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Abstract: An experimental electron density (ED) analysis of the spin crossover coordination complex Fe-
(btr)2(NCS).-H.0 has been performed in the ground low-spin (LS) state and in the metastable thermally
guenched high-spin (HS) state at 15 K by fitting a multipolar model to high-resolution X-ray diffraction
measurements. The ED has been quantitatively analyzed using the quantum theory of atoms in molecules.
This is the first time the ED distribution of a molecular metastable state has been experimentally investigated.
The electron deformation densities and derived Fe 3d orbital populations are characteristic of LS (tq® e4°)
and HS (txg* e4?) electron configurations and indicate significant o donation to the Fe d,2-,2 and d2 atomic
orbitals. The Fe—Nncs and Fe—Ny coordination interactions are characterized using the laplacian distribution
of the ED, the molecular electrostatic potential, and the fragment charges obtained by integration over the
topological atomic basins. A combination of electrostatic and covalent contributions to these interactions is
pointed out. Interlayer interactions are evidenced by the presence of bond critical points in N---H hydrogen
bonds involving the non-coordinated water molecule. Systematic differences in the atomic displacement
parameters between the LS and HS states have been described and rationalized in terms of modifications
of bond force constants.

Introduction possible. The number and quality of crystal structures under
perturbation are continuously increasing. Among others, hy-
drostatic pressureglectric field® and light irradiatio have

been used as external stimuli in conjunction with single-crystal

Experimental electron density (ED) analysis is becoming a
very mature field of research with applications in many areas

of solid-state physics and chemistryhis approach has allowed X-ray diffraction techniques for structural analysis purposes.

to gain new insights into bonding interactions in solids often . "7

from combined experimental and theoretical approaches. Quan-l"ght'IndUCEd phenqmena have been m_uch more explored and
titative correlations between the ED features and physical and even extended to tlme-resqlved expenments, so that seyeral
chemical properties have been derived through the quantum!nsnument.S haye been sp.eCIaIIy ﬂemgned.a}nd devoted to light-
theory of atoms in molecules (QTAIM)The charge density induced diffraction experimenfs!! In addition, new least-

distribution of molecular electronically excited states has been squares re_flnement procedures have b.een mplemented_ for the
theoretically investigated by calculations using appropriate specific f|tt|_ng of the structural _reorgamzano_ns_consec_un_ve to
configuration interaction methods, like in butadiene or copper a perturbatiort? The reconstruction of the periodic ED distribu-

complexes for instance! However, on the experimental side, tion of light-induced metastable states from single-crystal

the ED approach has been restricted to systems in the grounagg;r:r?ttizncgr?éﬁi;@a%zagzg gégﬁetgisct(n!ﬁ;g ;E%lgre: rf(s)fr\g;l
state. In recent years, improvements in laboratory and synchro- ) P

tron diffraction instruments, and mainly the appearance of on well-crystallized samples at low or even very low temper-

charge-coupled device (CCD) area detectors, have rendered (5) Katrusiak, A.Acta Crystallogr 2004 A6Q, 409.

9 . P . i ( ) K . Hansen, N. K.; Fertey, P.; Guillot, Rcta Crystallogr 2004 A60, 465.
X-ray diffraction experiments under perturbation technically (7) coppens, P.; Vorontsov, I. I.; Graber, T.; Gembicky, M.; Kovalevsky, A.
Y. Acta Crystallogr 2005 A61, 162.

+ . : ; ; (8) White, M. A.; Pressprich, M. R.; Coppens, P.; Coppens, DJDAppl.
Present address: Institut Laue Langevin, 6 rue Jules Horowitz, BP 156, Crystallogr. 1094 27, 727.

38042 Grenoble cedex, France. o o (9) Wulff, M.; Schotte, F.; Naylor, G.; Bourgeois, D.; Moffat, K.; Mourou, G.
*0n leave from: Laboratoire de Chimie de Coordination du CNRS, 205 Nucl. Instrum. Method4997 A398 69.
Route de Narbonne, 31077 Toulouse Cedex 4, France. (10) Fullagar, W. K.; Wu, G.; Kim, C.; Ribaud, L.; Sagerman, G.; Coppens, P.
(1) Coppens, PX-ray Charge Densities and Chemical BonditigCr/Oxford J. Synchrotron Radia00Q 7, 229.
University Press: Oxford, UK,1997. (11) Coppens, P. (with contributions from Cox, D. E.; Vlieg, E.; Robinson, I.
(2) Bader, R. F. WAtoms in molecules: a quantum thepiipternational Series K.). Synchrotron-Radiation Crystallography\cademic Press: London,
of Monographs in Chemistry 22; Clarendon Press: Oxford,1990. 1992; pp 143-146..
(3) Wiberg, K. B.; Hadad, C. M.; Ellison, G. B.; Foresman, J.B.Phys. (12) Ozawa, Y.; Pressprich, M. R.; Coppens,JPAppl. Crystallogr 1998 31,
Chem 1993 97, 13586. 128.
(4) Coppens, P.; Novozhilova, I. \int. J. Quantum Chen005 101, 611. (13) Cole, J. MActa Crystallogr 2004 A60, 472.
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atures to decrease, as much as possible, thermal smearing effectsan be obtained by rapid thermal quenching from room
The diffraction data should be free from any systematic errors temperature to very low temperature; the corresponding crystal
(absorption, extinction, thermal diffuse scattering) and extend structure has been determiriédt is still controversial whether
to very high resolution in reciprocal space. Stability versus time the metastable HS phases obtained either by light or by thermal
of the probed system (ground or metastable) is crucial; in other quenching and the room-temperature HS phase are structurally
words, if one aims at studying a metastable state, the relaxationidentical, although similar structural properties have been
to the ground state has to be quenched or at least well controlled evidenced. For highly cooperative spin crossover systems, the
The flexibility and adequacy of the model used to reconstruct relaxation of the metastable HS state is very slow at very low
the ED are essential; in general, an elaborated multipolar modeltemperature (typicallylT < 50 K), due to a phonon-assisted
based on a pseudo-atomic approximation is employed. tunnel mechanism; at higher temperatures (50 K), the HS-
Owing to their high electronic and structural contrast and the to-LS relaxation rate is temperature dependent and several orders
very long lifetime of the metastable state at sufficiently low of magnitude faster. Furthermore, the relaxation rate does not
temperature, spin transition materials are good candidates forfollow single-exponential kinetics, attributed to an auto-acceler-
accurate ED analysis of metastable states. Spin transitionated phenomenon due to the HS-to-LS large molecular volume
coordination complexes have received increasing interest thankschange and long-range elastic interactions in the solid.
to their intrinsic molecular bistability propertié$!® These Fe(btry(NCS)-H,0 is one of the most studied spin crossover
materials consist of a*to-d’ transition metal coordinated to  complexes owing to its high cooperative behavior (btr is-4,4
specific, usually nitrogen-containing aromatic ligands whose bis-1,2,4-triazole). For this material, the HS-to-LS thermal
ligand field is intermediate between weak and strong. Cor- transition is complete and abrupt with 21 K hystereSigx(=
relatively, the electron configuration of the central metal ionis 123.5 K, Tys = 144.5 K)?® Its crystal structure consists of
temperature dependent; a conversion from high-spin (HS) to bidimensionnal extended layers built from Fe(ll) ions in an
low-spin (LS) molecular species occurs on decreasing the octahedral surrounding of two NCS groups in trans position
temperature. In the case of octahedral iron(ll) complexes, the and four btr ligands in the basal plane, with bond distances of
transition involves the formak$ eL (LS) and tg* e,2 (HS) Ore-n = 2.125(3) A, dre-n11 = 2.180(3) A, anddeen21 =
electron configurations. The spin transition is associated with 2.188(2) A in the HS state at room temperature (Figure 1). The
drastic changes of the molecular structure: a shortening of thetwo-dimensional layers are connected through van der Waals
Fe—N bond distances by0.2 A and a less distorted octahedral interactions and hydrogen bonds supported by non-coordinated
geometry are typically observed upon the HS-to-LS conver- water molecules. The thermal spin transition and especially the
sion16 It has been shown that small substitution modifications hysteresis loop have been studied using various techniques, like
of the ligand can lead to severe perturbation of the spin transition magnetic susceptibility measurements antsstiauer spectro-
characteristics and can even suppress the transition. One of thescopy?® The thermal HS-to-LS transition has been structurally
reasons could be the associated change of the ligand electronicharacterized by single-crystal diffractiéhwhere it has been
properties, such asdonor andr acceptor capability, disturbing  shown that the transition occurs through a domain nucleation
the ligand field at the central metal site, or more generally, any and growth process in the solid state. The effects of metal
change in interatomic interactions. The HS-to-LS conversion dilution in the FeCo;—x(btr)2(NCS)-H,O and FeNii_(btr),-
is a purely molecular process whose characteristics in the solid(NCS),-H,O isostructural series have been studied by calori-
state are tuned by several parameters, like the presence of solvermetric, magnetic, and Misbauer measuremertg? Iron(ll)
molecules or counterions in the void of the crystal structure or dilution smoothes the transition curves, related to a decrease in
the strength of intermolecular contacts. In some instances, thecooperativity. The light-induced properties of Fe(HCS),-
spin transition is furthermore associated with a structural phaseH,O have been pointed out by reflectivity and photomagnetic
transition. The spin transition can be triggered using several measurement and indicate that a quantitative photoinduced
kinds of external stimuli, like pressuté,intense magnetic ~ population of the metastable HS state is hard to attain in the
field, 18 or light excitation'® The mechanism of the light-induced pure Fe compound but easier in the Co or Ni diluted ones. A
LS-to-HS transition (light-induced excited spin state trapping complete conversion has nevertheless been reached in a single-
(LIESST) phenomenon) has been elucidated by optical spec-crystal X-ray diffraction measurement under light excitation of
troscopic investigation®, and the corresponding crystal struc- the pure Fe compound using high laser powelr at488 nm3°
tures of several light-induced metastable HS states have beerin addition, a thermal quenching procedure allowed a metastable
derived?'~23 |t has also been shown that a metastable HS state HS state to be trapped at 15 K, which has been further
magnetically and structurally characterized. The crystal struc-

