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A luminescent Pt Fe spin crossover complex+

Bernhard Schafer,? Thomas Bauer, Isabelle Faus,” Juliusz A. Wolny,?

Fabian Dahms,® Olaf Fuhr,?< Sergei Lebedkin,® Hans-Christian Wille,® Kai Schlage,®
Katharina Chevalier,” Fabian Rupp,® Rolf Diller,” Volker Schiinemann,®

Manfred M. Kappes®© and Mario Ruben*®f

A heterotrinuclear [PtyFe] spin crossover (SCO) complex was developed and synthesized employing a
ditopic bridging bpp-alkynyl ligand L and alkynyl coordinated Pt terpy units: [Fe'(L-Pt"),],(BF4)> (1). We
identified two different types of crystals of 1 which differ in their molecular packing and the number of
co-crystallized solvent molecules: 1" (1-3.5CH,CL, in P1) and 1" (1-10CH,CL, in C2/c); while 1" shows a
reversible SCO with a transition temperature of 268 K, the analogous compound 1" does not show any
SCO and remains blocked in the HS state. The temperature-dependent magnetic properties of 1" and 1*
were complementarily studied by Méssbauer spectroscopy. It has been shown that 1% performs thermal
spin crossover and that 1- can be excited to a LIESST state. The vibrational properties of 1 were investi-
gated by experimental nuclear resonance vibrational spectroscopy. The experimentally determined partial
density of vibrational states (pDOS) was compared to a DFT-based simulation of the pDOS. The
vibrational modes of the different components were assigned and visualized. In addition, the photo-
physical properties of 1 and L-Pt were investigated in the solid state and in solution. The ultrafast transient
absorption spectroscopy of 1 in solution was carried out to study the PL quenching channel via energy
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1. Introduction

Ditopic bridging ligands are of continuing interest to co-
valently integrate different metal ions into molecular metal
complexes." The synthesis of homo- and hetero-multi-metal
complexes such as metal-complexes containing supramolecu-
lar and macromolecular species, e.g. polymers, dendrimers,
molecular wires and further oligonuclear metal complexes, is
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transfer from photoexcited pt! terpy units to the Fe”-moiety.

based on such ligands with at least two metal binding
domains.”” If the coordination sites of ditopic ligands differ
in the metal chelating properties, discrimination by means of
optimized synthetic protocols yields easily dinuclear com-
plexes of two different metal ions. The resulting complexes
combine different catalytic, magnetic, and photo-physical pro-
perties and may enable a new cooperative functionality.®®
Perhaps the most adaptable and established ligands for this
purpose are 2,2":6',2"-terpyridine (terpy) derivatives. They can
be easily prepared using established protocols to substitute
diverse positions at the central and the two peripheral pyridine
rings. Substitution at the para position of the terpy backbone
is especially developed, and facilitates [M(terpy),]*" units to be
integrated into numerous types of chemical structures.'®™?
A similar heterocyclic ligand with a tridentate nitrogen (Nj)
donor set is 2,6-bis(pyrazolyl-1-yl)pyridine (bpp), which can
also be substituted at various ring positions of the central pyri-
dine and the peripheral pyrazole rings.”*™**> Even though bpp-
systems have been less often studied as compared to terpy-
systems, two classes of bpp complexes have attracted particular
attention. The first class are lanthanoid complexes of
bpp-containing podants which efficiently emit light in
solution.'®° The second class are Fe'" complexes of bispyrazolyl-
pyridines which often undergo thermal spin crossover (SCO)
close to ambient temperature.'*>*~>3
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The change in the spin state can steer the physical and
chemical properties and can be monitored by a wide variety of
methods, for example, IR, Mossbauer, NMR, Raman, UV/vis,
and X-ray absorption spectroscopies (XAS), conductometry,
dielectrometry, diffractometry, refractometry, and magneto-
metry.>*! The colour of the Fe"-bpp complexes changes from
pale yellow in the HS state to red in the LS state.>’”* To
develop and investigate complexes with these application-
relevant properties further, several groups have prepared bpp
derivatives substituted at the 4-position of the pyridine, yield-
ing luminescent or SCO compounds with a wide range of
different and complementary functionalities.'®**3*7” Notably,
only a few back-to-back ligand motifs have been developed up
to now, containing two 1-bpp residues interlinked by (a) 1,2-
ethenediyl,®® (b) 1,4-phenylenediyl,***° (c) 1,4-diphenylene-
diyl,”® and (d) disulfide spacers.’”*® The coordination reaction
of the first three ligands with Fe'" ions yields 1D coordination
polymers containing covalently linked [Fe(bpp),]** units. The
1,4-phenylene-linked Fe" oligomer undergoes a cooperative
spin transition just above room temperature.*® Chandrasekar
et al. introduced alkyl chains into the bpp chelates to enhance
the solubility of the ligands and the resulting coordination
polymers of Zn" and Fe™.°”°! In contrast to the aforemen-
tioned polymeric behaviour, the disulfide ligand yields soluble
oligomeric complexes of a tetrameric structure.’® To our
knowledge, only one back-to-back ligand with different metal
binding domains, a dipyrazolylpyridine (bpp) and a dipicolyl-
amine (dpa), has been reported so far.°® The resulting hetero-
trinuclear FePd, and FePt, complexes are straightforward in
their preparation since the two platinum metals exclusively
prefer the coordination to the dpa moiety.

Here we report on a heteroditopic bpp-alkynyl ligand and
the resulting heterotrinuclear organometallic complex contain-
ing one Fe"" ion in an Ny bpp environment and two terminally
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alkynyl coordinated Pt" terpy units. The latter are well known
to show bright luminescence®®”° and they form inter-
molecular interactions, for example, metal---metal and/or
ligand---ligand (n---w) interactions. These interactions might
play an important role concerning the SCO properties
since supramolecular approaches (coordination polymers,
hydrogen bonding, n---n stacking, etc.) have been applied to
molecular spin transition (ST) units, partially with the objec-
tive to increase the magnitude of cooperativity and ST
temperatures.”” ’* There are only very few examples of lumi-
nescent SCO complexes in the literature.”” A terminal ethynyl
group was chosen since it is known to form relatively strong
platinum oc-alkynyl bonds. In comparison with previously
reported homoditopic 1-bpp*****® and bis-alkynyl’®”” ligands,
the heteroditopic bpp-alkynyl ligand described here provides a
new perspective of the efficient preparation of organometallic
complexes with two different metals.

