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Electronic, Vibrational, and Structural Properties of a Spin-Crossover
Catecholato-Iron System in the Solid State: Theoretical Study of the
Electronic Nature of the Doublet and Sextet States
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Abstract: As a functional model of the
catechol  dioxygenases, [(TPA)Fe-
(Cat)|BPh, (TPA = tris(2-pyridylme-
thyl)amine and Cat = catecholate dia-
nion) exhibits the purple-blue colora-
tion indicative of some charge transfer
within the ground state. In contrast to
a number of high-spin bioinspired sys-
tems, it was previously shown that, in
the solid state, [(TPA)Fe(Cat)|BPh,
undergoes a two-step S = '4=S = 7/
spin-crossover. Therefore, the electron-
ic and vibrational characteristics of this
compound were investigated in the
solid state by UV/Vis absorption and
resonance Raman spectroscopies over
the temperature range of the transition.
This allowed the charge-transfer transi-
tions of the low-spin (LS) form to be

identified. In addition, the vibrational
progression observed in the NIR ab-
sorption of the LS form was assigned
to a five-membered chelate ring mode.
The X-ray crystal structure solved at
two different temperatures, shows the
presence of highly distorted pseudo-oc-
tahedral ferric complexes that occupy
two nonequivalent crystalline sites. The
variation of the molecular parameters
as a function of temperature strongly
suggests that the two-step transition
proceeds by a successive transition of
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the species in the two nonequivalent
sites. The thermal dependence of the
high-spin fraction of metal ions deter-
mined by Mossbauer experiments is
consistent with the magnetic data,
except for slight deviations in the high
temperature range. The optimized geo-
metries, the electronic transitions, vi-
brational frequencies, and thermody-
namic functions were calculated with
the B3LYP density functional method
for the doublet and the sextet states.
The finding of a ground state that pos-
sesses a significant mixture of Fe'—cat-
echolate and Fe'-semiquinonate con-
figurations is discussed with regard to
the set of experimental and theoretical
data.
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Fe™-catecholate systems have received considerable atten-
tion because their chemical properties mimic those of cate-
chol dioxygenases!! responsible for the oxidative cleavage
of catecholate substrates. Studies of such functional
models®™! have been directed toward the determination of
their electronic and structural characteristics and their reac-
tivity in order to clarify the role of the iron center in this
enzyme. The studied compound® [(TPA)Fe(Cat)]BPh,
(TPA = tris(2-pyridylmethyl)amine and Cat = catecholate
dianion) exhibits the general features common to this class
of compounds. For instance, the purple-blue coloration of
solutions and solid samples at room temperature is attribut-
ed to the two strong absorption bands in the Vis/NIR range
that are assigned to catecholate —Fe™ charge-transfer tran-
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sitions of the high-spin species. The energy of the lowest
LMCT is obviously correlated with the extent of mixing be-
tween the Fe™-Cat and the Fe"-SQ forms (SQ = semiquin-
onate). This latter feature was considered to be important in
the analysis of the intradiol cleavage activity in ferric cate-
cholate compounds.’>” Indeed, the model system [(TPA)-
Fe(DBC)|BPh, (DBC = 3,5-di-tert-butylcatecholate dia-
nion), isolated by Que and co-workers,” exhibits the largest
radical character in conjunction with the highest reactivity.
This contribution was also mentioned by Funabiki and co-
workers!” for chlorocatechol iron complexes. In this case, a
smaller contribution of the Fe"-SQ form to the electronic
ground state is associated with a lower reactivity, although
the reaction with dioxygen proceeds catalytically. Different
activation modes of the catechol ligand are presently debat-
ed and being investigated.®

Another interesting feature of [(TPA)Fe(Cat)]|BPh, is the
occurrence of a thermal spin-crossover in the solid state.
Indeed, the investigation of the magnetic properties has re-
vealed a low-spin (LS)=high-spin (HS) crossover that arises
in two steps. Spin-crossover compounds, especially iron(1r)
compounds, were extensively studied in the last two decades
because, in the solid state, the reversible change of the spin
multiplicity of the metal ion takes place through cooperative
intermolecular interactions and leads to possible bistability
and memory effects.”) The thermal spin conversions, that
are more or less quantitative as a consequence of the en-
tropic excess in the high-spin state, give rise to different
curves of the HS fraction (yys) versus temperature. For solid
samples, the curves are continuous or discontinuous single
step and discontinuous with a hysteresis effect.'*!! This be-
havior is closely related to the solid-phase properties (coop-
erative interactions, phase transitions, structural defects,
etc.).'l In addition, two-step spin-crossover processes have
been recognized for a few compounds, mainly mononuclear
iron(11) compounds.!'>4

Another potential interest of metal dioxolene systems is
the possibility of valence tautomerism.'>!*! This requires the
electronic levels of the transition metal ion and the redox
active ligand, such as catecholate or semiquinonate (SQ™),
to be close in energy and their electronic structures to be lo-
calized. The transformation, that was recognized for the
Co"-SQ and Co™-Cat tautomers,'! takes place through an
intramolecular metal-ligand electron transfer combined
with a spin-crossover of the metal ion.

Herein, we investigate the electronic, vibrational, and
structural properties of [(TPA)Fe(Cat)|BPh, in the solid
state to gain further insight into the nature of the electronic
states and the changes associated with the thermally induced
spin transition. The results of density functional molecular
orbital calculations performed on the two spin isomers are
also presented. They provide a set of data from which a new
analysis of the experimental results® is proposed.
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Results and Discussion

Temperature dependence of the optical properties: Varia-
ble-temperature electronic absorption spectra were recorded
for 1 dispersed in a KBr pellet. Prior to this, it was verified
that no significant alteration resulted from the solid disper-
sion within the KBr matrix (see ref. [17] and Figure S1 in
the Supporting Information). The absorption spectrum at
290 K (Figure 1) is similar to that recorded for a solution of
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Figure 1. Temperature dependence of the UV/Vis-NIR spectrum of a
KBr pellet of 1 recorded at 10, 50, 60, 70, 80, 90, 100, 120, 140, 200, 250,
and 290 K. The optical density is plotted versus energy in cm~'. The inset
shows the spectra recorded at 290 K (-----) and 10 K (—) expanded be-
tween 7000 and 15000 cm™.

1 in acetonitrile at room temperature.[! Two broad bands
are located at 11363 cm™' and 20408 cm™' (12531 cm™' and
19840 cm™') for the solid sample (solution). It is notable
that, at a lower energy, the NIR absorption is observed for
the solid phase. The two bands responsible for the dark
blue-violet color of these compounds are considered as typi-
cal for HS ferric-catecholate systems and are ascribed to
spin-allowed catecholate-to-iron(11) charge-transfer transi-
tions.”™!®) Qur DFT calculations (vide infra) suggest some
revision of this classical analysis; however, these absorption
bands will be named in the following as LMCT bands.