(14) Gitlich, P.; Hauser, A.; Spiering, HAngew. Chem., Int. Ed. Endl994

33 2024, tures of the different spin states (room temperature HS, low
(15) Gutlich P., Goodwin, H. A., EdSopics in Current ChemistrySpringer-

Verlag: Berlin, 2004; Vols. 233, 234, and 235. (23) Legrand, V.; Carbonera, C.; Pillet, S.; Souhassou, Mtaidde J. F.;
(16) Guionneau, P.; Marchivie, M.; Bravic, G.;tieed, J.-F.; Chasseau, Dopics Guionneau, P.; Lecomte, Q. Phys. Conf. SeR005 21, 73.

in Current ChemistrySpringer-Verlag: Berlin, 2004; Vol. 234, pp 97. (24) Marchivie, M.; Guionneau, P.;’tard, J. F.; Chasseau, D.; Howard, J. A.
(17) Giltlich, P.; Ksenofontov, V.; Gaspar, A. B.oord. Chem. Re 2005 249, K. J. Phys. Chem. Solid&004 65, 17.

1811. (25) Vreugdenhil, W.; Van Diemen, J. H.; De Graaff, R. A. G.; Haasnoot, J.
(18) Bousseksou, A.; Varret, F.; Goiran, M.; Boukheddaden, K.; Tuchagues, G.; Reedijk, J.; Van Der Kraan, A. M.; Kahn, O.; Zarembowitch, J.

J.-P. Topics in Current ChemistrySpringer-Verlag: Berlin, 2004, Vol. Polyhedron199Q 9, 2971.

235, pp 65. (26) Pillet, S.; Hubsch, J.; Lecomte, Eur. J. Phys. B2004 38, 541.
(19) Decurtins, S.; Gilich, P.; Kthler, C. P.; Spiering, HChem. Phys. Lett (27) Martin, J.-P.; Zarembowitch, J.; Bousseksou, A.; Dworkin, A.; Haasnoot,

1984 105 1. J. G.; Varret, FInorg. Chem.1994 33, 6325.
(20) Hauser, AChem. Phys. Lettl992 192, 65. (28) Martin, J.-P.; Zarembowitch, J.; Dworkin, A.; Haasnoot, J. G.; Codjovi, E.
(21) Marchivie, M.; Guionneau, P.; Howard, J. A. K.; Chastanet, Gtaidg J. Inorg. Chem 1994 33, 2617.

F.; Goeta, A. E.; Chasseau, D. Am. Chem. So2002 124, 194. (29) Desaix, A.; Roubeau, O.; Jeftic, J.; Haasnoot, J. G.; Boukheddaden, K.;
(22) Kusz, J.; Schollmeyer, D.; Spiering, H.;tBch, P.J. Appl. Crystallogr Codjovi, E.Eur. Phys. J1998 B6, 183.

2005 38, 528. (30) Legrand V. Ph.D. thesis, University Henri Poiricatency I, France, 2005.
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Figure 1. Crystal structure of Fe(btNCS)-H,0O in the LS state at 104 K. H atoms from the btr groups have been omitted for clarity.

Table 1. Crystallographic Data and Experimental Details

temperature LS, light-induced metastable HS, and thermally

quenched metastable HS) have been comparatively analyzed LS HS
in detail3® We report here a detailed and comparative analysis S%e group C2lc @ C2lc )
istributi . i a 11.1626(4 10.9047(5
of the ED distribution of Fe(btgfNCS)-H,0 in the LS and b () 12.5839(6) 131125(6)
metastable HS states. c(A) 12.7543(6) 13.162(1)
. i B 92.284(3) 90.883(8)
Experlmental Section V(A3) 1790.2(1) 1881.7(2)
The bis-triazole ligand and the Fe(B{NCS)-H,O complex were rZadiation type 4Mo K :\‘AO Ka

synthesized as reported earfiéiVell-shaped samples were embodied

_ _ : (A=0.71073 A)
in vacuum grease to prevent crystal degradation on passing through crystal size (mm)

0.3% 0.20x 0.013

the spin transition and mounted on glass fiber. X-ray diffraction x (mm™2) 1.10
measurements were performed using an Oxford diffractometer equipped Tmin/ Tmax 0.68/0.83
with a CCD area detector and graphite-monochromatized Mo K 15
radiation. Very low temperatures were obtained using a Helijet open- Data Reduction
flow He cryosystem. The temperature at the sample position was Measured reflections 26316
beforehand calibrated using the tetragonal-to-orthorhombic structural Uidue reflections 6407

