2 Fe-N3/4 O1-Fe-02 No—Fe—Nax OL1, L2a

[FeL(py)] 200 2 2.061(2) 1.992(1) 2.226(2) 106.99(5) 175.6(1) 16.7
2.074(1) 2.009(1) 2.269(2)

[FeL(py)] 150 0 1.894(1) 1.930(1) 2.007(2) 89.98(5) 176.1(1) 15.4
1.906(1) 1.948(1) 2.025(2)

[FeL(DMAP)] 293 2 2.085(4) 2.008(3) 2.231(4) 109.1(2) 171.4(2) 74.6
2.090(4) 2.025(3) 2.272(5)

a Angle between the planes of the axial ligands.

Table 3. Crystallographic Data for Octahedral Iron(ll) Complexes
Discussed in This Work

[FeL(py)] (HS) [FeL(py}] (LS) [FeL(DMAP)]

formula GgHogNsOsFe  GgH2gN4OsFe GoHzgNeO4Fe
fw, g-mol~* 540.39 540.39 636.53

cryst syst monoclinic monoclinic triclinic
space group P21lc P21/c P1

a(h) 11.9950(8) 11.9910(10) 11.1260(19)
b (A) 8.8100(5) 8.7183(6) 11.4430(19)
c(A) 24.9490(15) 24.0105(18) 12.8450(19)
o (deg) 90 90 88.848(19)

p (deg) 103.201(7) 101.593(9) 74.890(18)
y (deg) 90 90 80.29(2)

V (A3) 2566.8(3) 2458.7(3) 1555.7(4)

z 4 4 2

deaica (g-cm™2) 1.398 1.460 1.338
w(mm™2) 6.29 6.57 531

O range, deg 2.1325.86 2.49-25.79 1.64-24.11
A 0.71073 0.71073 0.71073

T, K 200(2) 150(2) 293(2)

GOF 0.901 0.962 0.665

R1awR2 (I > 20(1)) 0.031,0.072  0.030,0.074  0.042,0.089

aR1= SIIFo| — [FdUY|Fol. PWR2= [S[W(Fs? — F)2/IW(FAF Y2, w
= 1/[0%Fe?) + (aP)? + bP], whereP = [F¢? + 2(F2))/3.

C26

Figure 3. Ortep drawing ofl in the HS form, showing the 50% probability
ellipsoids. Hydrogen atoms have been omitted for clarity.

The expansion of the ©Fe—0 angle in the HS state leads

Selected intermolecular -©C distances, as well as
Fe--Fe distances between the molecules involved in these
interactions are reported in Table 4 fband Table 5 foi2.

An extract of the molecule packing dfand2 is given in
Figures 6 and 7. A close examination of the data reveals
that for 1 there are no €C intermolecular contacts shorter
than 3.6 A (sum of the van der Waals distances for C).
Nevertheless a cooperative spin transition takes place. This
can be explained if the involved hydrogen atoms of the
methyl groups are considered. For those interactions contacts
shorter than 4.2 A (sum of the van der Waals distances for
C and H and the distance of @ bond length) can
contribute to cooperative interactions. However, the number
of relevant contacts is still very small compared to compound
2, where the magnetic measurements indicate stronger
cooperative interactions during the spin transition. When the
temperature decreases freg200 to=150 K, a shortening

of the intermolecular distances is observed except for the
Fe--Fé distance. The number of relevant interactions for
the cooperativeness of the spin transition does not change.
In the case of comple® the number as well as the intensity
of intermolecular G-C contacts is significantly higher
compared to compountl They lead to the formation of a
three-dimensional network of strong van der Waals interac-
tions that is responsible for the strong cooperative interactions
during the spin transition (Figure 7). The tighter packing of
the molecules 02 compared to compouris also reflected