The temperature dependence of the solid-sample absorp-
tion spectra was monitored from 290 to 10 K. The evolution
of the spectra as a function of temperature is also shown in
Figure 1. The intensities of the visible and NIR LMCT
bands markedly decrease with decreasing temperature. Par-
allel to this, a spectrum that is clearly detected in the NIR
region from 275 K contains a new absorption band with a vi-
bronic progression and gains in intensity when the tempera-
ture is lowered. The opposite intensity variation of these
NIR absorption bands and the observation of pseudo-iso-
sbestic points suggest the occurrence of a thermal equilibri-
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um, namely the spin-crossover process characterized by the
magnetic measurements.!! To check this assertion, the rela-
tive area variation of the low-temperature NIR transition
(components at 8678 cm™' and 9214 cm™') was determined
by deconvolution of the spectra and plotted as a function of
the temperature (see Figure S2 in the Supporting Informa-
tion). In spite of some inaccuracies (especially for area
values at temperatures far from the transition temperature
T:, = 92.5K), the tendency shown by this plot is consistent
with the curves of yyg(7) deduced from the magnetic and
Mossbauer data. The low-temperature spectrum is thus as-
signed to the LS species. We note that both the spin-cross-
over process of 1 and that of Schiff-base Fe complexes!'”
investigated in various matrices are characterized by a bath-
ochromic shift (also supported by the computational result)
of their LMCT in the low-temperature phase. The inset in
Figure 1 shows the extension of the spectra recorded at 10
and 290 K. The intensity of the structured band found at
low temperature compares well with that of the ligand-to-
metal charge-transfer transition at high temperature. From
these different features, the structured absorption band is as-
signed to a spin-allowed charge-transfer transition of the LS
state of 1 (as confirmed by the RR and computational stud-
ies). One striking feature is the presence of at least eight or
nine sharp transitions detected in the absorption band at
10 K. They are located at 8678, 9214, 9760, 10367, 10925,
11497, 12032, and 12590 cm™ and are almost regularly
spaced at intervals of 520-560 cm™'. The intensities of the
corresponding vibronic bands decrease from the low to the
high energy side. This progression at low temperature indi-
cates that there is, at least, one vibrational mode which is
strongly coupled with the optical LMCT transition. From
the space between successive components of the progres-
sion, it is deduced that this vibrational mode (v,’) of the ex-

cited state has a frequency of ~520-560 cm ™.

Temperature dependence of resonance Raman spectra: Var-
iable-temperature resonance Raman (RR) measurements
have been performed to probe the nature of the vibrational
mode coupled to the electronic transition. The RR spectra
of 1 were recorded at two different excitation wavelengths,
namely, 1064 and 752.5 nm, which are expected to preferen-
tially enhance the Raman-active modes of the low-tempera-
ture and high-temperature forms, respectively.

1064 nm excitation: The RR spectrum of the LS form of 1 at
15 K (Figure 2) is dominated by a luminescent background
exhibiting vibronic structure on which the narrower Raman
bands are superimposed. These vibronic bands are much too
broad (=250 cm™' FWHM) to correspond to vibrational
Raman bands, and are similar in bandwidth and separation
(~500-550 cm™") to those observed in the low-temperature
electronic absorption spectrum. The spectrum is uncorrected
for detector response and the sharp cut-off seen at about
6000 cm™" (3000 cm™" on Raman shift scale in Figure 2) is
attributed to the drop in detector sensitivity. Although the
relative intensities of the luminescence vibronic bands are
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Figure 2. Resonance Raman spectrum of 1 recorded at 15K with a
1064 nm excitation.

not strictly accurate, their observed frequencies and spectral
separation will not be altered. From the superimposition of
the electronic absorption spectrum and the luminescence
spectrum (Figure 3), it is clear that there is a mirror symme-
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Figure 3. Comparison of the RR spectrum (1064 nm excitation) and the
electronic absorption spectrum recorded at 15 and 10 K, respectively.

try which strongly suggests that the luminescence is a fluo-
rescence spectrum (albeit very weak because the intensity is
comparable to the RR band intensities). If we assume that
the luminescence spectrum is caused by fluorescence, then
we can estimate that the Stokes shift is about 620 cm™". The
observation of absorption and fluorescence spectra with
strong vibronic progressions is consistent with an excited
state undergoing a significant but not too large shift in its
potential energy surface compared to the ground electronic
state. Time-resolved measurements are required to provide
conclusive evidence for the luminescence process exhibited
by this ferric catecholate complex.*”

Figure 4 shows a magnified view of the RR spectrum be-
tween 200 and 1500 cm™" for the low-spin form of 1 at 15 K.
RR data for some other Fe—catecholate complexes are re-
ported;*®?'"%1 however, for all of these, the iron ion was in
the HS state. To our knowledge, no RR data are reported
for a LS Fe™-catecholate complex; we expect the frequen-
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Figure 4. Magnified view of the RR spectrum between 200 and 1500 cm™'

for the LS form of 1 (15 K, 1064 nm excitation).

cies to be different for LS and HS, although the change will
not be large. The vibrational modes most enhanced in the
RR spectrum correspond to those of the electronic ground
state that mimic the distortion in the resonant excited elec-
tronic state.

The RR spectrum in Figure 4 exhibits a band at v =
539 cm™' with a broad shoulder at about 520 cm™'. This
band can be attributed to the five-membered chelate ring
mode by comparison with HS complexes reported (also con-
firmed by the DFT calculations). Indeed, in Fe™-catecho-
late systems, such a band has been observed between 509
and 533 cm 2 and at 528 cm™! for the [Fe(oxalate),]*~
complex.? This mode represents a good candidate for the
predominant mode responsible for the vibronic progression
observed in the electronic absorption and fluorescence spec-
tra. Thus the frequency of the optical transition-coupled vi-
brational mode in the fundamental low-spin state (v,")
seems to be 539 cm ™. The most intense band in the low-fre-
quency region is observed at 613 cm™' with a shoulder at
620 cm™', which can be assigned to a deformation mode of
the catecholate ring with Fe-O stretching character.F>?!
The bands at 1140 and 1431 cm™ are expected to arise from
aromatic C-H deformation and C-C stretching modes, re-
spectively.”>?!! Based on calculations of Fe-catecholate
complexes (this work, see Table6 and ref.[23]), the
792 cm ! band can be attributed to a catecholate mode. Vi-
brations with C-O character are expected at about
1250 cm~". Three bands are observed in this spectral region:
1223, 1245, and 1270 cm™!. The 1223 and 1245 cm™' bands
could arise from the second overtone of the 613 or 620 cm™
bands. However, no such overtone bands are significantly
enhanced or observed for the 520-539 cm™ bands. All the
above observed frequencies are assignable to the low-spin
form of the complex.

An increase in the temperature results in the broadening
of the fluorescence background and loss of vibronic struc-
ture, as was observed in the electronic absorption spectrum.
There are also significant changes observed in the Raman
bands (see Figure S3 in the Supporting Information). In gen-
eral, most of the RR bands lose intensity, with the exception
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of the 520-539 and 613-620 cm™' bands. This may be attrib-
utable to the change in RR enhancement conditions of the
high-spin vibrational modes; because at high temperature,
the absorption band dramatically changes in the region of
1064 nm, the wavelength of the Raman excitation laser. In
addition, there are shifts observed in the Raman bands fre-
quencies. The sharp band at 539 cm™' is now replaced by a
sharp band at 521 cm™'. The band at 613 cm™" along with
the shoulder at 620 cm™' appear to broaden into a more
symmetric band centered at 620 cm™. In addition, the C-H
deformation mode remains unshifted at 1140 cm™!, whereas
the C-C mode is shifted from 1431 to 1445cm ™. In the
C-O stretching region, the three bands are now observed at
1213 (instead of 1223), 1245, and 1298 (as compared to
1270 cm™"). The apparent lack of shift of the 1245 cm™" band
is consistent with non-shift of the 620 cm™ band, assuming
that the former is an overtone of the latter. The observed
shifts can be interpreted as structural changes accompanying
the conversion of the low-spin complex to the high-spin
form as the temperature is raised. To better analyze the RR
spectrum, we recorded variable-temperature RR spectra of
the complex with 752.5 nm excitation, which is in resonance
with the high-spin form absorption at high temperature.

752.5 nm excitation: Figure 5 shows the RR spectrum of 1 at
270 K with an excitation wavelength of 752.5 nm. As expect-
ed, the RR band frequencies observed here are similar to
those obtained for the HS form with an excitation wave-
length of 1064 nm.
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Figure 5. Magnified view of the RR spectrum between 200 and 1500 cm ™!

for the HS form of 1 (270 K, 752.5 nm excitation).