L . . redundancy 4.1
phase transition of DyV@Qat T = 14 K. The temperature instability 9 0.034
was checked througheut the measurement and did not exceed_ 0.2.K. Sin 6/ Amax (A1) 0.98
meg_ to the small size _of the samples, a temperature gradient is IAM Refinement
negligible, the He flux being homogeneous and linear at the sample o 149
position. The diffraction measurement conditions had to be perfectly R (all data) 0.039
optimized since the liquid He container limits the experiment duration Ry (all data) 0.028
to at most 40 h, and therefore limits the accuracy. goodness of fit 237

Low-Spin Ground-State Data Collection and Reduction.Dif- (all data)

fraction measurements in the LS state were performdd=atl5 K by Multipolar Refinement

w-scans using a detector-to-sample distance of 60 mm and several Near At 245

detector 2 positions to ensure a high resolution and coverage of R(S=0.7A Yalldata) -~ 0.018/0.032
) | he diffracti K lected 1 Ry (S< 0.7 AYall data)  0.015/0.017

reciprocal space. The diffraction peaks on collected frames were godnece of fit 1.78/1.44

integrated with the CRYSALIS softwaféand a frame-to-frame scaling

(S< 0.7 A-Yall data)
procedure was used to correct for slight crystal decay. Final cell

(A=0.71073 A)
0.36x 0.18x 0.12
1.05

0.80/0.89

15

16975
3879
4.4
0.033
0.85

149
0.035
0.020

1.55

245
0.022/0.032
0.014/0.015

1.34/1.17

parameters were derived using a least-squares post-refinement on all

measured reflections. The crystal faces were indexed, and an analyticahigh quality and internal consistency of the measured data. Owing to
absorption correction was applied, leading to minimum and maximum the limited available experiment duration, the mean redundancy is only
transmission coefficients of 0.68 and 0.83, respectively. A total of 4 1. All details about data collection and reduction are summarized in

26 316 reflections were collected and merged into 6407 symmetry- Taple 1.
unique reflections in the & Laue group (space group2/c) using
SORTAV 3 The high resolution of the experimer8 € 0.98 A 1) and
the low internal agreement factdr = 0.034 for all data) show the

(31) Haasnoot, J. G.; Groeneveld, W.Z.. Naturforsch.1979 34h 1500.

High-Spin Metastable-State Data Collection and Reductionf-or
the high-spin state, diffraction data collection had to be performed under
controlled specific conditions to ensure, at the same time, a complete
population of the metastable state and a HS-to-LS quenched relaxation.

(32) Oxford Diffraction. CrysAlis CCDand CrysAlis RED Versions 1.171;
Oxford Diffraction: Wroclaw, Poland, 2004.

(33) Blessing, R. HJ. Appl. Crystallogr 1989 22, 396.
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m V() nonsignificant slope\((t) = 1880(3)— 0.002(5})), which can rule out
""" Linear fit real relaxation during our diffraction measurement; at least, relaxation
need not be taken into account in the least-squares process.

Electron Density Refinements of the Low-Spin Ground State.

The structure of Fe(btNCS)-H,0 in the LS state at 15 K has been
refined by least-squares using SHELXand reported elsewheféThe
corresponding atomic positions and displacement parameters were used
18404 as starting parameters for the ED refinement using the program
MOLLY. 36 This latter implements the Hanse@@oppens pseudo-atomic
1820 4 multipolar expansion of the EB:

18804 ----

)
'
'
i
'
t
-
—
—a—

%---- 100% HS

1860

Cell volume (A%)

100% LS
1780 T T T T T T (1)
200 400 600 800 1000 1200

data collection time (mn) wherepcordr)andpyal(r) are spherically averaged core and valence EDs
Figure 2. Evolution of the unit cell volume versus time during the X-ray calcul_ated from Clementi I-’|artre§ock wave functhns for ground-
data collection and linear least-squares ¥iftf = 1880(3)— 0.002(5}). state isolated atoné« and’ are contractiorrexpansion parameters,
The differences in standard deviation are due to different reciprocal space andPy, is the atomic valence shell electron population. The deformation
coverage versus time. of the valence electron shell is projected on real spherical harmonics

) ) ) Y +(0,9) times Slater-type radial functioriRy(r) = Nir™ exp(—&ir).

In such a cooperative system, the quenched state is obtained by a drastit,itial coefficients n and & were taken from the energy-optimized
slowing of the HS-to-LS relaxation process at very low temperature, Slater-type exponents of Clementi and Raimdidi.
which prevents thermal equilibrium to the thermodynamically stable |, the first step, for a better deconvolution of thermal smearing
LS state. According to our prior magnetic measurements, an almost gffects, a multipolar transfer procedure was exploited. Prior multipolar
complete HS metastable state can be trapped at 15 K using a rapidgps of the NCS and btr groups have been determined by high-resolution
temperature decrease from room temperatiite.the present X-ray gjffraction experiments on single crystals of KNCS and tiThe
diffraction experiment, the following procgdure has been applied. Prior corresponding atomic ED parametePss( «, k', Pym) Were transferred
to the low-temperature measurement, a single crystal of FAWWEE): to the NCS and btr groups in Fe(BifICS)-H,0 with identical radial
H-0 was carefully centered on a goniometer head on the diffractometer o ¢is functions.
at room temperature. The goniometer head supporting the sample was  The scale factor, atomic positions, and anisotropic (isotropic for
removed from the diffractometer in order to decrease the temperatureyqrogen atoms) displacement parameters were then refined on all data.
to T =15 K. The crystal (already centered) was then thermally The c-H and O-H distances were adjusted to the usual neutron values
quenched by remounting it directly and as quickly as possible on the of 1 0g and 0.95 A, respectivefj At this stage of the refinement, the
diffractometer under the He cooling gas stream. Under such conditions, yjrshfeld rigid bond test is fulfilled for all interatomic bonds except
thermal equilibrium is reached in less than 1 s, which ensures that the (he Fe-N ones. This indicates that a correct deconvolution of thermal
sample is perfectly quenched in the metastable state. Compared t0 0Ugmearing effects has been achieved by the multipolar transfer and
prior magnetic measurements under similar conditions, the presentgpsequent refinement of displacement paramétdise initial [Ar]-
quenching procedure is far quicker; the transition completeness is 3gp4¢ electron configuration was assumed for iron; the 3d and 4s
confirmed by the bond distances and angles of the corresponding crystalg|ectron contributions were first accounted for using two monopoles
struc‘_[gre (vide |_nfra). No space group c_hange or structufa|_ phase (Pvar andPq). Preliminary tests of the refinement were unsuccessful in
transm_on was evident after the_rmal quenching. Full data collection and ¢ fitting of thePoo term, owing to the diffuseness of the 4s electrons
reduction were performed using the same procedure as for the LSy girect space. Therefore, thgo population was fixed and constrained
ground state. By comparison, the resolution of the metastable stateiq o electrons:Poo = 0 and Py = 1 lead to worse refinement
experiment is slightly lower§= 0.85 A™), but the internal consistency  agreement factors and higher residual EDs. Several noncrystallographic
(Rm = 0.033) is in the same range for a similar data redundancy. molecular symmetries were imposed during the refinement: the NCS
Correlatively, the number of symmetry-independent reflections is lower g,y was restricted to cylindrical symmetry, whereas the two triazole
than for the LS ground state. The limited resolution of the HS data (ings were constrained to chemical equivalence. In addition, for triazole,
collection can be understood from the genuine metastable nature of 5 single ') set was assumed and refined for each atom type (C, N
the probed system. Indeed, the scattering resolution (i)gif)(of a H). The multipolar expansion was truncated at the hexadecapolar level
dn‘frac_tlon experiment is intimately rel_ated to the quality of long-range 5, Fe, the octupolar level for N, C, O, and S, and the dipolar level for
order in the sample, which could be §I|ghtly worse for such a metastable 4 atoms. For Fe, only the quadrupolar and hexadecapolar terms were
state. At 15 K, the HS-to-LS relaxation of Fe(pfNCS)-H-O is very refined, in accordance with the site symmetry (inversion center). The
slow, as quantified by prior magnetic measurements. The evolution of £g |ocal coordinate system was defined according to the coordination
the cell volume along the data collection can be used for estimating sphere, withz in the NCS direction and andy in the basal plane
the relaxation raté; since the HS and LS cell volumes differ by more  5ard N11 and N21 respectively.
than 90 & at the same measurement temperat¥g € 1881.7(2) The agreement factors at the end of the multipolar refinement were