in shorter intermolecular FeFe distances. For the [Fe)
(NCS)] family of mononuclear complexes with £ bipy
(bipy = 2,2-bipyridine), phen (pher= 1,10-phenantrhro-
line), and dpp (dpp= dipyrido[3,2a:2',3-c]phenaziney2the
number and intensity of contacts shorter than the sum of the
van der Waals radii is also made responsible for the
cooperative nature of the spin transition. However, in contrast
to this collection of compounds, this cannot be associated
with the aromatic or aliphatic nature of the ligands in our
case. The sterically more demanding DMAP ligand obviously
supports the closer packing of the molecules. The DMAP
methyl groups are involved in most of the close intermo-

to a stronger distortion of the octahedral coordination spherelecular C-C contacts. Previously another SCO complex of
of the iron center than in the LS state. The orientation of this family of Schiff-base-like ligands (COOEt instead of

the axial ligands of the pyridine diaddutts nearly coplanar

COMe as substituents of the equatorial ligand) was published

and does not change upon spin transition. The change ofwith pyridine as axial ligand¥133The spin transition of this

the cell volumeAV/V = 4.3%,AV = 27 A/Fe, is within the
region expected for an iron(Il) SCO complex\(/V = 3.8—

6%:; AV = 25-35 A/Fé). In contrast tol, the orientation
of the axial ligands in the DMAP diaddu&is staggered.

complex is gradual, and the shortest intermolecular-Fe
distance is with 8.9 A significantly longer than the one found
in compoundl.'3@Several short intermolecular-€C contacts
are found that involve the ethoxy group of the equatorial
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C31 Table 4. Selected Intermolecular Distances (angstroms) af 200 K
K 6 (HS) and 150 K (LS)
-, C32
\@w@ T=200K T=150K
Cc27_ quZS C21-C16 4.127 3.916
=X C16—C26' 4.007 3.954
c26{ ™29 Fe--Fée 8.192 8.190
03 (W }’ Fe--Fé’ 12.519 12.044
c15 ﬂﬁ“ \ Fé---Fe’ 9.726 9.650
@L—%p c2 {4 C30
J Cﬁca @ : | Table 5. Selected Intermolecular Distances (angstroms? of
C5. 7y }Eﬂ,{fz 12 C13-C16 3.866 C5-X18 3.865
;7"6}\{%__ N2 SN ) C16 C29-C32’ 3.519 C6-C17" 3.721
C6 \S;\CS/}«; I%— 4 %17, o4 C30-C32' 3.555 C7-C10" 3.555
cr 5"‘5%@&» cloci~ <) c3r-cg’ 3.778 cr-c11” 3.466
cref N3 jj023 g v c3z—c4’ 3.674 cr-cir” 3.858
(4)\7( o2 18 C32-C5%’ 3.751 Cc8—-C10" 3.365
- y-c21 C32-C¢"’ 3.931 cg—-Cc11” 3.819
C3z-C8’ 3.935 C9-C10" 3.865
AT s C32-C9’ 3.716
Figure 4. Ortep drawing o in the HS form, showing the 50% probability Fe--Fe , 7.153
ellipsoids. Hydrogen atoms have been omitted for clarity. Eg'ﬁé” 1;1%3