RR spectra of 1 were recorded down to 10 K. Surprising-
ly, absolutely no changes in band positions are observed as
the temperature is varied. This contrasts to the findings for
the previous set of spectra (excited at 1064 nm). Even at
15 K, the detected RR bands seem to be assignable to the
HS form of 1 and no band indicative of a LS fraction was
detected. Such an observation contradicts the magnetic
measurements and suggests that, under these experimental
conditions, some HS fraction is retained at low temperature.
This HS fraction would be preferentially detected if one
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considers the resonance conditions. The laser power at the
sample being 50 mW, several hypotheses can be taken into
account in order to explain this result. First, it can be as-
sumed that under irradiation, the temperature of the sample
is increased thus inducing conversion of a fraction of mole-
cules into the HS state, even at 15 K. Second, it can also be
assumed that the HS state is populated by an irradiation-
pumped fundamental state. Indeed, the light-induced excited
spin-state trapping effect,*! which was demonstrated for a
number of iron(i) spin-crossover complexes, was recently
reported for a ferric spin-crossover complex.!

X-ray diffraction: Slow diffusion of diethyl ether into a
CH;CN solution of 1 in the absence of molecular dioxygen
afforded purple-blue and acicular crystals suitable for X-ray
structural investigations. The crystal structure was solved at
220 and 110 K where the iron(1) ions are at least partly in
the HS state (yps ~0.92 (220K) and ~0.66 (110 K)). The
accuracy of both structures is limited by the quality of the
crystals. Therefore, the present analysis is mainly restricted
to the mean values of selected data and significant thermal
evolutions. At both temperatures, the compound crystallizes
in the orthorhombic space group Pca2(1) with Z = 8. The
asymmetric unit contains two crystallographically independ-
ent sites (hereafter designated as A and B) that occur as
general positions. Selected bond lengths and angles are
listed in Table 1. Intermolecular distances shorter than the
van der Waals distances and interatomic C—C distances for
the m-stacking interactions are given in Tables S1 and S2 in
the Supporting Information.

Table 1. Selection of bond lengths and angles for 1 in the crystallographic
sites A and B.1%

Site A Site B

T 220K 110K 220K 110K
Fe-O1 1.90(1) 1.91(1) 1.90(1) 1.89(1)
Fe-02 1.95(1) 1.92(1) 1.89(1) 1.91(1)
Fe-N2 2.10(1) 2.07(1) 2.12(1) 2.08(1)
Fe-N3 2.13(1) 2.07(1) 2.11(1) 2.07(1)
Fe—N4 2.14(1) 2.12(1) 2.09(1) 2.03(1)
Fe-NI1 2.19(1) 2.19(1) 2.16(1) 2.08(1)
01-C19 1.38(2) 1.39(2) 1.36(2) 1.34(2)
02-C24 1.28(2) 1.332) 1.352) 1.33(2)
C19-C20 1.39(2) 1.40(2) 1.34(2) 1.36(2)
C20-C21 1.40(2) 1.39(2) 1.40(2) 1.43(2)
C21-C22 1.35(2) 1.352) 1.38(2) 1.39(2)
C22-C23 1.41(2) 1.40(2) 1.42(2) 1.38(2)
C23-C24 1.47(2) 1.41(2) 1.40(2) 1.42(2)
C24-C19 1.35(3) 1.39(2) 1.40(3) 1.41(3)
N1-Fe-N3 77.0(5) 77.3(5) 76.0(5) 79.3(5)
N1-Fe-N4 76.7(5) 78.1(4) 78.5(5) 81.2(5)
N1-Fe-02 99.3(5) 98.3(4) 99.4(5) 96.9(5)
O1-Fe-N3 101.9(5) 100.8(5) 101.1(5) 98.3(5)
O1-Fe-N4 104.5(5) 103.9(5) 104.3(5) 101.2(5)
N3-Fe-N4 153.6(5) 155.3(5) 154.5(5) 160.4(5)

[a] <Fe,—L> = 2.07(2) A (220 K) and 2.05(2) A (110 K), <Fey—L> =
2.042) A (220K) and 2.01(2) A (110K); <C-O,> = 1332)A
(220K) and 1.36(2) A (110K); <C-Op> = 1.352) A (220K) and
1342) A (110K); <C-C,> = 140(2)A (220K) and 1.39(2) A
(110K); <C—Cp> = 1.39(2) A (220 K) and 1.40(2) A (110 K).
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Molecular structures: At 220 K, the coordination sphere is
almost the same for the cations occupying sites A and B.
The metal center is coordinated to one amino (N1) and
three imino (N2, N3, N4) nitrogen atoms of the tripodal
ligand TPA and two oxygen (O1, O2) atoms of the catecho-
late (Figure 6). As indicated by the bond angles listed in

Figure 6. SHELXTL drawing of the Fe" ion in 1 at 220 K.

Table 1, both six-coordinate complexes are appreciably dis-
torted from ideal octahedral geometry. The Fe—N, ;.. bonds
located trans to the Fe—O bonds are the longest at 2.19(1)
(site A) and 2.16(1) A (site B). The Fe—N,:iaine bond lengths,
with average values of 2.12(1) (A) and 2.11(1) A (B), indi-
cate some degree of m-backbonding with the pyridine rings.
The average Fe—O bond lengths are 1.93(1) (A) and 1.90(1)
(B) A. This set of data is comparable to the corresponding
set reported for HS Fe™—catecholate systems (Fe—N, . =
2.151-2.246, Fe—N,igine 2.109-2.227, Fe—O = 1.907-
1.979 A).232 The studied compound displays a mean value
of the C—O bond lengths of 1.33(2) (A) and 1.35(2) A (B)
(see Table 1), whereas the C—C bonds average at 1.40(2)
(A) and 1.39(2) A (B) and more specifically the C21-C22
bond is equal to 1.35(2) (A) and 1.38(2) A (B). Although
these values observed in 1 fall within the ranges correspond-
ing to Fe'"'catecholate systems,*??* their low level of pre-
cision prevents us from unambiguously analyzing the cate-
cholate or semiquinonate character of the dioxolene unit.
Some evolution becomes apparent in the X-ray data col-
lected at 110 K. Significant changes of bond lengths and
angles (Table 1) reflect the HS-to-LS conversion from 92 to
66 % and the metal environment of the two cations are no
more similar. For the cation A, the bond lengths and angles
of the [FeN,O,] core vary between 220 and 110 K within the
3 e.s.d. limits and hence are not significant (see, for example,
the data for the most compressible Fe,—N, .. bond). From
these characteristics, it is very likely that the cation in site A
remains in the HS state at 110 K. In contrast, for site B, all
the Feg—N bond lengths decrease with decreasing tempera-
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ture as a consequence of the depopulation of the antibond-
ing e, orbitals. The most significant variations are observed
for the Feg—N,,,. bond that is shortened from 2.16(1)
(220K) to 2.08(1) A (110 K). The mean metal-ligand dis-
tance Fez—L of 2.01(1) A (110 K) clearly lies between the
values reported for iron(1) spin-crossover complexes (Fe—L
= 2.058-2.074 for HS species and 1.937-1.959 A for LS spe-
cies.).'?) The values of the bond angles are found to be sig-
nificantly closer to the values expected for ideal octahedral
geometry. The N3-Feg-N4 angle between the metal ion and
the two opposite N donor atoms of TPA increases from
154.5(5) to 160.4(5)°. From these characteristics, it is infer-
red that site B is mostly occupied by LS species at 110 K
and consequently only this site B is involved in the high-
temperature transition. This analysis is also supported by
the comparison between the value of the Feg—N,.i,. bond
variation extrapolated for a complete conversion of the Feg
ions (~0.15 A for Ayyus(B) = 0.52 and Ayus(A) = 0) and
the corresponding one reported for iron(im) spin-crossover
complexes (~0.18 A).""?*l The presence of crystallographi-
cally different iron(m) sites with slightly different spin-transi-
tion behavior, thus causing a step in the overall spin transi-
tion function yys(7), has been reported for other systems as
well.l3 Other iron(m) complexes with crystallographically
different lattice positions are known in which one type un-
dergoes a thermal spin transition while the other one re-
mains in the HS state at all temperatures. Of course, these
systems do not show a step in the yys(7) curve, instead

yus(T) merges into a plateau at low temperature at yyg
values depending on the concentration ratio of the different
lattice sites.’”! Note that the ordering of the spin states at
very low temperatures can not be extrapolated from the
present results as this process may be coupled to an order—
disorder phase transition giving rise to a new distribution of
the iron sites.