A3, Vis = 1790.2(1) R). The evolution of the cell volume during the g — 0,032 andR, = 0.017 on all data, indicating a good agreement
experiment (Figure 2) exhibits a slight linear trend with a negative but

|
18007 P(T) = peordl) + PvaIK3PvaI(Kr) + ZK'SRI(K"’) zoplm Yim+(60.9)

(35) Sheldrick, G. M.SHELX97 Program for structure solution and refine-
(34) Since the unit cell volume largely differs between pure kS E 1.0) ment: University of Gottingen, Germany, 1997.

and LS §s = 0.0) states for spin crossover materials, the unit cell volume (36) Hansen, N. K.; Coppens, Rcta Crystallogr 1978 A34, 909.

is a function of the fraction of HS speciggs for intermediate composition (37) Stewart, R. FChem. Phys. Lettl979 65, 335.

(0.0 < yus < 1.0). Assuming a linear dependence of the cell volume with  (38) Clementi, E.; Roetti, CAt. Data Nucl. Data Tabled974 14, 177.

Yhs, it can be approximated BY(t) = yus(t)Vis + (1 — vus(t))Vis, where (39) Clementi, E.; Raimondi, D. LJ. Chem. Phys1963 38, 2686.

V(t) is the volume refined at timg Vs andV, s correspond to the volume (40) Allen, F. H.Acta Crystallogr 1986 B42, 515.

of purely HS and LS states, respectively, at the measurement temperature.(41) Hirshfeld, F. L.Acta Crystallogr 1976 A32 239.

Knowing Vus andV, s and measuriny/(t), the yus(t) curve can easily be (42) Pichon-Pesme, V.; Lecomte, C.; Lachekar,JHPhys. Chem1995 99,

derived from the previous equation. 6242.

13924 J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006



Experimental ED Analysis of Metastable States ARTICLES

Table 2. Mean Square Displacement Amplitude (MSDA in A?)

?"? c23 along Selected Bond Axis
N2/ @ b bond LS state HS state
L E7aN24

i oD < Fe-N Fe 0.0042(1) 0.0046(1)
L ) N4 N 0.0061(1) 0.0074(1)
N2t e Py Fe-N11 Fe 0.0037(1) 0.0041(1)
e c28 N11 0.0047(1) 0.0089(1)
- S Fe-N21 Fe 0.0042(1) 0.0039(1)
N21 0.0060(1) 0.0054(1)
N—C N 0.0060(1) 0.0082(1)
0 c 0.0068(1) 0.0073(1)
i N c-s c 0.0068(1) 0.0073(1)
S 0.0059(1) 0.0091(1)

Figure 3. PEANUT plot® showing the RMS surfaces of the difference
between the HS and LS atomic displacement parameters at the 100%

prObab“ri]ty 'evi'- F;OSiti"e surface iz Sh?W” inhgray, nelgative in b'ic"- TL‘e higher in the direction perpendicular to each triazole ring. In

arrow shows the direction perpendicular to the triazole ring on the right- . . . . . -

hand side. the case of S, the thermal motion is higher in the direction
perpendicular to the NCS axis in the HS state. As mentioned

between the ED model and the X-ray diffraction data. The residual IN the Experimental Section, S presents some disorder in the
ED (difference between the observed and modeled multipolar ED given HS state; this disorder has been treated using a split atomic
in eq 1) is given in the Supporting Information and does not show any position over two main positions. This could be oversimplified,
significant features, except for some residues around Fe (maximumand a continuous distribution of S atom positions could be a
0.3 e A7) more realistic model, but this is hard to describe using a pseudo-
Electron Density Refinements of the High-Spin Metastable State. atomic model of the ED. In fact, static disorder cannot be
The refinement strategy used for the HS metastable state was identicakeparated from purely thermal contributions from a diffraction
to the LS one, with the same multipolar transfer of the NCS and btr experiment performed at a single temperature. It is to be noted
EDs to better deconvolute thermal smearing effects. The crystal structurethat an identical and enhanced HSS difference has been
indicates a slight static disorder of the S atom, which was refined as . . . .
two independent positions. Such a disorder is not uncommon in NCS- eVIdenced _at 130 Kin the thermal hysteresis loop and will be
described in more detail elsewhere. Compared to the 130 K

containing spin transition complexes. The two S positions were - . e
introduced in the multipolar refinement and the complementary Case, the HSLS difference in atomic displacement parameters

occupancies refined to 0.0300(5) and 0.9700(5) for the minor and major iS reduced at 15 K; the effect is therefore temperature dependent.
positions, respectively. As for the HS state, the Hirshfeld rigid bond The influence of static disorder on S is thus less probable than
test is fulfilled for all interatomic bonds except for 8 ones, which a real difference in vibrational amplitudes. At our measurement

shows that a correct deconvolution of thermal smearing effects has beentemperature (15 K), the thermal displacement parameters are

achieved and that the static disorder of S is limited. One might expect Supposed to be almost temperature independent and should
that this latter does not perturb too much the multipolar fitting of the  afject only the zero-point vibrations.