increases. But what is interesting to note is that for
temperatures below to 50 K, the reflectivity signal bf
(Figure 8b) oppositely decreases. The same effect is also
observable for the compleX (Figures 9b, 10); the diffuse
absorption spectra recovers the shape and the intensity of
250 K. These observations provide some evidence (i) that
at the surface the light-induced S HS conversion occurs,
according to the LIESST phenomentmand (ii) that the
lifetime of the photoinduced HS state below 50 K is
sufficiently long to allow the optical excitation by a halogen
light source delivering around 5 m\ah?.
The diffuse absorption spectra band2 (Figures 8a and
9) have also evidenced that signals in the visible range are
: close to the unity (i.e., saturation), in agreement the observ-
Figure 5. Schema_tic drawing of the'top view of both HS and LS forms  gple dark color. That can have some strong consequences to
of 1. The asymmetric unit & = 150 K is the upper one. FeN(1,2) bonds o . . o . .
are superimposed. The change in thef@-O angle (HS, 107 LS, 90" quantitatively induce light excitation into bulk condition, like
is clearly visible. by using a SQUID magnetometer. If the opacity of the
sample is important, the light penetration can be prevented
substituent. Obviously this group is not suitable (possibly and the photoexcitation appears incomplete. The sample can
too flexible) for transmitting cooperative interactions during be described as biphased with a top phase at the surface
the spin transition in the crystal. The shortest intermolecular saturated in terms of photoexcitation and a bottom phase
Fe--Fe distance appears to be a good indication for the extentpractically unexcited. From the results given by the reflec-
of the intermolecular contacts. tivity analysis of 1 (Figure 8b) even at the surface the
3.3. Optical and Photomagnetic Measurementd-or the photoexcitation level is far to be quantitative. Only 20% of
two complexes the thermal SCO behavior has been followedthe molecules appear to be photoconverted. At the opposite
by measuring the diffuse absorption spectra (Figure$@. the almost similar diffuse absorption spectra recorde®for
When the temperature is cooled from room temperature toat 10 and 250 K suggest that the level of photoexcitation at
150 K, in both cases the absorption band at around 850 nm,the surface is close to be quantitative. This is confirmed by
which is a characteristic of the-dl transition of the HS state, the results from the reflectivity analysis (Figure 10). As a
decreases. Concomitantly, the absorption bands in the visibleconsequence of all that we have decided to only perform
range linked to the LS state of both the metal-to-ligand the photomagnetic investigation (i.e., in bulk condition) on
charge-transfer (MLCT) and-ed transitions increase. Fig- sample2. Several tests have been done in order to map the
ures 8b and 10 report an alternative way to follow the change effect of the different wavelengths.
of the diffuse absorption spectra as function of the temper- The first irradiation was performed by using a laser red
ature by measuring the change of the reflectivity spectra atlight emitting at 647.+676.4 nm. After that we have tried
given selected wavelengths, i.e., 879 and 850 nm (compoundgo increase the photoexcitation by irradiating with (i) a
1 and 2, respectively). Along the thermal HS LS spin photodiode-generated IR beam= 830 nm) and (ii) a laser
transition the intensity of the transition band at 879 nm/850 green light 4 = 530.9 nm). In both cases the photoexcitation
nm decreases, and consequently, the reflectivity signalwas lower than the one obtained with 64767/6.4 nm

(% ‘. X)
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Figure 6. Projection of the molecular structure dfin HS state along the-axis.

wavelengths. Nevertheless a distinct photoexcitatioh=at Additionally we performed kinetic studies @ from 10
752.5-799.3 nm has allowed us to improve the level of K to the highest temperatures compatible with our SQUID
photoinduced HS state up to 60% (40% for irradiation at setup, that is typically close to thELIESST) values. The
647.1-676.4 nm). The plots off(LIESST) experiments  profiles of the different kinetics are shown in Figure 12. The
performed by irradiating both at 647#676.4 nm and at  most striking feature of these relaxation curves is the strong
752.5-799.3 nm are reported in Figure 11. In this procedure, deviation from single exponential, and a marked sigmoidal
the irradiation was maintained until complete saturation of law can be applied in agreement with a self-accelerated
the signal, then the light was switched off, and the temper- behavior predicted for strong cooperative systé#sln that
ature slightly increased at 0.3 K mih The minimum of

the demT/dT versusT curve defines thel(LIESST) limit (25) (a) Leard, J.-F.; Capes, L.; Chastanet, G.; Moliner, N'tard, S.;
temperature (i.e., 53 K fa2) above which the light-induced Real, J. A.; Kahn, OChem. Phys. Letl999 313 115. (b) Marcen,

tic HS inf ti . di SOUID ca@ii‘? S.; Lecren, L.; Capes, L.; Goodwin, H. A.{ tagd, J.-F.Chem. Phys.
magnetc Information Is erased In a Q : Lett.2002 358 87. (c) Leard, J.-F.; Guionneau, P.; Nguyen, O.; Costa,
The decrease of theuT product of the light-induced HS J. S.; Marce, S.; Chastanet, G.; Marchivie, M.; Capes@hem. Eur.