Intermolecular interactions: In Figure 7, the packing of 1 in
the ac plane consists of successive layers along the c¢ axis
that contain one sort of cation or anion. At 220K, the
closer intermetallic distance is found for Fe,Fey =
9.099(3) A along the ¢ axis (9.094(3) at 110 K). For the cati-
ons occupying the same site (A or B), these distances are
equal to 9.449(2) A at 220 K (9.400(2) A at 110 K). Rather
strong mt-stacking interactions (C—C distances <3.50 A) and
a number of intermolecular C--C contacts are identified
(see Tables S1 and S2 in the Supporting Information). These
structural parameters that strongly favor the cooperative in-
teractions and the abrupt transition curves,’!! are strength-
ened at low temperature. This feature is in agreement with
some reinforcement of the cooperativity at 110 K.

Mossbauer measurements: The Mossbauer spectra of 1, re-
corded between 293 and 1.9 K, are displayed in Figure 8.
The least-squares-fitted parameters are collected in Table 2.
At temperatures between 293 and 190 K, the spectra consist
of a quadrupole doublet with a mean value of the isomer
shift 6~043mms™ and the
quadrupole splitting AE, =
1.30 mms™. These values com-
pare to those given for com-
pounds of biological interest."”!
However, we note that such a
value of AE, is reported either
for hexacoordinate Fe™-Cat
complexes with a high electric
field gradient that is attributed
to a distorted coordination
core™ or for HS Fe-SQ com-
pounds.®3 The doublet shows
the typical features of slow par-
amagnetic relaxation of Fe™ in
the high-spin state which results
in different broadening of the
lines with decreasing tempera-

Feﬁ: } ¢ > F;A ture. Below 50 K, .only the dou-
paH T e o« Ji blet characteristic for LS
=F A\ = Fe' (0 = 0255+

e, . .:o 0 {« » 0.017mms' and AE, =

> 7 ‘.:f.. St 1.8814+0.023 mms™') is detect-

* S % —< '-{'-'p ! ed v.vith a §mall asymmetry in

z L L. ':":“':"uf""$"'f'.------ﬁ#. 2o the intensities of the two lines,

T 1 7 w3 LA : ot which is most probably caused

5 e X i ] & by textural effects of the acicu-
L

Figure 7. Packing diagram of 1 at 220 K in the ac plane. Hydrogen atoms are omitted for clarity.
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lar crystals of the compound. A

fit with two doublets gives
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The fits of the low-tempera-
1000 1.00 ture Mossbauer data do not
’ show strong evidence for two
0.098 0.98 . . .
different crystallographic sites
0.996 0.96 of Fe''; however, the existence
T 0.994 of two sites can not be exclud-
0.94
o 0.992 100 ) ed.
] .
g 1.000 0.98 L - DFT calculations
g 0.995 096 | 754K i
£ 0.990 oo | ] Molecular geometry: In
< 0.085 002 | 1 Table $3 in the Supportlng In-
s formation, a selection of struc-
(:'zg i i tural data for 1 and [(TPA)-
1.000 0.98 Fe(CL,Cat)[PF;  (2)P* spin-
0.995 0.96 crossover complexes shows the
g'ggg 0.94 corresponding coordination
0.980 0.92 spheres in the experimental and
0.975 0.90 optimized geometries (for HS
and LS states). Despite some
1.000 é'gg structural  differences, good
0.990 0.96 agreement is found. As expect-
0.94 ed, the metal-ligand bond
0.980 0.92 .
0.90 lengths are shortened in the LS
0.970 0.88 state and the symmetry of the
0.960 086 L ., . L ; metal environment is broken as

-4

Figure 8. *’Fe Mossbauer spectra recorded at 293, 193, 135.9, 114.3, 94.6, 75.4, 50.8, and 1.95 K.

Table 2. Selected *’Fe Mossbauer fitted parameters of 1. Isomer shifts are relative to Fe metal. The HS frac-
tion is based on the evaluation of the areas Ayg and A;g the HS and LS resonance lines, assuming equal

Lamb-Mossbauer factors for the two spin states.

-2

v / mm/s

2 3 45

—_—

01 a consequence of the chelation

of the TPA ligand (L’). This
asymmetry observed in the co-
ordination core is extended
over the catechol ligand. From
the X-ray crystal structures re-
ported so far, this feature ap-

pears to be common to this

T[K] O"(LS) [mms™!] AE(LS)[mms™'] O"S(HS) [mms ] AEo(HS) [mms™'] HS fraction  Jaeq of compounds. The agree-
293 - - 0.412(5) 1.286(2) 1 ment between experimental
1933 - - 0.462(13) 1315(22) 1 b o] h )
1359 0.235(10) 1.842(21) 0.495(18) 1.398(25) 0s36(s)  ndt eorenlca (optimized ge
1143 0.239(43) 1.847(9) 0.523(27) 1.407(33) 0.679(37) ometry) results is better for 2 as
946 0.249(19) 1.859(4) 0.526(31) 1.379(40) 0.498(27) a consequence of the complete-
754 0.2491(8) 1.870(1) 0.584(54) 1.381(81) 0.175(15) ness of the spin transition and
308 0249(3) 1.874(2) - - 0 the accuracy of the structural
42 025102) 1.881(2) - - 0

data of 2.% Nevertheless, in all

slightly different isomer shifts and quadrupole splittings with
almost overlapping error limits (6; = 0.25840.014 mms™',
AEqy = 1.870+0.030 mms™', and 8, = 0.242+0.010 mms™,
AEy, = 1.82040.025 mms™') at 42 K. Between 190 and
50 K, a superimposition of the resonance lines for HS and
LS Fe™ is observed. The fit in the transition temperature
range takes into account the magnetic relaxation of the HS
Fe and assumes a static behavior of Fe' in the LS state.
In Figure 9, the area fraction of the HS doublet is plotted
versus temperature, taking equal recoil-free fractions for HS
and LS species. These data agree with the results of the
magnetic measurements, except for slight deviations in the
high-temperature range.
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cases, the optimized geometries

lead to the longest metal-ligand
bond lengths with respect to the experimental geometries,
an effect that is more pronounced for the HS state. Indeed
DFT calculations were performed by considering an isolated
molecule, although molecules in a solid phase undergo a
“chemical pressure” due to the packing forces. This effect is
critical in spin-crossover systems because of the energy
proximity of the HS and LS levels. Moreover, the difference
between the structural parameters of the LS and HS states
is associated with the entropy variation that controls the
extent of the LS-to-HS conversion. Therefore, the experi-
mental molecular volume at any temperature is always
smaller than that of the pure HS state, a fortiori for an iso-
lated molecule.
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Figure 9. Temperature dependence of the HS fraction yys (a) for 1 de-
duced from the fractional area ayg of the Mossbauer components. The
curve of yyus(7T) (-+—+) was calculated from the magnetic data by assum-
ing T s~0.375 and yy TS = 4.375 cm*mol 'K.

a) % b) g
Figure 10. Superimposition of the optimized and experimental geometries

for: a) the HS spin state and b) the LS spin state. The experimental geo-
metries are based on those determined from the crystal structure of 1.