ED. In the refinement of the electron deformation density, evidently, .
no electron deformation density refinement was made on the S atom The thermal motion of the btr group has been further analyzed

in the minor position. Similar chemical and symmetry constraints have USiNg the TLS formalism, considering btr as a rigid molecular
been applied as in the LS state. The agreement factors at the end ofNtity. The translatio and librationL matrix elements have

the multipolar refinement are similar to those of the LS sties been fitted in both spin states with respect to the molecular
0.032 andR, = 0.015 on all data; the residual ED is reported in the inertial axis against the atomic displacement parameters from
Supporting Information. our ED model*45This rigid-body motion describes quite well

the thermal motion of all the btr atom&4{(HS) = 0.10, R,-
(LS) = 0.09). The residuaAU = Upy; — Uris (given in the
Thermal Motion Analysis. It is well known that the atomic ~ Supporting Information) does not exhibit any systematic features
displacement parameters derived from X-ray diffraction mea- which would require the introduction of additional degrees of
surements are biased by the electron deformation density.freedom corresponding to internal vibrational modes. The
However, the use of a multipolar expansion of the ED ensures obtained external translation amplitudes are systematically
a better deconvolution of thermal smearing effects from the higher in the HS stateT(l = 0.0083(4) &, T2 = 0.0076(4) &,
deformation density than a purely structural model. The aniso- T3 = 0.0058(2) & with respect to the inertial axis system) than
tropic displacement parameters obtained from our multipolar in the LS state 1 = 0.0071(4) &, T2 = 0.0070(4) R, T3 =
fitting are then good estimates of the atomic thermal vibrations. 0.0051(2) &). On the other hand, the libration amplitude along
As the two diffraction measurements (LS and HS) have been thez molecular axis (N14N24) is only marginally largeri3
performed at the same temperature, the differences in atomic= 6(2)°? andL3 = 5(1)°2
displacement tensordlf) represent the modification of vibration The mean square displacement amplitudes (MSDAs) along
modes and amplitudes upon the spin transition. the Fe-N and Fe-N11 bond axis (Table 2) indicate a higher
As shown by the root-mean-square (RMS) surfaces of the vibration amplitude of the Fe, N, and N11 atoms in the HS
difference between the HS and LS atomic displacement state and a slightly lower vibration of N21 and Fe along the
parameters (Figure 3§,the amplitudes of thermal motion are  Fe—N21 axis. In the former case, these are consistent with
systematically higher in the HS state than in the LS one. The infrared spectroscopic experiments performed on other spin
difference exhibits a systematic trend, the thermal motion being

Results and Discussion

(44) Cruickshank, D. W. JActa Crystallogr 1956 9, 754.
(43) Hummel, W.; Hauser, J.; ®Bugi, H.-B.J. Mol. Graph.199Q 8, 214—220. (45) Schomaker, V.; Trueblood, K. Mcta Crystallogr.1968 B24, 63.
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Figure 4. Static deformation density in the triazole Fd11-N21 and
Fe—N11—N planes for the LS (left) and HS (right) states at 15 K. Contour
levels of 0.05 e A3; positive shown as solid lines and negative as dashed
lines.

crossover materials (i.e., Fe(phgCS)), revealing a large
shift to lower frequencies of the FeN stretching vibration on

In the LS state, in all six FeN basal and axial coordination
directions, negative deformation density is evidenced, interpreted
as a depopulation of theedyz and g2 atomic orbitals with
respect to the isolated Fe atom. Correlatively, the diagonal
directions, corresponding to thg,dd,,, and g, orbitals, exhibit
positive deformation density. Such features are characteristics
of crystal field effects, which under almo&, symmetry split

the Fe 3d energy levels intg é2-2 and @2) and bg (dvy, Okz

and d). The nitrogen lone pairs of the btr and NCS groups are
directed toward Fe, with the maximum of deformation density
along the Fe-N axis. The deformation density corresponding
to the NCS nitrogen lone pair is lower and more diffused
perpendicular to the FeN axis compared to N21 and N11. The
nitrogen deformation density extends to the Fe site for N, N11,
and N21; we can anticipate a significant covalent character of
the Fe-N bonds in the LS state. The three-dimensional
distribution of the Fe deformation density enlightens even more
the crystal field effect (Figure 5); negative deformation density
lobes are directed toward the coordinating N atoms in the LS
state, whereas maxima of positive deformation density site at
the corner of an almost regular cube centered on Fe.

In the HS state, the negative deformation density in the
direction of the basal btr nitrogen atoms is retained, but it is
more contracted toward Fe than in the LS state. In the axial
direction, in contrast to the LS state, positive deformation density
is accumulated, indicating a large electron redistribution among
the Fe 3d orbitals (see below). As for the LS state, the
deformation density of the coordinating N atoms extend to the
Fe site, a slight covalent character of the-febonds is retained
in the HS state, even-though the corresponding distances are
considerably longer. The three-dimensional isosurface of the
Fe deformation density (Figure 5) shows that positive contribu-

passing from LS to HS, due to a softening of the corresponding tions are directed only in the diagonal directions of the basal

Fe—N bond. The MSDA is related to the vibration frequency
for a quantized harmonic oscillator By?(= (h/872uv) coth-
(hv/2kT), whereu is the reduced mass andthe oscillator
frequency. Accordingly, the LS-to-HS vibration amplitude
increase is consistent with a softening of the-Restretching

force constant and a decrease in oscillator frequency. Similar

conclusions have been drawn by Chandrasekhar angi Bar
tris(dithiocarbamato)iron(lll) complexes in the LS and HS
states’® The small decrease of MSDA for the +&121 bond
remains unexplained according to this argument.

Static Deformation Densities.The static deformation densi-
ties (difference between the multipolar ED of eq 1 and the

plane (corresponding to thgydrbital) and in thez direction
(toward NCS), contrasting with the LS state. In addition, the
negative deformation density is more diffuse, with a lower
directional behavior; this is probably due to the HS state having
longer Fe-N bond distances.

Orbital Population Analysis. The elucidation of the ground-
state and low-lying excited-state electronic configurations of
organometallic complexes is of major importance. Many
theoretical calculations with various degrees of approximation
(multiconfigurational, Moller-Plesset perturbation) have dealt
with iron(ll) porphyrin and phthalocyanine, for instance. In the
case of spin crossover materials, the singgtand quintefT,

isolated atom model) in the triazole plane in both HS and LS electron configurations have been assigned to the LS and HS
states are given in Figure 4. As expected, positive deformation states for iron(ll) in perfectly octahedral surrounding, respec-
densities show up in all the interatomic-W, C—N, and C-H tively; the triplet states are considered to be involved through
bonds. The maximum of deformation is almost centered in the intersystem crossing in the light-induced process (LIESST). The
N11—-N12, N14-N24, C13-N12, and C15N11 bonds. In multipolar modeling of the Fe deformation density allows a
contrast, a displacement toward N14 is observed in the-C13 direct calculation of the 3d orbital populatioffsif the metal
N14 and C15-N14 ones, resulting from a polarization toward and ligand orbitals do not strongly overlap. As discussed above,
the N atom. A similar effect has been observed in the ED study this is not rigorously valid for Fe(btiNCS)-H,O since

of the btr crystaP® The N11 and N12 lone pairs are clearly significant Fe-N covalent character might be present, but it is
defined. Identical deformation density features are found in both nevertheless a good approximation. The Fe 3d orbital popula-
spin states, with nonetheless a displacement of the deformationtions derived from our multipolar modeling are given in Table

density in the N1£N12 bond toward N11 in the HS state.
The deformation density in the vicinity of the iron atom

3.
The populations calculated for the LS state are characteristic

exhibits very different characteristics depending on the spin state.of Fe' (3df) with an almost4? e,° electron configuration. The

(46) Chandrasekhar, K.; Bgi, H. B. Acta Crystallogr 1984 B40, 387.
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(47) Holladay, A.; Leung P.; Coppens, Rcta Crystallogr.1983 A39, 377.
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Figure 5. Static deformation density of iron in the LS (left) and HS (right) states at 15 K (isosurface of 0:2, pdsitive shown in gray, negative in red).