2. Experimental results
2.1. Synthesis and structure

The employed ligand, 2,6-di(pyrazol-1-yl)-4-(trimethyl-
silylethynyl)pyridine (Scheme 1), was prepared from commer-
cial 2,6-dichloro-4-amino pyridine in three synthetic steps.*®”®
The Pt acetylide L-Pt was formed following the synthetic pro-
cedure reported by Hagihara et al.”® employing a bpp-acetylide,
which was formed in an in situ protodesilylation reaction of
the trimethylsilyl (TMS) protected TMS-ethynyl precursor
L-TMS with K,CO;. The reaction between the platinum chlor-
ide precursor (tbtpyPtCl)BF, (tbtpy: 4,4',4"-tri-tert-butyl-
2,2":6',2"-terpyridine) and the acetylide is facilitated under
basic conditions using triethylamine, which deprotonates the
acetylide ligand, while the Cu" ion activates the coupling reac-

| BFa.

Scheme 1 Synthesis of ligands and complexes. Reaction conditions: (a) pyrazole, K, diglyme, 110 °C; (b) Kl,, I, CH,Cly/iso-amyl nitrite, 75 °C;
(c) TMSA (trimethylsilylacetylene), Pd(PPhs)s, Cul, N(CH,CH3)s, THF, 25 °C; (d) [(tbtpy)PtClI(BF4), K,COs, THF/CHsOH/N(Et)s/H,O, Cul, 25 °C;

(e) Fe(H,0)e(BF4)2, CH3CN, 50 °C.
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tion by coordination to the acetylide bond forming a cuprate.
In a final trans-metallation reaction the Pt-acetylide bond is
formed. In order to prevent the oxidation of the Cu catalyst,
the reaction is conducted under a deoxygenated atmosphere.
After work-up and column chromatography, it was possible to
obtain L-Pt in a good yield of 70% as a bright yellow powder.

1D and 2D NMR spectroscopy was used to characterize the
compound L-Pt completely. The ESI TOF mass spectrometry of
the compound showed the monocation of [(L-Pt)-BF,] without
the counter ion, Fig. S1.7 Single crystals suitable for X-ray
diffraction were obtained from the PF4 salt of L-Pt. The mole-
cular structure of L-Pt is shown in Fig. 1a. One unit cell con-
tains two complex molecules of L-Pt co-crystallizing with two
molecules of acetonitrile (top view in Fig. 1b). The arrange-
ment in a head-to-tail configuration causes a rather long Pt-Pt
distance of 6.5 A. The (tbtpy)Pt unit is in one plane with the co-
ordinated bpp-acetylide, side view in Fig. 1c.

Treatment of a yellow acetonitrile solution of L-Pt with a
half equivalent of [Fe"(H,0)q](BF,), afforded an orange solu-
tion of the heterotrinuclear complex 1. The solvent was
removed. Elemental analysis, "H NMR and IR spectroscopy
supported the formation of the product as the desired
[Fe"[L-Pt],](BF,), (1, Scheme 1). An acetonitrile solution of 1
was subjected to ESI-TOF mass spectrometry. The spectrum
showed two signals, a strong one corresponding to [(L-Pt)-
BF,]" and a weak signal corresponding to the [1-2BF,]** cation
with the mass to charge ratio of m/z = 945.301 (simulated
945.297), showing a perfectly matching isotope pattern com-
pared to a simulated spectrum (Fig. S37).

Upon Fe" coordination the "H NMR spectrum of 1 in
CD;CN showed that the four 1-bpp-based signals have been
shifted paramagnetically to lower fields (40-70 ppm), Fig. S5.1
The tbtpy-based resonances remained in the expected region
<9 ppm, Fig. S4.7 In solution, complex 1 has C, symmetry due
to identical chemical shifts of both L-Pt subunits. A colour
change of the NMR sample after a few days of being kept in
CD;CN revealed the de-complexation of Fe' leading to free
L-Pt in the sample. Solution tests in methanol showed instant-
aneous dissociation to free L-Pt and solvated Fe" species. Due
to the six tert-butyl groups of tbtpy present in 1, it is possible
to dissolve this tetra-cationic complex in dichloromethane,
which is a non-coordinating solvent of low polarity.
Fortunately, the complex was long-term stable in dichloro-
methane and single crystals suitable for X-ray analysis were
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obtained by slow evaporation. We found two types of crystals
of 1 growing in a dichloromethane solution. They were slightly
different in colour, one sample having reddish orange and the
other yellowish orange appearance. Nevertheless, it was poss-
ible to solve the molecular structure of both types of crystals
by single crystal X-ray diffraction.

Indeed, we found in both samples the expected complex 1
(Scheme 1) containing an Fe" and two Pt" ions. The difference
between the structures was the amount of solvent molecules
incorporated into the crystal lattice (resulting in different pack-
ings in different space groups, P1 and C2/c, respectively), in
our case dichloromethane, and surprisingly the spin state of
the Fe' ion.

The moiety formula of the first species (yellowish orange
coloured), which is [Fe(L-Pt),](BF,),-3.5CH,Cl,, contains three
and half molecules of CH,Cl, per complex 1 with the Fe" ion in
the high spin (HS) state, hereafter called 1*. The moiety formula
of the second species (reddish orange coloured) is [Fe(L-Pt),]
(BF4),"10CH,Cl, with the Fe"" ion in the low spin (LS) state, here-
after called 1% At 180 K, 1" has Fe-N bond lengths with typical
values for the LS state (average bond lengths d [pm]: Fe-N 194,
see Table 1). Other indicators of the spin state in related Fe™bis
(pyrazol-1-yl)pyridine complexes are the NpyrazoleFe-Npyrazole
angles (ca. 160° for LS and 145° for HS) and the X parameter
(ca. 90° for LS and 160° for HS).>>*>*" According to the deter-
mined Npyrazole=Fe-Npyrazole angles of N(1)-Fe(1)-N(5) 160.5(2)°
and N(1)-Fe(1)-N(5)' 160.5(2)°, and the calculated X = 94, one
can conclude that the Fe" ion in 1" is in the LS state. The same
parameters for 1" (average bond lengths d [pm]: Fe-N 216,
N(1)-Fe(1)-N(5) 146° and N(6)-Fe(1)-N(10) 140°, and a ¥ value
of 169) indicate that the Fe" ion is in the HS state, Table 1.
A number of further distortion parameters for the local coordi-
nation geometry about the iron centre of 1 and 1" were deter-
mined and are tabulated in the ESI (Table S37).