Figure 10 shows the superimposition of the optimized and
experimental geometries for the molecular cation [(TPA)-
Fe(Cat)]*. The agreement between both geometries clearly
extends over the complete molecular skeleton, including the
relative disposition of the aromatic groups in the TPA
ligand. A negligible discrepancy, which consists of a pyridine
group in TPA slightly deflected from the experimental posi-
tion, is found in the LS state. This is attributed to the short-
er metal-ligand bond lengths in the LS state and the re-
duced molecular flexibility in the solid phase.

As previously mentioned, the bond lengths in the dioxo-
lene ligand (noted L) are closely related to its oxidation
state. Delocalized m bonds are characterized for the aromat-
ic ring of a catecholato dianion and a quinoid-type pattern
with localized m bonds is found in semiquinonato radi-
cals.’%4371 Another criterion is based on the specific values
of the C4—C5 bond length, which depends on the oxidation
state of the catechol ligand (1.369-1.400 A, for L = Cat>~
and 1.383-1.446 A for L = SQ). In contrast to the X-ray
crystallographic data obtained for 1 that provides an ambig-
uous result (see above), the analysis of the optimized struc-
tures reveals a clearer situation. In Table 3, we compare the
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Table 3. Bond lengths found in the catechol ring. The C atoms linked to
the oxygen atoms are labeled 1 and 2. Therefore, in the structural data
available for [(TPA)Fe(Cat)|BPh, (1), C21 and C22 should be replaced
by C4 and C5 atoms. [Fe(L-N,Me,)(Cat)]™ (3), [Fe(L-N,Me,)(DBC)]*
(4), [Fe(L-N,Me,)(DBSQ)J** (5), and [(TPA)FeDBC]BPh, CH;CN (6)
complexes where L-N,Me, = N,N-dimethyl-2,11-diaza[3,3]-(2,6)pyridi-
nophane and DBSQ = 3,5-di-tert-butylsemiquinone.

1 optimized 1 optimized 3 4 5 6

LS HS
C1-C2  1.440 1.440 1415 1411 1450 1418
C2-C3 1415 1.409 1385 1.380 1.403 1.382
C1-C6  1.416 1.413 1394 1409 1425 1405
C3-C4 1395 1.400 1427 1393 1360 1.390
C5-C6 1395 1.398 1369 1396 1370  1.403
C4-C5 1425 1.419 1369 1399 1438 1.395

results obtained from optimized geometries in the LS and
HS states with those reported for compounds very similar to
1.4 For these complexes, [Fe(L-N,Me,)(Cat)]* (3), [Fe(L-
N,Me,)(DBC)]* (4), and [Fe(L-N,Me,)(DBSQ)]** (5),
[(TPA)Fe(DBC)]BPh,-CH;CN (6) (where L-N,Me, = N,N'-
dimethyl-2,11-diaza[3,3]-(2,6)pyridinophane and DBSQ =
3,5-di-tert-butylsemiquinone), the dioxolene ligand was iden-
tified as a catecholate (3, 4, 6) and a semiquinonate (5) (see
Table 3). These data show that, for the optimized geometries
of [(TPA)Fe(Cat)]* in the HS and LS states, the observed
alternating bond character is less pronounced than for 5,
and the C4—C5 bond length values are intermediate be-
tween those expected for the catechol and semiquinone
forms. Thus, this structural analysis suggests that, in the S =
!/, and °}, states, 1 is present as an intermediate form be-
tween Fe'Cat and Fe"SQ configurations. A similar analysis
is possible on the basis of the C1—C2 bond length.

Electronic configuration: The description of the electronic
configuration of a coordination compound is quite straight-
forward when the organic ligands (spectator ligands) intro-
duce small modifications in the properties of the metal ion.
In contrast, some ligands (such as orthoquinone and its re-
duced forms)™ have a strong influence on the electronic
structure of the complex. In such cases, the frontier molecu-
lar orbitals, both of the ligand and the metal ion, are usually
energetically close, that is, ligand and metal ion have compa-
rable redox potentials. This situation may consist of two
well-balanced orbital energies that allow the intersite ex-
change of one electron. The relative stability of the two
electronic configurations can be finely tuned by a slight al-
teration of the metal environment or of the electron-accept-
or character of the ligand. Thus the electronic density of the
singly occupied molecular orbital (SOMO) may be centered
either on the metal fragment (leading, for example, to the
LS FeSQ configuration) or on the ligand skeleton (LS Fe™-
Cat configuration). Thus, these systems can display bi-stabil-
ity (valence tautomeric interconversion).

Figure 11 shows the energy level diagram of the frontier
molecular orbitals of the optimized [(TPA)Fe(Cat)]t com-
plex in the LS state. Between the occupied t,, and the unoc-
cupied e, orbitals, several Cat and TPA antibonding s-orbi-
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Figure 11. Semiquantitative energy level diagram of the frontier molecular orbitals of the LS state for the opti-
mized [Fe(TPA)(Cat)]* complex. The vertical and horizontal dashed lines separate the o and f and the occu-
pied and unoccupied MOs, respectively. The labels L and L' are used to denote MOs whose electronic densi-

ties are placed mainly on the Cat and TPA ligands, respectively.

tals (m*(L) and z*(L"), respectively, are observed. The more
stable orbital belongs to the catecholate ligand. Note that
the alpha HOMO (118 a) is not a d orbital, but an orbital lo-
calized on the catechol ligand.

However, some catechol and d-metal orbitals are so close
in energy that they intermix, that is, the electronic density is
delocalized in each orbital on both the metal fragment and
the catechol group (117a and 115a). A similar situation is
found in the beta-spin orbitals, where the HOMO (1170)
and LUMO (118p) are totally delocalized. In this way, the
system does not exhibit valence tautomerism but, rather, an
intermediate situation between the Fe'Cat and Fe"'SQ con-
figurations, that is, a strong covalency is displayed.

A qualitative scheme for the electronic configuration in
the HS state can be generated from the diagram shown in
Figure 11. Two electrons should be added to the d.
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(125a) and d,. (126 a) alpha or-
bitals, whereas two others are
removed from the d,, (1155)
and d,, (1148+116) beta orbi-
tals. The only beta d orbital
(117 8) that remains occupied is
strongly delocalized on the cat-
echol ligand. Thus, as previous-
ly found for the LS state, the
HS state can be described as a
mixture of the Fe™Cat and
Fe"'SQ configurations.

The NBO analysis of the
atomic spin density is shown in
Table 4. A priori, the metal spin
density (o(Fe)) in a complex is
partially delocalized on the li-
gands, decreasing its value with
regard to the free metal ion.
However, the NBO analysis
shows that, in the doublet and
sextet states, the atomic spin
density on the iron ion is much
smaller than the value expected
for a free Fe™ jon. Thus, the
pure Fe™Cat configuration can
be ruled out. In addition, we
note that, in spite of the spin
delocalization on the TPA
ligand, in both HS and LS
states, p(Fe) is too high to be
assigned to a Fe" form and too
low to be assigned to a Fe™
form. Thus, these results pro-
vide evidence for a mixture of a
Fe™Cat and a Fe"SQ configura-
tions for both spin states. It ap-
pears that the spin density on
the catechol ligand (o(L)) of 1

||m

v i

Table 4. Atomic spin densities for the HS and LS states of 1 in the exper-
imental (single point) and optimized geometries. Cat refers to the total
spin density for the catecholate ligand.