: s J.2005 11, 4582. (d) Carbonera, C.; Costa, J. S.; Money, V. A.; Elhak,
state at low temperatures can be attributed to zero-field 3 Howard, J. A K.. Halcrow M. A. [tard. J.-FDalton Trans2008

splitting effectst’>< 3058.
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curvel’™¢ For that it is necessary to carefully take into
account the time and the temperature dependencies. In a
measurement of &(LIESST) curve, the sample was first
irradiated at 10 K, then without further irradiation the
temperature was slowly warmed at the rate of approximately
0.3 K min!. Rigorously, the temperature during a
T(LIESST) measurement, in a SQUID cavity, is changed in
1 K steps. At each temperatufle the time for the signal
acquisition is 60 s and the time to reach the next temperature
is 120 s. In reality, it is difficult to reproduce the relaxation
connected to the stabilization of the temperature. In a first
approximation, we have decided to neglect this subtle effect
and the relaxation is calculated at each temperdfwtaring
the global time of 180 s. Theys fraction obtained after 180
s of relaxation afl; is used as started value for the next
temperatureTisy, i.€., Cuditto = Vudig ™

Another important point in the simulation of the
T(LIESST) curve is that such an experiment combines the
) o ) relaxation of both the tunneling and the thermally activated
case the height of the energy barrier is an increase (or aregions. Rigorously, this imposes us to use the theory of the
decrease) function ofs (or y1s) and the relaxation rate  onadiabatic multiphonon process in the strong vibronic
ki (T, yus) depends exponentially on bofiais andT (eds 2 coupling limit28 In a first approximation, we have assumed
and 3) witha(T) (= Es*/keT) the acceleration factor at @  {hat the evolution of the HS fraction is just a summation of

Figure 7. Molecule packing oR in HS state.

given temperature (eq 3). the two effectd7p<For a cooperative compound exhibiting
Whs sigmoidal relaxation curves, as encountered, eq 5 can be
5t = Kivhs (2)  used.

ot
The least-squares fit of our data have been performed with k., exp(—E/ksT)} explu(T)(1 — yu9l (5)
a sigmoidal model where, (T) anda/(T) are refined as free all ' o
parameters. The calculated curves are shown as solid lines

in Figure 12, and the parameters are listed in Table 6. The FOr @ mononuclear SCO complex, theLIESST) curve
apparent activation energ, = 550 cnt?, and the apparent 'S finally calculated by taking into account the anisotropy

pre-exponential factok., = 5.5 x 102 s, of the activated of the HS iron(ll) ion in an octah'ec'jrallsurrounFjing. This
region are calculated from the straight line given by the In Phenomenon called zero-field splitting is associated to the
k() versus 1T plot in the 45-52 K range. Hauser and ~ SPin—orbit coupling between the ground state and the excited
co-workers have evidenced a mathematical relation (eq 4)State in a zero applied magnetic field. For an iron(ll) ion in
between the acceleration facta(T) recorded at low tem- ~ HS configuration, thes= 2 ground state is split into three
peratures and the cooperativity paramdterf the thermally Ievels._ The magnetic cqntrlbutlon of each state is detgrmlned
activated region where the initial reduced energy gap by their energy separatiob, and their thermal populatich.
is small26.27With the use of the experimental valuéT) = For a powder sample, the\T)zrs product associated to the
7 estimated at 52 K, a predictdd value of around 240 zero-field splitting and theu T of the T(LIESST) curve are,
cmtis expected, somewhat reasonable in regard to the 315'€spectively, given by eqs 6 and 7,
cm! (' = 3.78 kd/mot?) derived in the thermal SCO T 4o T
regime. (XMTi)ZFSZXM il - Am o ©6)

o(T) = TkgT ) 3 e DkeTi 4 4o 4DkeT,
with T, | = Zgz

Gl 7d =k MepbMaA=7dl @ (T) — e (o) +

An elegant way to test the validity of all the kinetics
parameters, which have been recorded in a small window