The coordinated Pt(u) metal ions adopt an essentially
square-planar but slightly distorted geometry due to the
coordination constraints imposed by the ligand backbone of
the terpy ligand.

In both crystal structures, we found a linear chain-like
arrangement of the heterotrinuclear complexes formed by
intermolecular stacking of Pt-terpy moieties of two neighbour-
ing complexes in a head-to-tail configuration exhibiting weak
Pt(u)---Pt(u) interactions with an average distance of about

3.3 A, Fig. 2. 1" crystallizes in a monoclinic crystal system and

<)

1\ I fs
U M

A 21
of V N

Fig. 1 View of the molecular structure of the L-Pt; H atoms are not shown, and solvent molecules and anions are omitted for clarity in (a) and (c).

This journal is © The Royal Society of Chemistry 2017
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Table 1 Bond lengths (pm), significant angles (°) and the naming scheme adopted for the iron coordination sphere in 1- and 1

Compound 1t 1M

T (K) 180 180

Bond length (pm) Fe(1)-N(3) 188.5(5) Fe(1)-N(3) 212.2(6)
Fe(1)-N(3)’ 188.5(5) Fe(1)-N(8) 214.8(7)
Fe(1)-N(1)’ 196.3(6) Fe(1)-N(5) 216.5(8)
Fe(1)-N(1) 196.3(6) Fe(1)-N(6) 216.7(8)
Fe(1)-N(5)’ 197.2(6) Fe(1)-N(1) 217.9(8)
Fe(1)-N(5) 197.2(6) Fe(1)-N(10) 220.4(8)

Angles (°) N(1)-Fe(1)-N(5) 160.6(2) N(1)-Fe(1)-N(5) 145.6(3)
N(1)'-Fe(1)-N(5)’ 160.6(2) N(6)-Fe(1)-N(10) 140.3(3)

SFel” 94 169

Colour Reddish-orange Yellowish orange

Spin status LS HS

12
43 =" |¢; — 90|, where ¢; is an N-Fe-N octahedron angle with two N atoms in cis.
i—1

the space group C2/c with half a molecule per asymmetric unit
(with the C, axis through the Fe atom). Therefore, only one
type of stacking with a Pt1-Pt1 distance of 3.326 A is present.
The situation in 1™ is different since it is possible to dis-
tinguish the two Pt-terpy moieties of the complex in the solid
state due to the triclinic space group P1: with one molecule in
the asymmetric unit. The chain-like arrangement in 1" shows
an alternation between two Pt1 and two Pt2 units with a
Pt1-Pt1 distance of 3.259 A and a Pt2-Pt2 distance of 3.303 A
(Fig. 2). These Pt(n)---Pt(un) distances are within the normal
range for related Pt(m)-terpy complexes.®

Unfortunately, it was not possible to completely separate
the different crystals from each other to investigate samples
with just one type of crystal present. It was also noticed that
the crystals rapidly aged after being removed from the CH,Cl,
atmosphere. The reason for this behaviour is apparently the
loss of the co-crystallizing CH,Cl, molecules. The crystals lost
their apparent shape during this process and formed a
powdery sample.

2.2. Magnetic properties

To quantify the magnetism of complex 1, temperature-
dependent magnetometry was carried out (Fig. 3). A 4T value

Ptl
Ptl

3.33A

Ptl

qH

4+

w
1

xT /cm® K mol”
"

0 T T T T T T T 1

0 100 200 300 400
T/K

Fig. 3 Magnetic properties of compound 1; the 4T plot (B = 0.1 T)

shows the presence of two different species, one with SCO properties
(1Y) and another one trapped in the HS state (11).

of 3.4 cm® K mol™ was observed at a temperature of 380 K but
a gradual decrease exhibiting an inflection point at 268 K sets
in on decreasing the temperature, typical features of a SCO

Fig. 2 Representation of the linear chain-like arrangement of 1" and 1" formed by intermolecular stacking of two Pt-terpy moieties of two neigh-
bouring complexes in a head-to-tail configuration and the Pt—Pt distance (‘butyl groups and H atoms are omitted for clarity; Pt: green, Fe: red, N:

blue, C: grey).

2292 | Dalton Trans., 2017, 46, 2289-2302

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c6dt04360g

Published on 30 January 2017. Downloaded by KIT Library on 11/01/2018 08:11:15.

Dalton Transactions

behaviour converting Fe'" from high-spin (HS, S = 2) into low-
spin (LS, S = 0) states. At temperatures below 85 K the y7T value
reaches a plateau of 1.7 cm® K mol™", a value which indicates
that 50% of the Fe"" ions changed their spin state from HS to
LS. Only below 20 K the yT value does decrease again reaching
a minimum value of 1.3 cm® mol K™ at 2 K. This drop is
attributed to the zero-field splitting of the energy levels of the
Fe'" HS ions in an octahedral coordination environment. The
other 50% of Fe'" ions remain in the HS state; this situation
can be explained by the X-ray structure of 1" which shows a
distorted Fe' ion trapped in the HS state. Such a behaviour
was found before in strongly distorted octahedral Fe-bpp com-
plexes, e.g. of pyrene-substituted 2,6-bpp or in [2 x 2]Fe' grid
complexes.>*?

A *’Fe enriched sample of complex 1 was investigated using
Mossbauer spectroscopy with externally applied magnetic
fields of up to B = 5 T. The analysis of the Mdssbauer data
obtained at B = 30 mT (Fig. 4a) shows the presence of the two
components 1% and 1" with a relative ratio of 1:1. The field-
dependent Mossbauer spectra displayed in Fig. 4b—e have been
analysed by the spin-Hamiltonian formalism.**"*® The first com-
ponent has been simulated with S = 0, an isomer shift of § =
0.40 mm s~ and a quadrupole splitting of AE; = 0.75 mm s~ .
Thus, this component can be assigned to the low-spin species

relative transmission
relative transmission

View Article Online
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1".848% The second component shows 6§ = 1.11 mm s~ and
AEq = 3.43 mm s~ '. These parameters are characteristic of Fe"!
HS (S = 2)®% as confirmed by the spin-Hamiltonian simu-
lations. This leads to the conclusion that the second com-
ponent originates from 1%, The thus obtained zero-field split-
ting parameter D, the rhombicity E/D, and the hyperfine coup-
ling tensor elements Ay /pngn, Ayy/fingn and Ag/ungn are also
listed in Table 2. The values of the A-tensor elements are quite
small compared to e.g. isolated Fe" HS centres in proteins,
which are in the range of —18 to —20 T.*>*” The reason for this
observation is as yet unclear. It may be explained by a field
induced antiferromagnetic ordering phenomenon at 7= 5 K or
by the presence of intermolecular spin-spin relaxation with
relaxation times compared to the characteristic time window
of *’Fe Mossbauer spectroscopy (~1077 s) even at high fields of
5T.%