Table 3. 3d Atomic Orbital Populations of Iron in LS and HS 1.9685(5) and 1.9730(5) A FeN11 and Fe-N21 bond dis-

States. the Crystal Field Hypothesis Corresponds to Pure : : :

Octahedral Symmetry tancgs. To summarize, the LS 3d _orb|tal popule_ttlo_ns are
consistent with a purely LS crystal field hypothesis lifi;

Gy 4 d d d pt;’;i:;in electron configuration, in agreement with the close to 0 mm
- " s 1 quadrupole splitting of the Mesbauer spectruf.
LS state 0.40 020 150 222 194 6.26 In th ble HS 1l 3d orbital forml
HS state 095 149 159 094 117 6.14 n the metastable HS state, all 3d orbitals are more uniformly
LS crystal field hypothesis 0 0 2 2 2 6 populated, ranging from 0.94 to 1.59 e each. This distribution
HS crystal field hypothesis 1 1 133 133 133 6 is more consistent with a HS crystal field hypothesis, where

the deviation from purely crystal field effect is duedalonation
andx back-bonding with the coordinating ligands. The overall
electron donation from the six ligands is lower (0.14 e) than in
the LS state, as judged by the 3d valence population of 6.14
for Fe. It appears that NCS is moredonor than in the LS
state, the d orbital gaining 0.25 e from each NCS group. This
is surprising since the FeN bond distance is longer in the HS
state, but inspection of Figure 4 suggests that, in the LS state,
electron repulsion overcomes electron pairing in this bond. The
de-y? orbital population does not show amydonation from

crystal field destabilized,d-,» and @ orbitals exhibit neverthe-
less a significant population, attributed to donation from the
highest occupied molecular orbitals of the NCS and btr ligands
and the onset of slight FeN covalent interactions in addition
to the electrostatic coordination bond. These btr and NCS
molecular orbitals have large character on the peripheral N
atoms and accordingly allow high overlap with the Fe 4

and de-y2 orbitals for NCS and btr, respectively. According to

the population_s of the,d.> and QZ orbita_lls: the amount of the btr groups, being close to that obtained in the purely crystal
electron donation from the two ligands is in the same range, field hypothesis. On the other side, thg, drbital exhibits a

0.1e by each 'NhCS groupl) and 0.1 e tiyfg?ghhtriazﬂe ring.hBy high population, difficult to rationalize i@, symmetry in terms
comparison with a purely LS crystal field hypothesis, the ¢ a0y honding. Alternatively, this could indicate that the
population of the ¢, orbital is less populated than expected, real interaction symmetry is reduced fraBh to almostDas,
due tosr back-bonding to the btr lowest unoccupied molecular the 3d energy levels being split intg @ d,2), bag (cky), &

. X2y ’ g \Uxy/s g
or_bltals. _These Iattt_ar havegstrom’gcharacterand_can overlap (d2), and hg (de_y?) under tetragonal field. The occupation
\{wth the iron gy orbital. As judged by the orllentatlon o]‘ the btr difference of the g, d, and g orbitals supports this splitting.
ligand with respect to the Fe basal plane, this overlap is hOVVeverUnder such circumstances, the experimental orbital population

not optimum. The overall electron donation balance resulting would indicate a®By, ground quintet state. This symmetry
. . . . g .
from o donation andr back-bonding interactions amounts to breaking has an interaction origin and is also reflected in the

+0.26 e on Fe, according to its 3d electron population of 6.26. molecular structure, the Fgoctahedron of Fe(btNCS):

The LS Fe populati.ons can be_ compared to those derivgd forHZO being very regular in the LS and HS states, but with shorter
iron(l1) phthalocyanine (FePc},iron(ll) tetraphenylporphyrin Fe—N coordination distances. Such an assignment needs to be

(FeTPPY? and iron(()ll) bis(pyridinephesetetraphenylporphi- confirmed on other spin transition systems for which the NCS
5 i — — —
na_to) (FeTPP(Py). . with S = 1, S__ 1, andS—_O ground groups are located in the trans position, like in the present
spin states, respecuvelyf and for which the g _orbltal is also situation. It has been argued that slight modifications of the
populated due tar donation from the porphyrin and phthalo-  £o_ N ayial and basal bond lengths play a key role in the spin
gyar(;'r('f Ilgands..ThﬁxcLyz qrbltal populations follow the FeN multiplicity and electronic configuration of the ground state of
ond distances In the series FeTPP§R9)35 e), FeTPP (0.43 iron porphyrin and phthalocyanifle through the relative
€), and FePc (0.70 e) fgr bond dlstancgs of 2'001_(1)’ 1.967(2), gapilization of thes acceptor ¢ orbital. A clear assignment
and 1.928(1) A, respectively. Theedy orbital population found of the HS Fé electron configuration would require comple-

in the present case is compatible with this evolution and the ooy quantum mechanical calculations of this system. The
D4n symmetry of the coordination sphere characterized from

(48) Coppens, P.; Li, LJ. Chem. Phys1984 81, 1983.

(49) Tanaka, K.; Elkaim, E.; Liang, L.; Zhu, N. J.; Coppens, P.; Landrum, J.
Chem. Phys1986 84, 6969. (51) Silver, J.; Marsh, P. J.; Symons, M. C. R.; Svistunenko, D. A.; Frampton,

(50) Li, N.; Coppens, P.; Landrum, lhorg. Chem 1988 27, 482. C. S.; Fern, G. RInorg. Chem.200Q 39, 2874.
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Table 4. Topological Properties at the Bond Critical Points?

Glice)!

bond dx-y dy—cp Oep-y p(ice) V2p(Tcp) € p(fep) Wicp) H(ice)
LS State

Fe—N 1.9498(5) 0.945 1.007 0.62 8.03 0.26 1.19 —2395 —460
Fe—N11 1.9730(5) 0.949 1.028 0.66 7.70 0.26 1.15 —2584 —585
Fe—N21 1.9685(5) 0.941 1.029 0.66 7.82 0.29 1.16 —2591 =577
N—C 1.1753(7) 0.739 0.437 2.96 —6.90 0.00

Cc-S 1.6405(5) 0.779 0.861 1.49 —4.93 0.00

N14—N24 1.3701(6) 0.684 0.684 2.28 —5.40 0.00

N14—-C15 1.3655(7) 0.821 0.545 2.14 —17.68 0.15

N14—-C13 1.3675(7) 0.814 0.555 2.14 —16.88 0.09

C13-N12 1.3061(7) 0.549 0.762 2.43 —20.15 0.19

C15-N11 1.3092(7) 0.554 0.758 2.54 —24.38 0.24

N11-N12 1.3970(6) 0.699 0.695 2.14 —1.02 0.03

Hw-+-N12 2.35(2) 0.879 1.436 0.07 1.45 0.07 1.10 —139 64

HS State

Fe—N 2.1310(9) 1.061 1.069 0.45 6.37 0.01 1.13 —1506 —168
Fe—-N11 2.171(1) 1.064 1.108 0.43 5.61 0.09 1.07 —1378 —173
Fe—-N21 2.1647(9) 1.062 1.102 0.44 5.81 0.09 1.08 —1430 —181
N—C 1.179(1) 0.739 0.444 3.00 —12.26 0.00

