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The thermal variation of the dielectric constant in the spin crossover complex [Fe(bpp),] [BF,], displays a
16 K large hysteresis loop centered around 178 K corresponding to the spin transition temperatures. Un-
expectedly, the dielectric constant has a higher value in the low-spin state. DFT calculations were carried
out to determine the microscopic electronic polarizabilities, but these latter could not be correlated with
the macroscopic permittivity changes pointing the importance of the effect of the counter-anions which
must be necessarily taken into account in future DFT calculations.

1 Introduction

Among bistable molecular materials, spin crossover complexes of 3d*-3d’ transition metal ions have
been investigated by many research groups [1]. These compounds hold some promise to be used in elec-
tronics based memories because the conversion between the high-spin (HS) and the low-spin (LS) states
can be detected via a capacitance measurement [2]. This becomes possible because the dielectric con-
stant in the two spin states differs sufficiently. Since optical addressing is a convenient way for informa-
tion storage, spin crossover complexes undergoing a LIESST (Light Induced Excited Spin State Trap-
ping) effect have received many attention recently [3]. The spin crossover compound [Fe(bpp),] [BF,],,
for which bpp stands for 2,6—bis(pyrazol-3-yl)pyridine, is a particularly interesting example because in
this material the light induced metastable HS state decays at relatively high temperatures (ca. 110 K)
[4,5].

In this paper, we report the dielectric properties of the complex [Fe(bpp),] [BF,], and correlate the
macroscopically measured dielectric permittivity with the microscopic (electronic) polarizability calcu-
lated by the single molecule DFT (Density Functional Theory) methodology on the cation [Fe(bpp),]*" in
the LS and HS states. DFT calculations on this compound have been previously carried out in order to
find its free energy [6]. Moreover, DFT methods are also widely used to evaluate and assign the molecu-
lar vibrational frequencies [7]. Here, we focus on the determination of electronic polarizabilities.
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Fig. 1 (online colour at: www.pss-a.com) Optimized structure
of the cation [Fe(bpp),]” in the HS state calculated with
B3LYP/6-31G*.

2 Experimental section and theoretical methods

The dynamic dielectric spectroscopy method was used to measure the thermal variation of the complex
dielectric permittivity (¢* = &’ —ie"") in the 10°—10" Hz frequency range, successively in the heating and
cooling modes by means of a Novocontrol BDS 4000 broadband spectrometer. The frequency sweeps
were carried out isothermally. The powder samples were enclosed in a Teflon sample holder between
two stainless steel electrodes. Raman spectra were acquired at room temperature and at 80 K using a
Dilor XY triplemate micro-spectrograph coupled to a Princeton Instruments CCD detector. The
632.8 nm line of a He—Ne laser was used as the excitation source. DFT calculations have been carried
out on single molecules in vacuo with Gaussian03 package [8]. The Becke’s three-parameter hybrid
functional B3LYP [9] was used with the 3—21G and 6—31G* basis sets. The input structures of the
cation [Fe(bpp),]** for the optimization of the LS and HS geometries were taken from X-ray crystallo-
graphic data (Fig. 1) [10]. The optimized structures were calculated without any constraint. From these
structures, polarizabilities and intramolecular vibrational frequencies were determined.

3 Results and discussion

Spin crossover complexes of the family [Fe(bpp),] [X], - nH,O (where X = NCS", NCSe", BF; with y =2
or X =Fe(CN)s(NO)* with y = 1) were extensively studied by Sugiyarto et al. [10] who reported X-ray
crystallographic data for several dehydrated or hydrated compounds (» =1 for NCS", » =3 for BF, and
n =0 for the other compounds). Unfortunately, single crystal X-ray structures of the title spin crossover
compound could not be obtained. However, the crystallographic structure of the cation [Fe(bpp),]*" has
been determined in several HS or LS compounds with different counter-anions. These X-ray data were
used as the input of the DFT calculations and also to check the reliability of the calculated structures of
this cation. Tables 1a, b and ¢ provide a comparison between X-ray crystallographic data and calculated
bond distances and angles of the cation [Fe(bpp),]*". Calculated values of bond distances and angles in
the ligand (Table 1b and c) reproduce the measured ones with good accuracy. Calculated values of bond
angles involving the central metal atom are in good agreement with the experimental data as well. The
metal-ligand bond distances are known to be deeply affected by the spin state change. Indeed, the Fe—N
bonds in the HS state are approximately 0.2 A longer when compared to the LS state both in the experi-
ments and in the calculations (Table 1a). However, the B3LYP/6-31G(d) method slightly overestimates
Fe—N bond length values (in both spin states). This tendency was observed earlier for many spin cross-
over complexes [7]. With this DFT method, the optimized geometry in the LS state presents a D,, sym-
metry with a good precision. The optimized geometry in the HS state has a slightly lower symmetry
(C,,). From these optimized geometries, static electronic polarizability tensors were calculated as the
analytic second derivative of the energy with respect to the electric field in order to determine the spin-