The transition from LS to HS in a SCO compound can also
be induced by light irradiation (Light-Induced Excited Spin-
State Trapping (LIESST)) at temperatures below typically
50 K.** Fig. 5 shows a Mossbauer spectrum of 1 taken at T =
4.2 K before (Fig. 5a) and immediately after irradiating the
same sample with red laser light (4 = 635 nm) for about
17 hours (Fig. 5b). There is a transition of 88% of component
1" to a LIESST state which is represented by component 1™

relative transmission

0.8

velocity / mms™

velocity / mms™

velocity / mms™

Fig. 4 (a) Mdssbauer spectrum of 1 obtained at T = 5 K and B = 30 mT. The red solid line represents the sum of two Lorentzian doublets; (b) to (e)
field-dependent Mossbauer spectra obtained at T = 5 K and the indicated external fields. The simulations (red solid lines) have been obtained by a

spin-Hamiltonian analysis®4~8¢

employing simultaneous fitting of all displayed data sets. For parameters see Table 2 and the text; each simulated

spectrum consists of two components (blue and cyan), with a relative area of 1: 1, shown separately with coloured lines; all spectra were taken with

fields applied parallel to the y-beam.

Table 2 Mdssbauer parameters of 1 as obtained from the spin-Hamiltonian simulations shown in Fig. 4

Component  Spin  §[mms™] AEg[mms™] q IFmms™] Dlem™]  ED  guypee  Awypediings [T]  Relative area [%]
1" 5=0 0.0 -0.75 0.0 0.40 — — — — 50
1M S=2 1.11 —3.43“ 0.0 0.40 2.1 0.23 2.0 -2.0, —4.9, —0.2 50

“Determined by Mdssbauer spectroscopic measurements at 7 = 150 and 7' = 200 K with an applied external magnetic field of B = 5 T, shown in

the ESI Sé6a.

This journal is © The Royal Society of Chemistry 2017
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1H

Laser P = 81 mW 1w

relative transmission

0.8 T T

velocitiy / mms1

Fig. 5 Mossbauer spectra of 1 obtained at T = 4.2 K (a) before and (b) after irradiating with red laser light (1 = 635 nm; input power P = 81 mW;
irradiation time t ~ 17 h). Comparison of (a) and (b) indicates a significant decrease of the LS component 1" and the rise of a new component, 1,
with a relative percentage share of 43%. The line width is I = 0.48 mm s~ for all three species.

with 6 = 1.03 mm s~ " and AEg = 3.43 mm s~ . It should be
noted that irradiation does not change the amount of com-
ponent 17 in the sample.

In conclusion, it has been shown by Mossbauer spec-
troscopy that 1" performs thermal spin crossover and that 1"
can be excited to a LIESST state by irradiation with red light.
On the contrary, 1% with a relative share of 50% has no SCO
abilities and is trapped in the HS state over the full tempera-
ture range (from 4.2 K to 280 K). This is in perfect agreement
with the results obtained from magnetometry (Fig. 3).

In order to obtain insight into the vibrational properties of
the HS and LS forms of 1, nuclear resonance vibrational spec-
troscopy (NRVS) was performed. This technique is based on
the Mossbauer effect and is able to detect selectively iron
ligand vibrations in molecular systems.*®®*° Since the °’Fe
nucleus serves as a nuclear probe, NRVS is especially suitable

20 270 41 1 '
220 476
0,04} ] i

£ 002} 5 ik Wy :

2 I/ LW | ,'l \ " ,WJ L\Mf ‘

8 1 ‘“\,‘\‘,\‘\z' T v “i"" V il ‘\ \ q

3 0,00} ‘ "]
0,04} ‘ -

0 100 200 300 400 500

wavenumber / cm™

for detecting iron ligand modes in iron containing SCO
complexes.”®

Fig. 6a and b show the partial density of vibrational states
(pDOS) determined from the NRVS data of 1 obtained at 80
and 300 K. The pDOS obtained at 80 K (Fig. 6a) shows two
broad bands centered at about 220 and 275 cm ™. This spectral
region is characteristic of spin marker bands corresponding to
iron ligand vibrations of the HS state. Fig. 6¢c shows a DFT-
based simulation of the pDOS under the assumption that 50%
of the molecules are in the HS state and have the structure 1
whereas the other 50% are in the LS state having the structure
1" as indicated by the magnetometry (Fig. 3) and the
Mossbauer data (Fig. 4). The simulation displays a broad band
structure in the region between 200 and 300 cm ™. A character-
istic band at 213.2 ecm™"' is due to a molecular mode which
involves HS iron movement in a direction which is applied per-

pDOS / cm

234.91

0,02 .

- AN AL

100 200 300 400 500

wavenumber / cm™

Fig. 6 Experimentally determined pDOS of 1 obtained at (a) T = 80 K and (b) T = 300 K. (c) DFT-based simulation of the pDOS assuming a HS to LS
fraction of 1:1 using Gaussian09 Rev. D.01 (B3LYP/CEP31 G, see ESIf). The HS and LS fractions have been calculated based on the structure of 1"
and 1", respectively; (d) simulated pDOS representing the sum of three components: 50% HS (1"), 15% LS (14 and 35% HS (1) molecules which have
switched from LS to HS by retaining the straight molecular structure of 1-. The vertical lines highlight the quadratic displacement of the iron atoms

as a function of the energy of the corresponding vibrations.
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pendicular to the long Pt-Pt axis of the 1 structure (see
Table S2 and movie FePt_trapped_HS2137). The molecular
mode calculated to occur at 251.8 cm™" has an iron motion
with projections both along the long Pt-Pt axis and perpen-
dicular to it (movie FePt trapped_HS251+%). For a detailed list
of the calculated modes see Table S2 and the corresponding
movies given in the ESL{