1+ 2¢ el 4 2g PleT

) T o _ 75 DkeTi _ o ~4D/ksT;
of temperatures (4552 K) imposed by the use of a SQUID andyy, To = EQZ& 9—7e "*'—2e
magnetometer, is to reproduce the experimeftalESST) 4% D 14 2 Pleli 4 pg9Plkel
(26) Hauser, ASpin Crossoer in Transition Metal Compoungdsitlich, T = O Ti)zes ns(tT) ™
P., Goodwin, H. A., Eds.; Topics in Current Chemistry; Springer:
Wien, New York, 2004; Vol. 234, p 155.
(27) (a) Hauser, ACoord. Chem. Re 1991, 111, 275. (b) Hauser, A (28) Buhks, E.; Navon, G.; Bixon, M.; Jortner,J1.Am. Chem. S0d.98Q
Jeftic, J.; Romstedt, H.; Hinek, R.; Spiering, Boord. Chem. Re 102 2918.
1999 471, 190-192. (29) Kahn, O.Molecular MagnetismVCH: New York, 1993.
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Figure 8. Dependency of the diffuse absorption spectra (a) and of the reflectivity signal at 879 nm @bagofunction of both temperature and light
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Figure 9. Dependency of the diffuse absorption spectr& af function

of both temperature and light irradiation with (a) the thermal spin crossover )
(SCO) and (b) the light-induced regions. Figure 11. Temperature dependence)qfT for 2. ® = data recorded in

the cooling and warming mode without irradiation;= data recorded with
irradiation at 10 K;® = T(LIESST) measurement, data recorded in the
warming mode with the laser turned off after irradiation foh at752.5-

2 0.98- 7"1:“::;:::2:" 799.3 nm © = at 647.1-676.4 nm). The solid line through tH€LIESST)

- ./"f‘ - \ measurement shows the fit generated from the deduced experimental
E " . thermodynamic parameters The inset figure reports the region where
S 0.96 /l;"""' the minimum of the derivateygh T/dT curve gave thd(LIESST) temper-

g _q_::::lil’ ature.
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Figure 10. Dependency of the reflectivity signal at 850 nm fbras
function of both temperature and light irradiation.