Table 1a Experimental Fe—N distances (A) in some complexes of the [Fe(bpp),] [X], - nH,O family
and calculated values for the [Fe(bpp),]*" ion in the HS and LS states. X-ray crystallographic data are
given for (1) [Fe(bpp),] [NCS], - H,0 [10], (2) [Fe(bpp),] [NCSe], [10], (3) [Fe(bpp),] [Fe(CN),(NO)]
[10], (4) [Fe(bpp),] [BE,], - 3H,0 [10], (5) [Fe(bpp),] [Fe(CN),(NO)] form 1 [10] and (6) [Fe(bpp),]
[Fe(CN);(NO)] form 2 [10].

HS state X-ray® X-ray® X-ray® B3LYP/6-31G*
Fe-N,, 2.174 (8) 2.183 3) 2.189 (3) 2225
Fe-N,, 2.168 (7) 2.198 (3) 2.189 (3) 2225
Fe—N., 2112 (8) 2132 (3) 2.143 (3) 2.143
Fe—Ny; 2181 (7) 2.176 (3) 2.189 (3) 2.226
Fe—Nj, 2.179 (7) 2182 (3) 2.189 (3) 2226
Fe—N,, 2.126 (7) 2.125 (3) 2143 (3) 2.141
LS state X-ray” X-ray® X-ray'® B3LYP/6-31G*
Fe—N,, 1.968 (6) 1.976 (2) 1.965 (2) 1.998
Fe—N,, 1.968 (6) 1.967 (2) 1.976 (2) 1.998
Fe-N., 1.916 (5) 1.933 (2) 1.933 (2) 1.944
Fe-N,, 1.978 (6) 1.976 (2) 1.965 (2) 1.998
Fe-N,, 1.974 (6) 1.967 (2) 1.976 (2) 1.998
Fe-N., 1.915 (5) 1.933 (2) 1.933 (2) 1.944

state dependence of the microscopic electrical properties. Furthermore, vibrational frequencies were also
calculated and compared to experimental Raman spectra in order to test the validity of the DFT calcula-
tions.

Figure 2 presents Raman spectra associated with the pure HS state (200 K), the pure LS state (140 K)
and a mixed HS and LS state on the ascending branch of the hysteresis (180 K). Several marker bands
can be chosen to follow the spin transition. For example, peaks at 231 cm™ and 1224 cm™ are character-
istic of the LS state while the peak at 1577 cm™ only appears in the HS state. However, the most relevant
marker bands are located at ca. 670 cm™ and 1030 cm™ and exhibit a well-resolved frequency shift from
667 cm™ to 678 cm™ and from 1019 cm™ to 1034 cm™ when going from the HS to the LS state. An
efficient way to assign these modes to atomic motions consists of calculating molecular vibrational
frequencies using the DFT methodology. In the calculated spectra two main frequency ranges stand out.

2 )
g .
- Ko}
) &
>. N
= >
w =
c [72]
o c
E l.a-"
£ £
100 200 300 400 .500 _6100 700 860 10'00 12'00 14'00 16|00
Raman shift (cm™) Raman shift (cm™)

Fig.2 a) Experimental Raman spectra of [Fe(bpp),] [BF,], recorded in the 100—750 cm™ frequency
range at 140, 180 and 200 K. b) Experimental Raman spectra of the [Fe(bpp),] [BF,], recorded in the
750—1650 cm™' frequency range at 140, 180 and 200 K.



Table 1b  Selected experimental bond distances (A) and bond angles (degrees) in some HS complexes of
the [Fe(bpp),] [X], - #H,0O family and calculated values for the [Fe(bpp),]* ion in the HS state. X-ray
crystallographic data are given for (1) [Fe(bpp),] [NCS], - H,O [10], (2) [Fe(bpp),] [INCSel, [10], (3)
[Fe(bpp),] [Fe(CN)(NO)] [10].