In the region between 300 and 500 cm™ ', the experimental
pDOS obtained at 80 K shows two prominent relatively sharp
bands at 411 cm™" and 476 cm™" (Fig. 6a). This spectral region
is typical for spin marker bands of the Fe' LS state. Thus, the
two vibrational bands at 411 and 476 cm™" originate from the
LS Fe" ion in 1" as is also indicated by the displayed simu-
lation in Fig. 6¢c. The intense band at 392 em™" in the simu-
lated pDOS consists of bands from 4 molecular modes involv-
ing LS iron motion: two degenerate modes at 382.4 cm '
and two degenerate ones at 391.6 cm ‘. These molecular
modes are very similar to each other and in all four modes the
iron moves perpendicular to the Pt-Pt axis (watch movies
FePt_LS_382a, FePt_LS_382b, FePt_LS_391a, FePt_LS_391bt).
The experimental band occurring at 476 cm™" (Fig. 6¢) can be
assigned to a single molecular mode calculated to be at
454.6 cm™' in which the iron is moving along the Pt-Pt-axis
(movie FePt LS_454%). The experimental pDOS obtained at
300 K (Fig. 6b) shows significant spectral features from 150 up
to 320 ecm™'. The most distinct bands have their maxima at
202, 214, 230, 254, 282, and 294 cm™'. Fig. 6d shows the
corresponding simulation which has been performed with 3
components: (i) a first component was calculated assuming
the iron being in the HS state based on the structure 1" (50%),
(ii) a second one with the iron being in the LS state (15%j;
structure 1%), and (iii) a third component, hereafter called 1',
originates from 1" which has undergone SCO to the HS state at
300 K. For the DFT calculation of 1" a structural model has
been created by switching the iron spin state from LS to HS
and retaining the straight molecular structure of 1* (for details
see ESIt). The structure of the almost linear 1% differs from
the more bent structure of 1%; therefore it is not surprising
that the calculated HS iron ligand modes are slightly different
from each other (Fig. S8a/bf). A strong band evolves at
234.9 cm™" during the SCO of 1" to 1", This band is caused by
a molecular mode of the central HS iron moving along the Pt-
Pt-axis (Fig. S8b and movie FePt HS_2341). At 300 K, two
residual computed LS marker bands are still visible at higher
wavenumbers (calculated to occur at 392 and 454.6 cm™’,
Fig. 6d). The experimental LS marker modes (at 411 and
476 cm™, Fig. 6b) are not distinct due to the LS contribution
of only 15% in total at this temperature.

1

2.3. Photophysical properties

The photophysical properties of 1 were investigated in solution
(Uv-vis absorption spectroscopy, transient absorption spec-
troscopy, and PL spectroscopy) and in the solid state (UV-vis
absorption spectroscopy and PL spectroscopy). It has to be
considered that all magnetic measurements were carried out
with solid samples. The time resolved femtosecond-transient
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absorption spectroscopy provides detailed information con-
cerning the photophysical processes taking place after exci-
tation with light. At first, we will discuss the investigations in
the solid state and later in solution.

2.4. Photoluminescence

In the absorption spectra of optically ‘thick’ solid samples of 1
and L-Pt (measured using an integrating sphere), the onset of
absorption is observed at ~600 and 520 nm, respectively,
whereas the bands at shorter wavelengths appear to be satu-
rated (Fig. 7d).

PL spectra of solid 1 and L-Pt are also quite similar (Fig. 7).
The moderately intense emission is apparently contributed by
two components: a vibronically-structured band within
~500-600 nm, which corresponds to ~520 nm emission of 1
and L-Pt in solution (Fig. 8b), and a broad feature at ~650 nm.
The relative intensity of the first band diminishes at elevated
temperatures, so that the PL is dominated by the second band
at ambient temperature. The PL lifetimes (extracted from bi-
exponential fits) lie on the time scale of microseconds at low
temperatures and are notably longer for the band at ~650 nm.
The PL decays faster upon increasing the temperature, roughly
correlating with the decrease in intensity. The first and second
components of the solid-state emission of 1 and L-Pt may be
attributed to the ‘monomer’ and ‘excimer’ phosphorescence of
(tbtpy)Pt(L) units, respectively. The ‘excimer’ component is
due to intermolecular interactions between these units in the
solid state. This feature seems to be especially pronounced
in complex 1, which may be affected by additional weak
Pt(u)---Pt(n) interactions (absent in solid L-Pt, see results above).

The PL properties of the heterotrinuclear solid complex 1,
such as the emission spectral shape, intensity and lifetime,
significantly depend on the temperature. However, all these
parameters do not show any specific correlation with the temp-
erature-dependent magnetization — measured on the sample
from the same preparation (e.g., ¢f. Fig. 3 and 7c). Taking also
into account the very similar PL properties of 1 and L-Pt, we
conclude that the PL of 1 (‘localized’ on the ligand units) is
practically not affected by the spin transition core.

The steady-state absorption and emission spectra of 1 and
L-Pt were recorded in a dichloromethane (CH,Cl,) solution
(Fig. 8). The photophysical data are summarized in Table 3.

A comparison of 1 and L-Pt demonstrates that the absorp-
tion and emission of 1 are dominated by L-Pt ligands. The
presence of two such units doubles the extinction of 1 as com-
pared with L-Pt in the absorption range of ~290-450 nm.
Apparently, the Fe'-bpp unit in 1 contributes a relatively weak,
long-wavelength absorption band at ~480 nm (Fig. 8a), which
does not contribute to the emission/excitation spectrum
(Fig. 8b).

2.5. Femtosecond-transient absorption spectroscopy

Additional insights into the photophysics of 1 are obtained by
means of ultrafast transient absorption spectroscopy.
Excitation of 1 in CH,Cl, at 350 nm yields difference spectra
that become stationary on a time scale of a few ps (Fig. 9a).
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solution; panel (b) shows the emission/excitation spectrum of 1 (dotted line, recorded at Aemis = 530 nm).

