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The dynamics of photo-driven charge transfer-induced spin transition (CTIST) in two Fe/Co Prussian Blue Analogues (PBAs) is 

revealed by femtosecond IR and UV/vis pump-probe spectroscopy. Depending on temperature the known tetranuclear square-

type complex [Co2Fe2(CN)6(tp*)2(4,4’-dtbbpy)4](PF6)2 (1) exists in two electronic states. In acetonitrile solution at <240 K the 

low temperature (LT) phase is prevalent consisting of low-spin Fe(II) and low-spin Co(III), [FeII
LSCoIII

LS]2. Temperature rise causes 

thermally induced CTIST towards the high temperature (HT) phase consisting of low-spin Fe(III) and high-spin Co(II), [FeIII
LS-

CoII
HS]2, being prevalent at >300 K. Photo-excitation into the intervalence charge transfer (IVCT) band of the LT phase at 800 

nm induces electron transfer in one Fe-Co edge of PBA 1 and produces a [FeIII
LSCoII

LS] intermediate which by spin crossover 

(SCO) is stabilized within 400 fs to a long-lived (>1 ns) [FeIII
LSCoII

HS]. In contrast, IVCT excitation of the HT phase at 400 nm 

generates a [FeII
LSCoIII

HS] species with a lifetime of 3.6 ps. Subsequent back-electron transfer populates the vibrationally hot 

ground state, which thermalizes within 8 ps. The newly synthesized dinuclear PBA, [CoFe(CN)3(tp*)(pz*4Lut)]ClO4 (2), provides 

a benchmark of the HT phase of 1, i.e. [FeIII
LSCoII

HS], as verified by variable temperature magnetic susceptibility measurements 

and 57Fe Mößbauer spectroscopy. The photo-induced charge transfer dynamics of PBA 2 indeed is almost identical to that of 

the HT phase of PBA 1 with a lifetime of the excited [FeII
LSCoIII

HS] species of 3.8 ps. 

 

Introduction 
 

Fe/Co Prussian Blue analogues (PBA) are known for their 

switchable spin and redox states, making them particularly 

interesting for information processing at a molecular level 

and nanoscale electronic components. Apart from data 

storage,1 potential fields of application include optical dis-

plays,2 holography,3 and sensor technology.2,4 The spin 

state of PBAs can be switched by external stimuli such as 

temperature, pressure, electromagnetic radiation, redox 

potential or magnetic fields.5,6 A particularly attractive fea-

ture of some Fe/Co PBA compounds is their photomag-

netic behaviour where intramolecular metal-to-metal 

electron transfer is coupled to a spin crossover (SCO) pro-

cess at the cobalt ion, viz., a cyanide-bridged diamagnetic 

(LS-FeII)(-CN)(LS-CoIII) entity transforms into a paramag-

netic (LS-FeIII)(-CN)(HS-CoII) state (see Scheme 1; LS = low 

spin, HS = high-spin).7–9 This phenomenon has been 

termed charge transfer induced spin transitions (CTIST)10 

or electron-transfer-coupled spin transition (ETCST).11 

The first photo-induced CTIST resulting from direct in-

tervalence charge transfer (IVCT) excitation was already 

reported in 1996 by Hashimoto et al..12 In 2004 Dunbar et 

al. demonstrated photo- and reversible thermally induced 

CTIST in a pentanuclear [Fe2Co3] PBA.13,14 Shortly after that 

thermal- and photo-induced CTIST was also shown for oc-

tanuclear (cube-type) and tetranuclear (square-type) 

Fe/Co PBAs.15–17 Subsequently, a wide variety of multinu-

clear molecular PBAs with CTIST character was synthe-

sized.18–29 Apart from larger PBA units and network sys-

tems,30 the field also evolved towards the smallest unit 

cell, the dinuclear [FeCo] PBA.31,32 The first dinuclear PBA 

presented by Bernhardt et al.,33–35 however, showed nei-

ther thermal- nor photo-induced CTIST. First indication of 

a photo-induced CTIST in a dinuclear PBA was demon-

strated in 2005 by Macpherson et al.36 using ns- and fs-

UV/vis-pump-UV/vis-probe spectroscopy. In that case, 

IVCT excitation of a [(LS-FeII)(LS-CoIII)] ground state with fs-

pulses at room temperature leads to a [(LS-FeIII)(LS-CoII)] 

excited state, which within a picosecond relaxes back to 

the ground state involving back-electron transfer. Spin-

crossover to the energetically favourable [(LS-FeIII)(HS-

CoII)] was considered unimportant because too slow com-

pared to the back-electron transfer rate. At 11 K, however, 

and excitation with ns pulses a long-lived excited state 

(>>1ns) was observed and attributed to the [(LS-FeIII)(HS-

CoII)] spin-crossover state. It was supposed that this state 

is accumulated within the ns-pulse where the molecules 

undergo many excitation-relaxation cycles and each time 

a small fraction branches into the long-lived spin crossover 

state [(LS-FeIII)(HS-CoII)]. In more recent years, the local 

Scheme 1. Conversion between the paramagnetic high-spin 
(right) and the diamagnetic low-spin (left) state in a Fe/Co PBA 
entity caused by CTIST using external stimuli. 