C-S 1.634(1) 0.777 0.855 1.56 —5.78 0.00

N14—N24 1.374(1) 0.686 0.686 2.32 —6.17 0.05

N14—-C15 1.367(1) 0.810 0.557 2.12 —14.11 0.13

N14—C13 1.374(1) 0.822 0.552 2.08 —13.21 0.08

C13-N12 1.305(1) 0.537 0.769 2.40 —18.69 0.13

C15-N11 1.312(1) 0.534 0.776 2.36 —17.10 0.13

N11-N12 1.398(1) 0.702 0.694 2.16 0.04 0.05

Hw---N12 2.31(1) 0.807 1.400 0.10 1.61 0.08 0.92 —190 53

a¢ is the bond ellipticity.V andH are given in kJ mot* A=3, p(fcp) in e A=3, andV 2p(fcp) in e A-5. The Abramo%® approximation for deriving the
local energy densities is valid at the BCP for weak bort@lsG/p, V, andH are reported for FeN and H--N bonds solely.

the present ED analysis is in line with the nonzero value of the  The EDs at all the FeN BCPs mirror the differences in bond
quadrupole splitting of the Mgsbauer spectrum in the HS stéte.  distances, with systematically higher values in the LS state. An
Topological Analysis of the Electron Density.The topo- exception is the FeNCS bond in the LS state, which is shorter
logical analysis of the ED has proved to be an appropriate than the Fe-N11 and Fe-N21 ones with nonetheless a lower
approach to quantitatively analyze chemical bonding in ionic ED. The BCPs are furthermore not well centered in the bond
crystals and molecular solids. According to the formalism but systematically displaced toward Fe due to the high electron
developed by Bader, a chemical bond is uniquely characterizedconcentration of the N lone pairs. More insights into the covalent
by the presence of a line of maximum ED joining two bonded and ionic character of the F&N chemical bonds can be gained
atoms (a bond path) on which lies a bond critical point (BEP).  from the energetic properties at the BCPs. For-Re the
The sign of the laplacian of the EV?o(r), points out regions  potential energy density is dominating in the total energy
of charge accumulatiorp(r) < 0) and charge depletiov¢o- density; the density normalized kinetic energy denGits)/o(r)
(r) > 0). A direct link has been proposed between the regions is in slight excess of unity, indicating a significant shared-shell
of large negative laplacian and the concept of electron pairs in component of the FeN chemical bond, stronger than what is
the atomic valence shell; these are called valence shell chargeobserved for FeO and Fe-C bonds®>° Together, all these
concentrations (VSCCs). The behavior of the ED and laplacian ED descriptors correlate with a significant covalent character
at a BCP allows a distinction to be made between closed-shell of the coordination FeN bonds, more pronounced in the LS
and shared-shell interactions. It has been suggested that, in thetate, in agreement with the structural features. Also based on
case of transition metal, the ED and laplacian are not well these energetic arguments, the covalent interaction is lower in
adapted descriptors for unambiguously characterizing metal the Fe-NCS bond in both spin states.
ligand bond"!g- In such cases, kine@&(()) and potential¥(r)) . For the btr ligand, the HSLS difference in ED is within
Egre\;%ywi?cnlfI?se?/’alei}(\jlactl:]i:efzrtT(;t/)vugl?Dtgf égfa;ﬂg\\,lv ngggrna the stgndgrd deviation we can estimate on our ED;.th_e only
lassificatior?*55 covalent character being associated with an exceptlon' s the CISN1L bond. Al N_.N bonds show S|m|l'ar
¢ o DeIng . characteristics of the ED: the BCP is almost centered in the
excess of potential energy over the kinetic energy densities. Theb d. the laplacian of the ED is neqative but small. and the
topological properties of the ED in Fe(biiNCS)-H,O have ond, the 1ap 9 . ’
been derived using Newprép>’ The topological properties at ellipticity 'S lower thap 01 as obsferved. for single bonds. The
ED laplacian and ellipticity are higher in the CiBI12 and

the BCPs are given in Table 4. C15-N11 bonds than in the N34C15 and N14-C13. The
(52) Bader, R. F. W.; Essen, . Chem. Phys1984 80, 1943 nonzero values of the ellipticity in all €N bonds indicate an

(53) Abramov, Y. A.Acta Crystallogr 1997, A53, 264. electron delocalization over the four bonds, with a higher
(54) Cremer, D.; Kraka, ECroat. Chem. Actd 984 57, 1259.
(55) Cremer, D.; Kraka, EAngew Chem., Int. Ed. Engl984 23, 627.

(56) Souhassou, M.; Blessing, R. Bl. Appl. Crystallogr.1999 32, 210. (58) Macchi, P.; Garlaschelli, L.; Sironi, A. Am. Chem. So2002 124, 14173.
(57) Katan, C.; Rabiller, P.; Lecomte, C.; Guezo, M.; Oison, V.; Souhassou, (59) Overgaard, J.; Larsen, F. K.; Schiott, B.; Iversen, BJ.BAm. Chem. Soc
M. J. Appl. Crystallogr 2003 36, 65. 2003 125 11088.

13928 J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006



Experimental ED Analysis of Metastable States

ARTICLES

e ‘\ field effects have been given in the literatGtdn the present
I\'ZI OpN! case, the laplacian distribution results from strong ligand field
effects, with electron deficit along the face directions and

Vo)

- lion == = =\ | accumulation in the direction of the vertices of the cube. It is

| @ °ﬂ°1‘-e @ “-9" @F‘e @ the signature of the Fe LS state. In the HS state, maxima of

v g N1 —V?p are located along the axis and along the diagonal
[@ (8‘\ directions of the basal plane. These maxima are fully consistent

) with the 3d orbital populations described above.

Gl il Interlayer Contacts. The crystal structure of Fe(biNCS)-
>j__,ﬁ(\_ NN H>0 indicates the presence of N22Hw—Ow hydrogen bonds
&) t:‘:fj involved in interlayer contacts (Figure 1). The total ED (Figure

{

8) shows indeed bridges of ED in the corresponding interlayer

(@) 23 m - ) IR (73 region, furthermore topologically characterized by a BCP.
=i IR :% - @ e ‘%) Values of the ED and laplacian at the BCP are identical in the
1/%\\ - —~ two spin states (Table 4); there is no clear. mod|flcatlon of the

\{~—f< @ hydrogen bond strength upon the spin transition. These hydrogen

S L bonds are responsible for the onset of weakly cooperative

Figure 6. Laplacian distribution in the FeN11-N21 and Fe-N—N11
planes for the LS (left) and HS (right) states. Contour levels &t 206«
10", 4 x 10", and 8x 10"e A5 (n= —3, —2, —1, 0, 1); positive shown
as solid lines and negative as dashed lines.

interactions along the crystallograptadirection.