Table 3 Summarized photophysical data for 1 and L-Pt in CH,Cl, at
ambient temperature

Absorption, A(max) [nm] Emission,

Complex (¢/[1000 dm® mol ™" em ™)) A(max) [nm]
1 490 (3), 477 (5), 406 (23), 385 (21), 515

333 (60), 322 (65), 312 (66), 286 (87)
L-Pt 410 (8), 337 (25), 321 (31), 313 (34), 516

286 (60), 270 (68), 249 (70)

The decay associated spectra A; and A, of a biexponential
global fit with 7z; = 0.3 and 7, = 5.2 ps are given in Fig. 9b
(cf: the Experimental section). Among fast relaxation processes
deactivating the Franck-Condon state the most interesting
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feature in the transient difference spectra is the fast (within
5.2 ps or less) formation of the negative bleach signal around
470 nm, which persists for longer than 1 ns (the time scale of
our experiment), together with positive absorption changes at
smaller and larger wavelengths. Note that the bleach band at
470 nm matches very well, in peak position as well as in spec-
tral width, the static absorption band of the Fe"-bpp moiety,
whereas the excitation at 350 nm dominantly excites the Pt"-
terpy units (¢f. above, the text and Fig. 8a). Since, vice versa, the
latter do not show significant absorption around 470 nm, the
bleach at 470 nm can only be explained by energy transfer
from the initially excited Pt"-terpy units to the Fe'-bpp unit.
Thus the late difference spectra at 35 and 200 ps (Fig. 9a) and
A, (Fig. 9b), displaying basically the same stationary states on
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Fig. 9 (a) Transient difference spectra of 1 in CH,Cl, at ambient temperature after photoexcitation at 350 nm at various pump—probe delay times.
(b) Results of global analysis by a biexponential fit (cf. Experimental section).

this timescale, can be assigned to the absorption difference
between the depleted Pt"-terpy units and the Fe™-bpp unit
(negative band) in their electronic ground state on the one
hand and excited states formed by photoexcitation on the
other hand. Both features have a lifetime longer than 1 ns.
Since the proposed energy transfer to the Fe'-bpp unit is quite
fast, this process may significantly contribute to the quenching
of the excited Pt"-terpy units and thus to the quenching of the
(moderately intense) PL of 1. Taking into account a similarity
between the PL/absorption properties of 1 in the solid state
and in solution (see above), a similarly efficient PL quenching
by energy transfer to the Fe-bpp unit likely also occurs in the
solid state. Ideally, the energy transfer rate and, correspond-
ingly, the PL intensity might be modulated by the spin state of
Fe' as a function of temperature. However, the PL data as dis-
cussed above show that this effect - if present in the solid state
for 1% species - is small and practically ‘hidden’ as compared
to the general temperature dependence of the PL (similar to
that of the solid ligand compound L-Pt). Whether or not the
participating electronic states of the Fe"-bpp unit can be
related to 1%, 1™ or 1" observed in the LIESST experiment in
solid 1 (see above) is up to further investigation and the
subject of our studies on photoinduced spin state switching.”*

3. Experimental section
3.1. Materials, methods and instrumentation

General. All reagents and solvents used in this study are
commercially available and were used without any further
purification, except where stated. 2,6-Di(pyrazol-1-yl)-4-(tri-
methylsilylethynyl)pyridine was synthesized according to a
reported procedure.”® "H and *C NMR spectroscopic data
were recorded on a Bruker Ultrashield Plus 500 spectrometer
with solvent-protons as an internal standard. Mass spectro-
metric data were acquired with a Bruker MicroTOF-Q II ESI-
TOF. Infrared spectra were recorded using KBr-pressed pellets
with a Perkin-Elmer Spectrum GX FT-IR spectrometer in the
region of 4000-400 cm™". Elemental analyses were carried out
using a Vario Micro Cube. Electronic absorption spectroscopy
was conducted using a Varian Cary 50 Scan UV-vis
spectrophotometer.

This journal is © The Royal Society of Chemistry 2017

3.2. Magnetic susceptibility

All herein reported susceptibility measurements were per-
formed using a SQUID magnetometer (Quantum Design,
model MPMS-XL-5). In all cases, the temperature dependence
of the magnetic moment was recorded at B = 0.1 T as an exter-
nal magnetic field. The temperature sweeping rate was
1 K min~" and was the same for cooling and heating modes.
Gelatine capsules as sample containers were used for the
measurement in the temperature range 5-370 K. The very
small diamagnetic contribution of the gelatine capsule had a
negligible contribution to the overall magnetisation, which
was dominated by the sample. The diamagnetic corrections of
the molar magnetic susceptibilities were applied using
Pascal’s constants.”” All magnetic data were corrected for this
background value and then processed into the y7T product
function.

3.3. Single crystal X-ray diffraction

Single crystal X-ray diffraction data were collected using a
STOE IPDS 2 (1) or STOE IPDS 2T (1* and L-Pt) diffractometer
with graphite monochromated Mo-Ka radiation (0.71073 A).
Using Olex2,”® the structure was solved with the ShelXS®* struc-
ture solution program using direct methods and refined with
the ShelXL** refinement package using Least Squares minimis-
ation. Refinement was performed with anisotropic displace-
ment factors for all non-hydrogen atoms (disordered atoms
were refined isotropically). Hydrogen atoms were modelled on
idealized positions. Crystal data and structure refinement
information for crystals of 1%, 1%, and L-Pt are available in
Table S1 of the ESL.}

3.4. Photoluminescence study

Photoluminescence (PL) measurements were performed using
a Spex Fluorolog-3 spectrometer equipped with a 450 W xenon
light source, double excitation and emission monochromators
and a thermoelectrically cooled Hamamatsu R9910 photo-
multiplier as a detector. Solid samples (polycrystalline powders)
were dispersed in viscous polyfluoroester (ABCR GmbH),
layered between two 1 mm thick quartz plates and mounted
on the cold finger of an optical closed-cycle cryostat (Leybold)
operating at ~15-350 K. Emission was collected at ~30° angle
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relative to the excitation light beam. All emission spectra are
presented corrected for the wavelength-dependent response of
the spectrometer and the detector (in relative photon flux
units). Solution phase PL measurements were performed
using a Varian Cary Eclipse Fluorescence Spectrophotometer
at ambient temperature.

3.5. Synthesis of 1

[(tbtpy)Pt(L)](BF,) (0.1 g, 0.109 mmol) was dissolved in freshly
distilled CH3;CN (20 mL). The solution was degassed with
argon. Fe(H,0)¢(BF,), (18.39 mg, 0.054 mmol) was added to
this yellow solution. The colour changed to orange. The solu-
tion was stirred under argon at 50 °C for the time of 14 h. The
reaction was stopped and filtered. The filtrate was reduced to
dryness.