Single point Optimized geometry

HS LS HS LS
Fe 4.021 0.388 3.989 0.345
o1 0.275 0.218 0.276 0.203
02 0.290 0.196 0.310 0.219
Cat 0.748 0.661 0.799 0.699

has an intermediate value between the values expected for a
diamagnetic and a radical species. However, the radical
character of L is more pronounced than expected, especially
in the HS state. In all cases, the spin density on the catechol
ligand (L) is mainly localized on the oxygen atoms (~63-
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73%) and the rest is nearly equally distributed throughout
the carbon atoms. DFT calculations on the experimental ge-
ometry lead to the same conclusion (Table 3).

Recently, Rodriguez etal. have studied the complex
[Cr(tren)(3,6-DTBSQ)]** (DTBSQ = 3,6-di-tert-butylortho-
semiquinone) that has been unambiguously identified as
Cr''SQ.B®! A NBO analysis from the DFT calculations clear-
ly shows the presence of the semiquinone radical. The au-
thors have found large spin densities on the organic skeleton
of the 3,6-DTBSQ ligand, whose distribution is similar to
the one found in the free semiquinone. In the same way, we
have performed DFT calculations on the free semiquinone
from the experimental geometries. This leads to a distribu-
tion of spin density which is mainly centered on the O, Cf,
and Cy atoms with small negative values observed on the
Ca atoms, these features being typical of a free semiquinone
radical. Although slight similarities are found between the
calculated spin distribution in the complex and in the free
semiquinone (see Table 5), it can neither be assigned to a

Table 5. Mean values of atomic spin densities in the L organic skeleton
for the HS and LS states of 1 and free semiquinone. The geometries used
in the DFT calculations have been taken from the experimental crystal
structure of 1. a, f3, y designate the C1 or two, C6 or three, C5 or four
carbon atoms, respectively.

LS HS

Complex 1  Free semiquinone  Complex 1  Free semiquinone
O 0.207 0.363 0.282 0.372
Ca 0.070 —0.023 0.036 —0.031
cpg —0.010 0.104 0.016 0.120
Cy 0.068 0.068 0.042 0.107

semiquinone radical in a Fe"SQ form nor to a spin delocali-
zation from the metal ion to the catechol ligand in the Fe™™-
Cat form. It is closer to an intermediate situation. Moreover,
we have observed a weak spin delocalization on the N-
donor atoms of the TPA ligand. The spin delocalization and
spin polarization are negligible on the other atoms of the ar-
omatic rings. Finally, it is concluded that complex 1 in the
HS and LS states should be described as a mixture of Fe™-
Cat and Fe""'SQ configurations or, in the framework of the
molecular orbital theory, as a strongly covalent system. Al-
though the determination of their respective weights ap-
pears to be a difficult task, our results based on the analysis
of the molecular orbitals strongly suggest quasi-equivalent
contributions of the Fe"SQ and Fe"'Cat forms.

Some results reported in the literature indicate that some
iron(11) complexes containing TPA or closely analogous li-
gands also exhibit spin-crossover processes.”**!! For exam-
ple, (TPA)Fe(NCS), presents an abrupt thermally-induced
spin crossover centered at 170 K.

Magnetic exchange interaction: In a pure Fe"SQ configura-
tion, an antiferromagnetic interaction between the HS metal
ion and the semiquinone radical can be expected as a conse-
quence of the strong overlapping between the d,, metal and
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mt* catecholate orbitals. Thus, the § = 3/2 state should be
more stable than the § = °/, (HS) state. However, there is
no experimental evidence for a § = */, state. From these re-
sults, it is inferred that the HS state corresponds either to a
Fe™Cat configuration or to a HS Fe" ion that is ferromag-
netically coupled with the semiquinone radical. The previous
analysis of the electronic structure clearly rejects the first
option. In addition, some of us have shown in a previous
paper that a strong delocalization or an electron transfer
may stabilize a particular spin state.*! Thus, in the Fe"SQ
configuration (the Fe" ion being in the HS state) a delocali-
zation of the beta electronic density from the d,, metal orbi-
tal to the t* semiquinone orbital occurs. This delocalization,
in the framework of the localized orbitals, can be seen as an
interaction between the two configurations (Fe"SQ and Fe-
Cat). We note that this delocalization is not possible in the S

= 3/, state because the m* semiquinone beta orbital is occu-
pied. Other delocalizations are possible; however, they lead
to excited states for the metal ion. In conclusion, only the S

= 3/, state of the Fe"SQ form will be stabilized.

Other features that also support this conclusion are the
following. The § = 3/2 state, which was calculated from the
optimized geometry found for the S = %, state, should be
present in a fully localized Fe""SQ form. Thus, the calculated
spin density on the metallic center (3.73e™, S = ?/, state) is
found to be slightly lower than the spin density on a HS Fe"
free ion as a consequence of the weak spin delocalization
from the e, orbitals to the TPA and SQ™ orbitals. The spin
density on the SQ*~ ligand is close to that of a radical. More-
over, the calculated S? value for the quartet state (4.75) cor-
responds to that expected for a broken-symmetry function,
that is, to a HS Fe' ion antiferromagnetically coupled to a
semiquinone radical. In order to establish the electronic
nature of the sextet and doublet states, we can compare the
spin densities on the semiquinone ligand for the case of the
sextet, quartet, and doublet states. To avoid the effect of
spin delocalization from the e, orbitals, we have only consid-
ered the spin density values on the C1, C2, C4, and C5
atoms. These atomic spin density values are twice as large as
those found in the sextet and doublet states. In agreement
with our hypothesis, the magnetic exchange interaction be-
tween the HS Fe" ion and semiquinone radical in 1 is ferro-
magnetic and the evaluated exchange coupling (H =
—JS182) is equal to 43510 cm™'. In conclusion, the doublet
and sextet states correspond to an almost equal mixture of
the Fe"'SQ and Fe™Cat configurations.

Thermal spin-crossover process: For the optimized geometry,
the doublet-sextet splitting, which is calculated from the
minimum point of the potential energy curves (AE,;™" =
ES—E,Y), is found to have a positive value (178 cm™).
The description of the total electronic energy at zero tem-
perature (E, (v = 0)), implies an additional zero-point
energy correction that takes account of the corresponding
vibrational term (E,+ E,,(T = 0)). At this stage, the dou-
blet-sextet splitting AE,™™ (v = 0) is found to be negative,
which indicates a more stabilized sextet state. This feature
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should preclude any spin-crossover process for 1 because
the free enthalpy calculated at any temperature from the
AEM(0), AE;,"™(T), and AS™(T) terms is always negative
and, consequently, only the HS state is occupied. However,
it is well established that the total energies E.(0) provided
by DFT calculations markedly deviate from the experimen-
tal energy values.*! These discrepancies (AE., = =
AH."™(T))—[AE,"(0)+ AE;,"™(T:,)]), possibly more im-
portant for optimized geometries, can be related to the
methodology and also to the neglect in the calculations of
the effect of the environment (counterions, solvent, and
other neighboring molecules). Thus, a slight energy correc-
tion of AE,,™ = + 500 cm™' applied to the calculated en-
ergies, leads to a spin transition process occurring at a tran-
sition temperature equal to that observed (for 1, 7., =
92.5K). The AE,,, is of the order of thousands of cm™,
namely, only 0.0001 % of E.,.

Finally, at 92.5 K (7:,), the values obtained for the vibra-
tional (AS,,™ = + 13.6 Jmol 'K™') and electronic (AS™"
= + 9.1 Jmol 'K™!) contributions to the entropy lead to a
total enthalpy variation of AH"™ (7)) = +2.1kJmol’,
where the energy correction has been considered.