Fragment Charges and Molecular Electrostatic Potential.
The ED has been integrated over the atomic basins defined by
the zero flux surfaces of the gradient field, yielding atomic
charges and volumes (Table 5). This concept of atomic charges
relies on the ED solely and is therefore rather model indepen-
dent. The LS and HS states present some similarities in the
charge distribution over the different fragments of the structure.
The iron atom is positively charged, the NCS group is negative,
and the btr ligand is slightly positive. However, these charges
s ' el are less than the formal Feand NCS. The thiocyanate ligand
which is formally a triple bond. The value of the ellipticity iS g4y high electron polarization effects: the negative charge
zero in both C-N and C-S bonds, due to the cylindrical s oty localized on the N atom, and the central carbon atom
cpnstralnt .applled during the refinement. There is no clear is positively charged. As for btr, the coordinating N atoms (N11
?Azet;%::;ggiglb;z:;?ggz2t|_t|:eaggFI)‘SS fg:ﬁ%bge?:gmng:;;ﬁglg and N21) are slightly more negative than the non-coordinating
’ ones (N12 and N22), resulting from the interaction with Fe.

higher in the HS state. On going from the LS to the HS state, electron redistribution is

In the basal Felplane and in the FeNCS axial direction . ) " .
. . . s . evidenced: Fe and btr are more positive, whereas NCS is more
in both spin states, the laplacian distribution (Figure 6) shows tive. A dinaly. the FeNCS and Febtr int i
maxima close to N and directed toward Fe, corresponding to 921 Ve Accordingly, the and Febir interactions
are slightly more covalent in the LS state, in agreement with

well-defined VSCCs. These VSCCs correspond to electron h lodical vsis di il lusi
concentration of the N lone pairs in the Lewis concept of the topological analysis discussed above. A similar conclusion

electron pairs. In contrast, the laplacian distribution in the @S been drawn by Paulsen et@from ab initio calculations
vicinity of Fe shows very different characteristics, depending ©n Fe(ll) complexes with substituted tris(pyrazolyl) ligands; they
on the spin state (Figure 7). In the LS state, the laplacian adopts'®Ported an Fe charge increase by 0:1G6.86 e.

a cubic shape with well-defined maxima-e#/?p at the vertices The increase of atomic volumes upon the LS-to-HS transition
of the cube. Such a distribution is not uncommon and has beenparallels the structural modifications and especially the [Re
characterized in Cr(C@)for instancé® Further examples of ~ bond elongation. The NCS volume increases by as much as
the correlation between the laplacian distribution and crystal 7.8 A3, and the Fe atomic volume increases by 2.3 A

character of C13N12 and C15-N11. Accordingly, the main
mesomeric form of the triazole ring could be depicted as

N—N

/=
=

zZ—2Z2

For the NCS group, the ED is much higher in the i bond,

Figure 7. Laplacian distribution of iron in the LS (left) and HS (right) states (isosurface®30 e A5). Only the negative surface is displayed.
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Table 5. Topological Charges and Volumes from Numerical
Integration of the ED over the Atomic Basins?@

LS HS
QQ Vo QO Vo
Fe 0.63 8.618 0.74 11.013
N —1.16 17.777 —1.28 20.459
C 0.71 12.811 0.66 14.006
S —0.29 40.695 —0.27 44.627
NCS —0.74 71.283 —0.89 79.092
N11 —0.60 11.631 —0.70 13.666
N12 —0.46 14.568 —0.57 15.147
N21 —0.59 11.717 —-0.71 13.235
N22 —0.43 14.699 —0.54 15.460
btr 0.18 138.863 0.25 138.26
H20 —0.09 27.283 —0.02 30.757

aThe total topological charg€),) and volume Yq), summed over the
unit cell, areQ s = 938.32 eV s = 1824.8 B, Qus = 938.45 e, an&Wus
= 1905.9 &, corresponding to mean errors of 0.3% and 1.6% due to the
integration procedure o® andV, respectively.

comparable with the 3.253%value calculated from the expan-
sion of the FeN polyhedrat®

The molecular electrostatic potential has been calculated
analytically from the modeled multipolar total ED for a
(triazole)(NCS), cluster removed from the crystal lattice using
ELECTROS®465 (Figure 9). In both spin states, the triazole
group generates a positive electrostatic potential, in agreemen
with its global positive charge. On the other hand, the NCS

group generates a strong electronegative potential in its sur-

roundings, stronger on the N side than on the S one, in

.
&

Figure 8. Total electron density in the HS state showing the interlayer hydrogen bonds (isosurface of 0:88 e A

fragment charges discussed in the previous section, NCS
behaves as the key element of the crystal field. This is
particularly evident in the HS state, where the shape of the
negative electrostatic potential around Fe is characterized by
an elongation in the NCS direction. In the LS state, the negative
potential cavity is considerably compressed with respect to the
HS state.

Conclusion

We have analyzed in a quantitative way the experimental ED
distribution of a molecular metastable state for the first time.
These results show that the quality of the refined ED model is
comparable to those usually achieved on ground-state systems
and proved to be very promising. In the present situation,
appropriate experimental conditions and procedures have been
attained to face the difficulties intrinsically attached to meta-
stable states, namely the relaxation toward the thermodynami-
cally favorable ground state. The comparison of the ED
properties between the ground LS state and the metastable HS
state of the spin crossover compound FefWES)-H,O has
been performed using the quantum theory of atoms in molecules,
which offers a broad view of the interactions, and especially
the coordination FeN interactions. The Fe 3d orbital popula-
tions, derived from the multipolar description of the deformation

gensity, are consistent with LS{te,’) and HS (ig* &%) electron

configurations. These populations are consistent withAa
electron configuration in the LS state, but they also indicate a
decrease of symmetry to almd3iy in the metastable HS state,

accordance with the electron polarization discussed above and(eo)
S

larger charge accumulation on N. In the LS state, the NC
electronegative potential is more localized on the N and S
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result in a cavity of negative electrostatic potential where the
Fe atom sites. In view of this electrostatic potential and the
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Figure 9. |sosurface of molecular electrostatic potential in the LS (left) and HS (right) states calculated for a ((B2#) cluster. Isosurfaces of0.1
e A1 are shown in blue ang-0.3,—0.2, and—0.1 e A1 from red to yellow.

On the basis of these chemical bonding characteristics, we
can try to explain the role played by the different fragments of
the structure in the spin transition properties of FeftCS),-

H,0 and generalize to other spin crossover materials. The NCS

Large modifications of the electronic properties are observed group generates the major contribution to the crystal field at
on going from LS to HS, which parallels the structural features; the central metal site by having strong electrostatic interactions.
a clear distinction can be made between the bonding behaviorsThe btr group acts as a potentially covalendonor andx
of NCS and btr. The NCS group exhibits a high negative acceptor, aiming at fine-tuning the crystal field to bring the
fragment charge further polarized toward the more electroneg- crystal field splitting valueA in the range of spin crossover. In
ative N and S atoms. As part of the coordination sphere of Fe, the broad family of spin transition materials, it is understandable
the two trans NCS groups generate a negative potential cavitythat most of these are constituted by two NCS groups and
at the center of the Fe)ctahedron. The FENCS interactions aromatic N-containing ligands, the N atom allowing strong
can be classified as mainly closed-shell, with nevertheless aFe—N orbital overlaps. These arguments are well accepted in
significant covalent contribution, characterized by non-null the chemistry community but have been experimentally evi-
populations of the iron 4 atomic orbital resulting fromo denced for the first time in the present discussion.
donation. On the other hand, the btr group is slightly positively ~ Acknowledgment. The University Henri PoincaréNancy |,
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with an electron configuration which would be better described
as®Byg. This symmetry decrease is in line with the coordination
bond distances.
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