Elemental analysis: cale. (found) for 1-CH3CN-2H,O
(CgoHo3B4F1FeN;,0,Pt,) C, 45.98 (45.90); H, 4.38 (4.20); N,
11.12 (11.01). "H NMR (CD;sCN, d = 1.94 ppm, 500 MHz): 6§ =
67.56 (s (broad), 4H), 60.41 (s, 4H), 40.23 (s(broad), 4H), 39.70
(s(broad), 4H), 8.82 (s (broad), 4H, tpy), 8.33 (s, 4H), 8.28 (s,
4H), 7.77 (s, 4H), 1.52 (s, 18H), 1.45 (s, 36H) ppm. FT-IR (KBr):
v = 3438, 3130, 2964, 2876, 2119, 1618, 1558, 1524, 1507, 1457,
1404, 1372, 1338, 1265, 1204,1175, 1084, 1055, 918, 896, 863,
766, 632, 610, 521, 419 cm™'. MS (ES) in CH;CN: m/z =
945.3012 ([CgoHgsB,FsFeN;cPt,]**, [M — 2BF,]", 5%), the differ-
ence of the measured and the calculated spectrum is smaller
than 5 mDa;j crystals suitable for X-ray diffraction were grown
by slow evaporation of solutions in CH,Cl,. For the magnetic
measurement the polycrystalline sample was collected from
test tubes by removing the dichloromethane mother liquor
and leaving the sample under a weak stream of argon before
the measurement. An *’Fe-enriched sample of 1 was prepared
as described above using *’Fe(H,0)s(BF,);, which was
described elsewhere employing AgBF, instead of Ag(SO;CF;).%

3.6 Synthesis of L-Pt

[(tbtpy)PtCl](BF,) (0.25 g, 0.347 mmol, 1 eq.) was dissolved in
CH,Cl, (15 mL) and then NEt; (7 mL) was added. In a second
flask 2,6-di( pyrazol-1-yl)-4-(trimethylsilylethynyl)pyridine
(0.136 g, 0.44 mmol, 1.1 eq.) was dissolved in THF (20 mL),
MeOH (10 mL), and H,O (2 mL). The solutions were stirred
and degassed with argon for 15 minutes. The dichloromethane
solution was transferred to the latter one using a double
cannula before K,CO; (0.61 g, 4 mmol, 10 eq.) was added.
Finally, Cul (8.36 mg, 0.04 mmol, 0.1 eq.) was added to the
reaction. 25 mL of degassed dichloromethane was added after
some precipitate formed. The reaction was stirred overnight at
room temperature and then stopped. Solvents were removed at
reduced pressure and the residue was dissolved in CH,Cl, and
water. The organic phase was separated of the inorganic and
the latter was washed twice with 20 mL CH,Cl,. The combined
organic phases were dried over Na,SO,, filtered and reduced to
dryness. The crude product was purified by column chromato-
graphy on SiO, starting with EtOAc to remove organic species,
switching later to CH,Cl, with 3% CH3;OH. The yellow main
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fraction was collected and dried overnight in vacuo. Yield:
0.224 g (70%).

"H NMR (CD5CN, 500 MHz): § = 8.99 (d, 2H, *J = 6.0 Hz,
tpy6), 8.46 (d, 2H, *J = 0.4 Hz, ] = 2.1 Hz, bpp5), 8.20 (s, 2H,
tpy3), 8.15 (d, 2H, *J = 2.0 Hz, tpy3), 7.73 (s, 2H, bpp3’), 7.69
(dd, 2H, YJ = 2.1 Hz, *] = 6.0 Hz, tpy5), 7.65 (d, 2H, *J = 0.5 Hz,
3] = 1.5 Hz, bpp3), 6.48 (d, 2H, J = 1.6 Hz, J = 2.6 Hz, bpp4),
1.53 (s, 9H, tpy), 1.46 (s, 18H, tpy) ppm. *C NMR (CDCl;,
300 MHz): § = 170.23, 167.25, 166.51, 157.94, 153.46, 149.49,
141.93, 139.86, 126.73, 125.44, 122.66, 120.81, 111.26, 108.24,
107.71, 100.88, 59.56, 36.67, 35.71, 29.26, 28.95, ppm. MS (ES):
m/z = 830.41 ([C40H43NgPt]", [M — BF,]", 100%), UV-vis [A/[nm]
(¢/[1000 dm® mol™" em™]) (in CH,Cl,, ¢ = 3.02 pmol L™
Ae) = 410 (8), 337 (25), 321 (31), 313 (34), 286 (60), 270 (68),
249 (70); FT-IR (KBr): v = 3436, 2918, 2875, 2119, 1608, 1545,
1523, 1462, 1426, 1399, 1372, 1257, 1205, 1174, 1123, 1106,
1083, 1042, 954, 918, 889, 842, 790, 772, 628, 608, 558,
419 cm™.

3.7 Mossbauer experiments

The field- and temperature dependent Mdssbauer spectra were
measured with a closed-cycle cryostat with a superconducting
magnet, which is described elsewhere.”® Magnetically split
spectra were simulated on the basis of the Hamiltonian
approximation.®*#7°%7 The LIESST experiment was carried
out with a specially designed sample rod, which allows one to
illuminate the sample almost homogeneously at 7' = 4.2 K with
laser light via a fibre optic feedthrough. The input power of
the used red diode laser (1 = 635 nm) was P;,, = 81 mW.

3.8 Nuclear resonance vibrational spectroscopy (NRVS)
experiments

NIS experiments were performed at the Dynamics Beamline
P01, Petra III, DESY in Hamburg, Germany, under application
No. 0345. The powder sample was measured in a helium
closed cycle cryostat at 80 and 300 K. The NIS data were col-
lected during several scans within the energy range —10 to
80 meV with 0.25 meV step size and 6 s measuring time. The
experimental energy resolution of the set-up was ~1 meV
(~8 cm™"). The experimentally determined partial density of
vibrational states (pDOS) was generated with a binning of
0.5 meV.