Electronic spectra: The electronic spectra of 1 in the LS and
HS states have been investigated by TDDFT calculations.
As previously shown, the proximity between the energies of
some occupied and unoccupied molecular orbitals centered
on the metal and catechol fragments may account for the
observation of charge-transfer bands in the visible or even
in the near infrared region. In Figure 12 (HS state) and
Figure 13 (LS state), the experimental spectra are compared
with the theoretical ones obtained from experimental and
optimized geometries, and a good agreement is found. As
expected, the best agreement between experimental and
theoretical spectra in the LS and HS states is found for the
experimental geometries. Moreover, the difference between
the theoretical spectra for the optimized and experimental
geometries only consists in a shift of some transitions. In
this way, some transitions overlap in the case of the opti-

Absorbance

2x10% 24x10° 2.8x10" 3.2x10*

—1
vicm ———  »

0.0 :
8x10° 1.2x10° 1.6x10%

Figure 12. Corrected experimental (——) and theoretical (experimental
(-+-+) and optimized (-----) geometries) spectra of the HS state.
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Figure 13. Corrected experimental (——) and theoretical (experimental
(-+-+) and optimized (-----) geometries) spectra of the LS state.

mized geometry (LS and HS states) leading to an increase
of the band intensities. These shifts are bathochromic and
hypsochromic in the LS and HS states, respectively. They
can be attributed to the quality of the basis sets used to con-
struct the atomic orbitals, the chosen density functional, etc.
However, it is very likely that the main factor is the exclu-
sion of environmental effects. A detailed analysis of the
more intense transitions for the HS and LS states of 1, in
the optimized and experimental geometries, is shown in
Table S4 and Table S5 in the Supporting Information.

In spite of the differences between the electronic configu-
rations of the LS and HS states, the electronic spectra pres-
ent similar features with a shift of the corresponding transi-
tion energies. This is especially remarkable for the opti-
mized geometry, for which the shapes of the theoretical
spectra for the HS and LS states are very close (Figure 12
and Figure 13). The difference mainly concerns the transi-
tions involving the d-metal orbitals (i.e. CT or dd transi-
tions). The high-intensity transitions observed in the HS and
LS states must be of the same kind, involving the same or
similar molecular orbitals in both states. A narrow band is
observed in the low-energy region of the experimental spec-
trum. The theoretical study indicates that this band mainly
originates from a metal-to-ligand charge-transfer (MLCT)
transition which occurs from the beta d,, metal spin orbital
to a dioxolene beta m-antibonding spin orbital (full 1173 to
empty 1187 in the LS state). The theoretical bathochromic
shift for this band in the LS state is probably attributable to
the shorter metal-TPA bond lengths that increase the anti-
bonding contributions in the initial d,, molecular orbital and
decrease the energy gap between the molecular orbitals in-
volved in this transition. This bathochromic shift is also ob-
served in the experimental spectra. The 11000-16000 cm™'
region contains the expected d-d transitions (from 115« and
116a to 125a, 126 a, 1250, and 1263, Figure 11) which are
masked by the tail of more intense CT bands. The intense
bands observed at higher energies are assigned to Fe"—
TPA CT transitions (ML'CT), for which the electronic densi-
ty is displaced from the t,, orbitals (116 and 117f) to the
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antibonding mt-ligand orbitals (1194, 1204, 1215 and 122f).
These transitions also present a weak contribution of dioxo-
lene —TPA CT transitions (LL'CT; 118a and 1175 to 120a
and 120p4). The latter are more numerous in the high-energy
range (25000-26000 cm™'), appearing as shoulders of the
more intense CT band. As mentioned for the Fe"—SQ CT
transitions (MLCT), the Fe" —TPA CT transitions (ML'CT)
of the LS state are observed at lower energy.

Resonance Raman spectra and vibronic coupling: A vibra-
tional frequency calculation has been performed to analyze
the RR spectra of 1 and to determine the vibrational modes
involved in the vibronic coupling. A summary of the more
intense vibrational modes in the studied region is shown in
Table 6. Our calculations qualitatively agree with the results
obtained by Ohrstrom et al. for a simpler complex.” In the
following analysis based on the experimental data collected
at 15 K, we have only considered the vibrational frequencies
of the LS state, although those calculated for the HS state
are also displayed in Table 6. A unique frequency at
517 cm™! corresponds to a vibrational mode assigned to the
five-membered ring, which is a mixture of Fe-O stretching
and bending modes (0, v chelate). From this analysis, it is
unambiguously identified as the vibrational mode involved
in the vibronic coupling that was experimentally character-
ized. This mode is less energetic for the HS state than for
the LS state because the Fe—O bond lengths are longer in
the first case. Bands at 585 and 599 cm ™' (v,,,) are attributed
to the vibrational modes arising from the deformation of the
catecholate ring by means of a combination of a Fe-O and
C-C stretching and ring-bending modes. The vibrational
mode appearing at higher energy (781 cm™") corresponds to
the out-of-plane bending of the hydrogen atoms with regard
to the catecholate ring (Jcy). The equivalent vibrational
mode of TPA aromatic rings is observed in the same energy
region (=798 cm™'). The in-plane hydrogen-bending modes
for the catecholate and pyridine rings are displayed within
the range of 1170-1270 cm ™' (&'cy). Fe-O stretching is cou-
pled to some of the last vibrational modes (8'cy + Vco)-
Some of these vibrational modes are coupled with C-C
stretching modes in the rings that appear in the 1450-
1600 cm ™! range. Finally, we note that the theoretical inten-
sities are higher for the LS state than for the HS state, in
agreement with the experimental observations.

Conclusion

The spin interconversion of [(TPA)Fe(Cat)|BPh, between
the thermally accessible HS state and the LS ground state
results in consequent changes of electronic, vibrational,
magnetic, and structural properties in the solid state. They
were characterized by means of variable-temperature UV/
Vis, resonance Raman, and Mdssbauer measurements in con-
junction with temperature-dependent X-ray crystallography.

The electronic spectrum of the LS species presents a NIR
charge-transfer band that exhibits a bathochromic shift with
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Table 6. Analysis of the vibrational modes observed in the RR spectra. The
experimental frequencies are compared to the values calculated for the LS
and HS states.

Assignment Exp[em™'] LS[cm™'] HS[cm] Scheme

0, v chelate 538 517 478 Fe

4—70
v ring 613 585-599  587-598 Fe\
——O

!

5 CH (cat) 792 781 4 P T
e
(o]
6 CH Fe— 1
(TFA) 792 798 ~795 A )@1?
_>
/o
o' CH (cat) 1220-1245 1170 1171 Fe\
o /
_>
——
[o]
o' CH 1254 / X
(cat)+v 1250 - ~1260 Fe
co 1262 \0 /
_»
H H
HJ\N/LH
—_— ———
6 CH, 1270 1264 1260

H? H

v

respect to the HS band and possesses a well-resolved vibra-
tional progression with individual components separated by
520-560 cm™'. This progression also observed in the lumi-
nescence spectrum detected by the 15 K RR measurements
(excitation with 1064 nm) was assigned to the five-mem-
bered chelate ring-mode FeO,C,.

With regard to the spin-crossover process, the analysis of
the structural data reveals the presence of two nonequiva-
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lent crystallographic sites within the lattice. This characteris-
tic, common to systems exhibiting a two-step spin crossover,
accounts for successive transitions of the two different mole-
cules. Such a process was shown to occur in the temperature
range of the first step. Numerous intermolecular contacts
and m-stacking interactions contribute to reinforce the coop-
erative interactions at low temperatures.