HS state X-ray" X-ray® X-ray® B3LYP/6-31G*
N ,—Cis 135 (1) 1343 (5) 1350
CyCoy 1.46 (1) 1.453 (6) 1.468
Nai—Cs 135 (1) 1342 (5) 1.349
Ny—Con 134 (1) 1338 (5) 1.349
Can—Cos 1.52 (1) 1.462 (6) 1.468
Ny —Cs 132(1) 1342 (5) 1.350
N, Cag 131 (1) 1.350 (5) 1350
Cyp—Can 1.45 (1) 1.453 (6) 1.468
Nay—Cp 131 (1) 1338 (5) 1349
Nay—Cop 134 (1) 1350 (5) 1.349
Cag—Cop 1.49 (1) 1.458 (6) 1.468
Nyy—Cp 133 (1) 1325 (5) 1350
N, —Fe-N,,  1482(3) 147.4 (1) 147.16 (7) 148.3
N —Fe-N,,  741(3) 73.7 (1) 73.58 (7) 74.1
N,—Fe—-N,j 94.9 (3) 94.5 (1) 95.4
N—Fe-Ng  110.2(3) 108.6 (1) 105.8
Nyp-Fe-Ny,  147.1 (3) 147.8 (1) 147.16 (7) 148.4
N, Fe-Ng, 73.5 (3) 74.1 (1) 73.58 (7) 742
Ny—Fe-Ns,  108.8(3) 105.3 (1) 105.9
Ni—Fe—Niy 94.5 (3) 94.0 (1) 95.4
Fe-N,—C,, 1165 (6) 116.3 (3) 116.0 (2) 114.9
Fe-Ng,—C,.  119.9(6) 120.0 (3) 119.7 2) 119.8
CoNoi—Cor 1184 (9) 119.9 (3) 120.6 (2) 120.5
Fe-Ny—Co  121.5(6) 120.1 3) 119.7 (2) 119.8
Fe-N,~Cgy 1169 (6) 115.7 2) 116.0 (2) 114.9
Fe-N,,—C,, 1162 (6) 115.8 (3) 116.0 (2) 114.8
Fe-Ny—Cy  119.1(6) 120.0 (3) 119.7 (2) 119.7
Co-Ny—Con 1195 (8) 120.1 (4) 120.6 (2) 120.5
Fe-Ng—Coy 1213 (6) 119.9 (3) 119.7 (2) 119.7
Fe-Ny—Csy  116.8 (6) 1162 (3) 116.0 (2) 114.8

The 3220-3670 cm™' frequency range corresponds to C—H and N—H stretches whereas the second range
spans up to 1660 cm™. In this latter frequency range, the major changes in vibrational frequencies occur
below 700 cm™ and most of the modes associated with the Fe displacement appear below 500 cm™.
Above 500 cm™, the calculations gave two vibrational modes exhibiting frequency shifts from 679 cm™
to 689 cm™ and from 1033 cm™ to 1051 cm™ when going from the HS to the LS state. These latter modes
can be assigned to nearly symmetric deformations of the pyridine rings coupled to a symmetric stretch-
ing of the N5, —Fe—Ny; bonds. This coupling revealed by the DFT calculations explains the somewhat
surprising large shift of these two modes observed in the experimental spectra.

The thermal bistability of the [Fe(bpp),] [BF,], spin crossover complex appears clearly through mag-
netic susceptibility measurements (Fig. 3a). Cooling the sample leads to a sharp decrease in HS fraction
around 180 K. The pure LS state is reached at ca. 140 K. From this state, the sample heating yields a rise
in the HS fraction around 174 K. The pure HS state is then attained at ca. 194 K. Thermal variations of



Table 1c¢  Selected experimental bond distances (A) and bond angles (degrees) in some LS complexes of
the [Fe(bpp),][X], - #H,O family and calculated values for the [F e(bpp),]” ion in the LS state. X-ray crys-
tallographic data are given for (4) [Fe(bpp),] [BF,], - 3H,0 [10], (5) [Fe(bpp),] [Fe(CN),(NO)] form 1
[10] and (6) [Fe(bpp),] [Fe(CN),(NO)] form 2 [10].