The main difficulty of this simulation is consequently to
satisfactorily estimate the rate constdgt(T—0) of the
tunneling region. In the present work, we have considered
in first hypothesis that the last complete kinetic measurement
recorded at low temperature (i.e., 43 K) could be regarded
as an upper limit of thd, (T—0) value (Table 6). On the
basis of this and by using the deduckq k., and a(T) Figure 12. Kinetics studies of2 as function the temperature. The
parameters, the agreement found between the calculated an hotoexcitation was generated at 10 K with at krypton laser source (647.1
the experimental (LIESST) curves was very good (Figure 676.4 nm).
11).
Another way to see the effect of the cooperativity on the magnetic properties of a SCO material under constant
photoexcitation and relaxation process is to monitor the irradiation. The competition between the constant photo-
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3.5 amammnnn Concerning now the fact that under irradiation at 752.5
l‘_"'""-_ 799.3 nm a direct LIESST process occurs for compo2nd
3.0 . this differs from the reverse-LIESST effect well-known for
25 . tetrazole derivatives. In fact, this behavior can be understood
3 " by the presence of an inten®dLCT—LS electronic transi-
§ 2.0- " tion into the visible range which partially masks the dl
E " transition of the HS state even at 80850 nm. Similar
= 151 behavior has been also described for the phase | of the [Fe-
3 (PM-BIiA)2(NCS)] complex cis-bis(thiocyanato)-bis[{-2'-
1.0 pyridylmethylene)-4(aminobiphenyl)] iron(I1ly2 The irra-
0.54 diation on the borderline of thtMLCT—LS absorption is
able to induce the population of the metastable HS state
0.0 , ; , through the direct LIESST process.
0 50 100 150 200 250 300 One further aim in studying the LIESST effect is to
Temperature /K achieveT(LIESST) values close to room temperature toward
Figure 13. LITH experiments, the temperature dependencey@? attaining materials which can act as light-initiated molecular
recorded in the warming and cooling modes with irradiation. switches'”® Along that the systematic investigation of the
Table 6. Kinetics Parameters Governing the Photoinduced-HES LIESST properties of more than 60 iron(ll) SCO materials
Relaxation of2 as Function of the Temperature have suggested the existence of a relationship between the
TIK 43 45 48 50 52 T(LIESST) and theTy, values, such a§(LIESST)= To —
Okf«(LT()U/S*l g-gx 1077 17-1x 10°® 27-6X 10°® 77-5X 10 17-6X 105 0.3T».1725 These studies reveal four distin€§ lines de-

pendent on the geometry and rigidity of ligands around the
excitation and the self-accelerated thermal relaxation processron(ll) center; 100 K for monodentate ligan#f,120 K for

is well-known to induce in the region G{LIESST) athermal  pidentate ligand®2150 K for meridional tridentate ligand®.:
hysteresis loop, named LITH (light-induced thermal hystere- and 200 K for three-dimensional network solf@&ollowing
sis}’230 Figure 13 shows the LITH loops observed #&r  this trend complexe$ and2, involving tetradentate ligands,
under constant irradiation. All that once more proves that are potentially interesting. But the photomagnetic study
the light-induced HS phase &fis also strongly cooperative.  performed or2, in regard to theT,/T(LIESST) couple, is

4. Concluding Remarks disappointing and obeys to thy = 100 K line like the
properties predicted for an iron(ll) complex bearing a
monodentate ligand. This result is consistent with the recent
gObservation done for SCO complexes with tridentate ligands
possessing some degree of freedom carried by unsaturated
carbon atom between the aromatic rings, where the
T(LIESST) values also follow th&, = 100 K line3? This
emphasizes the concept that vibrational aspects and hardness
of the inner coordination sphere are the key factors for
stabilizing the metastability of the light-induced HS stdté?2
Thus, the observations found here for com@ewhere the
tetradentate L ligand possesses flexible unsaturated nitrogen
atoms connecting the aromatic phenyl rings, show that it is
a new example of a nonoptimized ligand system in regard
to the stabilization of the light-induced HS state.

The synthesis and characterization of two new SCO
complexes wit a 2 and 9 K wide, respectively, hysteresis
have been reported. Results from X-ray structure analysi
indicate that the number and intensity of close intermolecular
contacts is responsible for cooperative nature of the spin
transition. The wider hysteresis in the case of compo&nd
appears to be due to the bulkier DMAP ligand. The methyl
groups of this ligand are involved in plenty of the close
intermolecular C-C contacts. The greater number of intense
intermolecular G-C contacts is also reflected in shorter
intermolecular Fe-Fe distances ir2 compared tdl.

Concerning the investigations of the LIESST properties,
we have first performed a diffuse reflectivity study. We have
noticed that for the compountiat the surface the level of
photoconversion was less than 20%. In contrast compound  Acknowledgment. This work has been supported finan-

2 displays almost quantitative photoexcitation (Figures 8 and cially by the Deutsche Forschungsgemeinschaft (SPP 1137)
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bleaching effect in the range of 76850 nm that is below

an isosbestic point located at around 880 nm. Compdund
exhibits similar features but located at smaller wavelengths
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