3.9 Density functional theory calculations

Electronic energies have been calculated for the optimized geo-
metries of the molecular structures of 1% and 17 (Fig. 2). All
calculations were performed with the GAUSSIANO9 program
system.’® The functional B3LYP®® (Becke’s exchange func-
tional) and the split valence basis set CEP-31G were used for
optimisations, electronic energy, and frequency calculations.
In all cases the ultrafine grid option was used for integration.
The first optimisations for LS (multiplicity M = 1) and HS (mul-
tiplicity M = 5) complexes were performed for the +4 cation of
the complexes. This led to a HS isomer of C, symmetry, with a
Pt-Fe-Pt angle of 180°. The second model includes addition-
ally four tetrafluoroborate anions. In this case the starting geo-
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metry (L = 0, M = 5) was based on the molecular structure 1%,
including the four charge-balancing anions. The thus opti-
mised HS structure revealed a bend structure with a Pt-Fe-Pt
angle of 150° which is in reasonable accordance with the
Pt-Fe-Pt angle of 160° as determined by the X-ray diffraction
experiments.

Complex 1" LS-symm 1" HS-4BF4 HS-symm
(X-ray) (DFT) (X-ray)  (DFT) (DFT)

Spin state LS LS HS HS HS

Symmetry C, C, Cq C, C,

Symmetry C, Dyq Cy Cy C,

of Fe(u) (max D,) (max. C,;) (max. Dyq)

environment

>Pt-Fe-Pt/° 170 180 160 150 180

>Np,~Fe-Np,,/° 179 180 157 162 180

>trans-Npy,~  160.5,160.5 160,160 140,146 146,149 148,148
Fe-Np,,

Thus, the DFT modelling confirms two high-spin structures
differing in symmetry, the first one revealing a perfectly linear
alignment of the Pt-Fe-Pt’ atoms (corresponding to 1%), while
the second shows a significant bending (corresponding to 1%).
For an isolated complex +4 cation, a more symmetric geometry
is obtained. A structure close to the HS structure 1% is
observed when the BF,™ ions are incorporated into the model.
The reason for this may be the larger number of ten dichloro-
methane molecules in the structure of 1™ compared to three
dichloromethane molecules in the structure of 1%. Taking into
account the similar shape of anions and solvent molecules, it
is possible that for the LS structure, the anions are effectively
further away from the complex cation than is the case in the
HS structure. Therefore we can conclude that the LS structure
is better modeled using the isolated +4 cation, while the tetra-
fluoroborate containing model is fitting the HS structure
better.

3.10 Femtosecond-transient absorption spectroscopy

The measurements were performed at room temperature
according to those described in Chevalier et al. (2012).'%° In
short, 1 was dissolved in CH,Cl, (35 mM). To avoid or control,
respectively, photodegradation steady state UV/Vis trans-
mission spectra of the sample were recorded regularly before
and after transient absorption measurements on a Jasco V-670
photospectrometer. The femtosecond setup is based on a
Ti:Sapphire chirped pulse amplifier system (CPA 2001, Clark-
MXR), generating pulses at 775 nm with an energy of 200 nJ
and duration of 150 fs FWHM (full width at half maximum).
Excitation pulses at 350 nm were generated via frequency dou-
bling of pulses at 700 nm, obtained from a homebuilt two-
stage noncollinear optical parametric amplifier (NOPA).
Transient absorption difference spectra were obtained by
probing the excited sample volume (ca. 200 pm diameter) with
broad band laser pulses between 380-730 nm, generated by
focusing a fraction of the laser output into a 3 mm thick sap-
phire window. The transmitted probe light was dispersed and
detected by a spectrograph (Andor) with a 517 pixel CCD
camera (Stresing). The pump pulse was chopped at half the
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laser frequency (988 Hz) and the transmitted probe light
detected alternately with and without a preceding excitation of
the sample, allowing the calculation of pump-induced differ-
ence spectra AA(A,t) as a function of probe wavelength and
pump-probe delay. The transient UV/Vis data were analysed by
means of a global multiexponential fit using

AA(Z,£) = Ag(2) + Zn:Ai(l)eﬂ/"

with 4;(1) being the decay associated amplitude spectra (DAS)
and 7; the corresponding time constants. A,(4) represents the
difference spectrum after “infinite” delay times. Only delay
times ¢ > 200 fs were considered for the global fit, thereby
omitting the time regime of the system response (150 fs).

4. Conclusions

A heterotrinuclear [Pt,Fe] spin crossover complex was success-
fully developed and synthesized employing a ditopic bridging
bpp-alkynyl ligand L and alkynyl coordinated Pt" terpy units:
[Fe'(L-Pt"),],(BF4), (1). We identified two different types of
crystals of 1 which differ only in the number of co-crystallized
solvent molecules, 17 (1-3.5CH,Cl,) and 1" (1-10CH,Cl,);
while 1% shows a reversible SCO with a transition temperature
of 268 K, the analogous compound 1¥ does not show any SCO
and remains blocked in the HS state over the full temperature
range investigated. The temperature-dependent magnetic pro-
perties of 1" and 1" were complementarily studied by
Mossbauer spectroscopy, showing good agreement of the data.
It has been shown that 1% performs thermal spin crossover
and that 1" can be excited to a LIESST state by irradiation with
red light. The vibrational properties of 1 were investigated by
experimental nuclear resonance vibrational spectroscopy. The
experimentally determined partial density of vibrational states
(pDOS) is in good agreement with the DFT-based simulation
of the pDOS. The vibrational modes of the different com-
ponents were assigned and visualized in movies. The spin
marker bands determined from the iron ligand vibrations of 1
as a function of the temperature confirm the magnetic pro-
perties. In addition, the photophysical properties of 1 and L-Pt
were investigated in the solid state and in solution. The PL
(phosphorescence) properties of 1 and L-Pt are similar as the
PL originates from the Pt" terpy units and significantly
depend on the temperature in the solid state. However, no sig-
nificant influence of the spin state on the PL of 1 was
observed. On the other hand, the ultrafast transient absorption
spectroscopy of 1 in solution indicated a possibility of an
efficient (ps time scale) PL quenching channel via energy
transfer from photoexcited Pt" terpy units to the Fe-moiety.
Ideally, this channel and, as a result, the PL intensity might be
modulated by the spin state of Fe''. However, such a situation
is apparently not realized in solid complex 1. In conclusion,
we have presented a rare example of a luminescent SCO
complex and demonstrated that even small changes in the
solid state structure related to the extended ligand system may
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have a strong influence on the spin state switching properties
due to unbalanced structural constraints in the Fe'-chelating
ligand environment.
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