Some features reported in a previous communication
were in favor of a Fe™-catecholate formulation of the elec-
tronic ground state of [(TPA)Fe(Cat)]BPh,. To obtain fur-
ther insight into the properties of this system, DFT calcula-
tions were performed on a set of experimental structural
data as well as on optimized geometries in the LS and the
HS phases. Different computational results do not support
the first Fe"—catecholate description, but they strongly sug-
gest that the electronic structure consists of a mixture of
Fecatecholate and Fe'-semiquinonate configurations.
The calculations indicated abnormal spin density on the iron
moiety as well as on the dioxolene ligand. The DFT analysis
of the Fe"-SQ configuration also indicates a ferromagnetic
coupling between the HS metal ion and the semiquinone
radical leading to the relative stabilization of the S = 3/,
spin state. The general features observed in UV/Vis and RR
spectra were nicely reproduced by the calculations. Some-
what unexpectedly, the computational results show that the
low-energy absorption band (in the HS and LS state) is not
only attributable to a ligand-to-metal charge-transfer transi-
tion but to a prevailing MLCT contribution that results
from the above-mentioned mixture of configurations. From
the calculation of the different vibrational modes of the HS
and LS species, it was confirmed that the mode responsible
for the vibronic progression observed in the LS electronic
spectrum is attributable to the five-membered chelate ring
mode. Finally, the finding of a significant mixture of Fe™-
catecholate and Fe"-semiquinonate configurations supports
the general assumption commonly proposed from the analy-
sis of the reactivity of these Fe™-catecholate dioxygenase
mimics. Nevertheless, the mixture of configurations identi-
fied here from DFT calculations, and possibly accounting
for subtle effects in structural and Mossbauer data, deserves
to be specified further by means of, for example, combined
Mossbauer in presence of magnetic field and EPR investiga-
tions together with DFT calculations on related compounds
with catecholate groups with different donor or acceptor
substituents.

Experimental Section

Synthesis: The TPA ligand and the [(TPA)Fe(Cat)]BPh, complex (1)
were prepared following already described procedures.[**]

UV/Vis spectrometry: UV/Vis absorption measurements of KBr pellets
were recorded with a Varian CARY 5E double-beam spectrophotometer,
equipped with an APD Cryogenics closed-cycle helium cryogenic system
including a DMX-1E cryostat and a DE-202 expander instrument. The
KBr pellets were prepared with 3% of 1 dispersed into the KBr powder.
Grinding of the solid was avoided as it may have resulted in the chemical
and/or physical alteration of the sample.
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Resonance Raman spectroscopy: Resonance Raman spectra were record-
ed on two different spectrometers, depending on the excitation wave-
length used. Spectra excited with the 1064 nm line of a diode-pumped
Nd:YAG laser were recorded on a Bruker IFS 66 interferometric Fourier-
transform Raman spectrometer equipped with a FRA106 Raman
module with a liquid nitrogen-cooled Ge diode detector as described
elsewhere.*! Typically, 180 mW of laser power was used at the sample,
which was contained in a cryostat in which cold He gas was circulating
(TBT, France) and was held at various temperatures ranging from 15 K
to room temperature. The sample was in the form of a slightly com-
pressed powder held in a sample holder. No evidence of spectral modifi-
cation that would indicate sample degradation was observed during up to
two hours of observation under laser irradiation. Spectra were recorded
with 752.5 nm excitation by means of a Kr* laser (Coherent Innova90)
and a modified Jobin-YvonT64000 dispersive Raman spectrometer
equipped with a back-illuminated liquid nitrogen-cooled CCD detector,
and only one stage with 900 linesmm ' grating. Typically, S0 mW of laser
power was used at the sample held in a similar cryostat (STVP-100, Janis
Research); the temperature was varied between 15 K and 270 K.

X-ray diffraction: A crystal with an approximate size of 0.150x0.100 x
0.050 mm was selected. The crystal structure was solved at temperatures
of 220(2) and 110(2) K, for which the fractions of HS species estimated
from the magnetic data (with y7;s = 0.375cm’mol 'K and yTys =
4.375 cm’mol 'K) are yys = 0.92 (220 K) and 0.66 (110 K). Diffraction
data were collected with a Nonius diffractometer equipped with a CCD
detector. The lattice parameters were determined from ten images re-
corded with 2° @ scans and later refined on all data. A 180° @ range was
scanned, with 2°steps, with the crystal-to-detector distance fixed at
30 mm. Data were corrected for Lorentz polarization. The structure was
solved by direct methods and refined by full-matrix least-squares on F*
with anisotropic thermal parameters for iron atoms. H atoms were intro-
duced at calculated positions and constrained to ride on their parent C
atoms. All calculations were performed on an O2 Silicon graphics station
with the SHELXTL package.'*!

Formula: C,H,,BFeN,0,; MW = 773.52, A(Moy,) = 0.71073 A; crystal-
lographic system: orthorhombic and space group: Pca2(1) for both tem-
peratures.

For T = 220(2) K: a = 29.427(6), b = 9.449 (2), ¢ = 28.093(6), V =
7811(3)A* Z = 8, p = 1.315gem™, u = 0432 mm™", 6, = 22.69°;
index ranges: 0<h <31, 0<k<9, 0<I/<30; 35950 measured reflections,
5190 independent reflections, 2942 reflections observed with I>20(1),
459 parameters, R1 = 0.086; wR2 = 0.186.

For T = 110(2) K: a = 29.324(6), b = 9.400(2), ¢ = 27.840(6), V =
7674(3) A%, Z = 8, p = 1339 gem™>, 4 = 0440 mm ™', 6, = 22.73°;
index ranges: 0</h <31, 0<k<9, 0</<30, 36394 measured reflections,
5083 independent reflections, 3205 reflections observed with I>20([),
459 parameters, R1 = 0.085, wR2 = 0.178 (R1 = X||Fy|— | F.||/Z| Fyl);
(WR2 = [S[w(FP—F)P|/S[wF "2 with w = 1/[0*(F2)+(0.0744 P)* +
1.1323 P], whereby P = (F>+2F2)/3).

CCDC-238902 and CCDC-238903 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336033; or deposit@ccdc.cam.uk).

Mossbauer measurements: A constant acceleration-type Mossbauer spec-
trometer equipped with a 1024-channel analyzer operating in the time-
scale mode, and a 25 mCi ¥Co/Rh source were employed. The isomer
shifts reported here are relative to aFe at room temperature. Spectra of
the samples (thickness of ~5mgFecm ) were collected between 293
and 1.9K by means of a combined He continuous flow/bath cryostat.
The Mossbauer spectra were analyzed with the RECOIL computer pro-
gram.0)

Density functional calculations: All theoretical calculations were carried
out with the hybrid B3LYP method,"” as implemented in the GAUSSI-
AN98 program.*! Double-¢ and triple-{ quality basis sets proposed by
Ahlrichs and co-workers have been employed for non-metal and metal
atoms, respectively.*”) Also, two extra polarization p functions have been
added for the metal atom. The calculations were performed on the
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[(TPA)Fe(Cat)]* complex (1) in the LS and HS states. The geometries of
1 in the two spin states have been fully optimized. Moreover, single-point
calculations on the experimental geometries have also been performed.
Thus, the experimental geometries of the B site in the crystal structure at
220 and 110 K have been considered in the calculations for the HS and
LS states, respectively. The atomic spin densities were obtained from a
natural bond orbital (NBO) analysis.™” The theoretical electronic spectra
have been simulated from the energy of the excited states and oscillator
strengths calculated by the time-dependent DFT formalism as imple-
mented in the GAUSSIAN 98 program.**>!l A value equal to 2000 cm™
for the bandwidth at half-height has been used in these simulations be-
cause this value often provides molar extinction coefficient values of the
same order of magnitude as the experimental ones. The experimental
spectra have been corrected in order to compare them with the theoreti-
cal ones: the background absorbance usually present in electronic spectra
in the solid phase has been removed, as well as the bands located out of
the selected energy range (8000-33000 cm ™). The vibrational frequencies
have been computed in the LS and HS states from the optimized geome-
tries in order to analyze the Raman spectra and the vibronic coupling ob-
served in the electronic spectra.
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