LS state X-ray® X-ray® X-ray® B3LYP/6-31G*
N —Cis 1328 (8) 1353
CyCin 1.471 (9) 1.462
Nai—Cyn 1352 (8) 1.354
N,y—Cos 1.341 (8) 1.354
Con—Con 1.459 (9) 1.462
Ny —Ces 1342 (8) 1.353
NypCip 1.340 (8) 1353
Cyp—Cap 1.454 (10) 1.462
Nay—Cig 1369 (9) 1.354
Nay—Cog 1347 (8) 1.354
Cag—Cop 1.461 (10) 1.462
Nyy—Cag 1347 (8) 1353
N, —Fe-N;, 1582 (2) 157.9 (1) 158.0 (1) 158.4
N, —Fe-N;, 79.1 (2) 78.9 (1) 78.6 (1) 79.2
N, ,—Fe-N,j 92.6 (2) 92.0
N, Fe-Ng; 101.3 (2) 100.8
Nyp—Fe-Nyp 158.6 (2) 157.9 (1) 158.0 (1) 158.4
N, Fe-N., 79.3 (2) 79.0 (1) 79.4 (1) 79.2
N,y—Fe-N;, 101.3 (2) 100.8
Ny Fe- Ny, 93.6 (2) 92.0
Fe-N,~Cix 117.0 (5) 116.8 (1) 1153 (1) 115.6
Fe-Ngy—Cys 119.8 (5) 119.8 (1) 119.8 (1) 119.4
Cyx—Nax—Cox 119.6 (6) 120.4 (1) 120.4 (1) 121.1
Fe-Ngy—Cop 120.6 (5) 119.8 (1) 119.8 (1) 119.4
Fe—N,,—Cys 115.9 (5) 116.3 (1) 117.6 (1) 115.6
Fe-N y—Cyp 116.3 (5) 116.8 (1) 115.3 (1) 115.6
Fe—Ngy—Cop 119.7 (5) 119.8 (1) 119.8 (1) 119.4
Can—Nog—Con 120.1 (6) 120.4 (1) 120.4 (1) 121.1
Fe—Ngy—Cop 120.1 (5) 119.8 (1) 119.8 (1) 119.4
Fe—Ny—Cyp 115.8 (5) 116.3 (1) 117.6 (1) 115.6

the dielectric constant at 100 kHz frequency for [Fe(bpp),] [BF.], (Fig. 3b) reveal the same transition
temperatures (7,, = 186 K, Ty, = 170 K). The dielectric constant in the HS state is smaller than that of
the LS state Ag' = &'yg— &3 =—0.11. The change in dielectric constant of SCO materials results from
structural modifications accompanying the spin state change. Within the investigated frequency range,
the dielectric constant and therefore the total polarizability as well are nearly independent of the fre-
quency of the external applied electric field (Fig. 4). No relaxation process, associated with an orienta-
tional polarization of permanent dipole moments, is observed either in the absorption curve &' vs. the
frequency. This absence of spontaneous polarization in the [Fe(bpp),] [BF,], complex rules out any effect
of the dipolar polarization on the observed transition and the polarizability is mainly composed of elec-
tronic and ionic contributions thereby. As the HS molecules are more voluminous than the LS ones, their
electronic polarizability and hence the relative permittivity should decrease when going from the HS
to the LS state. Furthermore, since the HS state has a more ionic nature, the ionic polarizability must also
decrease to some extent with the HS — LS spin state change. Indeed, for most of the investigated SCO
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Fig. 3 (online colour at: www.pss-a.com) a) Thermal variation of the proportion of high-spin molecules
(7us) in [Fe(bpp),] [BF,], obtained through magnetic susceptibility measurements. b) Thermal hysteresis
of the dielectric constant associated with the spin transition of [Fe(bpp),] [BF,]..

compounds a decrease of the macroscopically measurable & was observed during the HS to LS transition
[2]. Therefore the negative value of A¢g'yy; observed in the compound [Fe(bpp),] [BF,], can be considered
as atypical. This behavior was observed earlier only for the spin crossover complex Fe[5-NO,-sal-
N(1,4,7,10)] and assigned to structural modifications through DFT calculations [11]. In fact, the local
symmetry distortion modifies significantly the local field, inducing a large change in the dipole moment
detected through dielectric spectroscopy. On the contrary, in the case of the [Fe(bpp),] [BF.], molecule,
we were unable to correlate the microscopic electronic polarizability obtained by DFT calculations with
the experimentally observed behavior of the dielectric constant. In fact, the calculated positive value of
the mean electronic polarizability change (Aa = a3 — o, = 7.01a.u.) has an opposite sign compared to
the variation of the dielectric constant(Ae” = g/ — &/ =— 0.11).

In summary, this work revealed a clear correlation between the dielectric and magnetic properties of
the spin crossover complex [Fe(bpp),] (BF,),. Interestingly, we have found that the (quasi-static) dielec-
tric constant has a higher value in the LS state. The experimental investigation was completed by DFT
calculations on the [Fe(bpp),]*" cation. The comparison of these calculations with the experimental re-
sults revealed that the molecular geometry and vibrational frequencies of the cation are determined
mainly by the spin state and are less influenced by the nature of the actual counter anion. On the other
hand, the calculations suggest that lattice effects (such as the position or orientation of the anions,
H-bonds, etc.) must have a strong influence on the macroscopic electrical properties. For this reason,
alternative methods like introduction of a Madelung field in a molecular DFT calculation [12] or periodic
DET calculations should be used to get a better description of this system. Especially, periodic DFT
calculations provide interesting challenge for future research.
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