electronic structure changes upon switching have been ev-

idenced by element-specific K- and L-edge X-ray absorp-

tion spectroscopy (XAS) and X-ray magnetic circular di-

chroism (XMCD) experiments for a dinuclear Fe/Co PBA,37 

and by L-edge XAS and XMCD for a Fe4Co4 cube-type 

PBA.38  Occurrence of a phase transition in a Fe2Co2 square 

induced by X-ray irradiation during XAS measurements has 

also been reported.39 However, spectroscopic studies with 

high time resolution that track the ultrafast elementary 

steps of the CTIST process have remained scarce so far.   

In this work we performed femtosecond pump-probe 

measurements in the UV/vis and midIR spectral region to 

elucidate the dynamics of photo-induced CTIST processes 

in two Fe/Co PBAs. The first one is the well-known tetra-

nuclear [Co2Fe2(CN)6(tp*)2(4,4’-dtbbpy)4](PF6)2∙2MeOH 

(1∙2MeOH) presented by Oshio et al.17,40 which was shown 

to undergo thermal- and photo-induced CTIST. We regard 

PBA 1 as an ideal benchmark system because it allows for 

investigating both, the [(LS-FeII)2(LS-CoIII)2] state (the low 

temperature, LT phase) and the [(LS-FeIII)2(HS-CoII)2] state 

(the high temperature, HT phase) due to its high CTIST 

transition temperature of T1/2 = 275 K. The second com-

pound is the newly synthesized dinuclear 

[CoFe(CN)3(tp*)(pz*4Lut)]ClO4 (2) with pz4*Lut41 as the 

capping ligand at the Co site. Dinuclear PBAs have been 

considered as the ultimate miniaturization,32 which allows 

to study the inherent processes in an individual [FeCo] en-

tity; note that square PBAs such 1 formally contain two 

such [FeCo] entities, and single photon excitation may pos-

sibly induce IVCT in only one of them. For this study PBA 2 

was developed to provide a benchmark system represent-

ing the HT phase of a [FeCo] subunit of 1. X-ray crystallog-

raphy, 57Fe-Mößbauer spectroscopy and SQUID measure-

ments clearly characterize PBA 2 as a [(LS-FeIII)(HS-CoII)] 

system, viz. similar to the HT phase of PBA 1. 

 

 

Figure 1. Schematic drawing of compounds 128 and 2 studied in 

this work. 

 

Our time-resolved experiments indeed show that pho-

toexcitation into the IVCT band of the LT phase of PBA 1 

induces electron transfer in one [FeCo] subunit, and by 

fast spin-crossover, conversion to a long-lived [(LS-FeII)(LS-

CoIII)(LS-FeIII)(HS-CoII)] species. In contrast, photo-induced 

IVCT in the HT phase produces a short-lived intermediate, 

which relaxes by back-electron transfer within 3.8 ps. The 

photophysics of PBA 2 indeed is almost identical to that of 

the HT phase of PBA 1. 

 

Results and discussion 

Synthesis and characterization of dinuclear PBA 

2 
To simplify possible excitation pathways, the dinuclear 

Co/Fe PBA (2) was synthesized by the equimolar reaction 

of Co(ClO4)2 and pz*4Lut with Bu4N[tp*Fe(CN)3] similar to 

literature procedures for related complexes.32  Suitable 

crystals for X-ray diffraction analysis were obtained by 

slow diffusion of diethyl ether into a methanolic solution 

of the crude product. PBA (2) crystallizes in the triclinic 

space group P–1. 

 

 
Figure 2. Plot (50% probability thermal ellipsoids) of the cationic 

part of PBA (2) (most hydrogen atoms omitted for clarity). 

 

The molecular structure of PBA (2) in solid state (Figure 2) 

shows the Co ion in a distorted octahedral coordination 

environment, the distortion being imposed by the con-

straints of the pentadentate capping ligand (with angles 

N1-Co1-N2/4/6/8 in the range 80.16(5) - 89.59(5)°). In 

contrast, the octahedral coordination environment of the 

Fe ion is much less distorted. By comparison with the HT 

phase of PBA 1 the average bond lengths around Co 

(2.0510(15)–2.2349(15) Å) and Fe (1.9128(18)–2.0054(15) 

Å) in PBA 2 indicate a [(LS-FeIII)(HS-CoII)] configuration. In 

PBA 1 the CTIST below 275 K to the [(LS-FeII)(LS-CoIII)] state 

results in a shortening of the average coordination bonds 

around the Co ion to 1.892(7)–1.944(6) Å.17 Upon cooling 

to 133 K this reduction in bond lengths is not observed for 

2, which means that there is no thermally induced electron 

transfer above 133 K. The absence of any CTIST in 2 can 

likely be attributed to the long bonds between the Co cen-

tre and the {N5} capping ligand (up to 2.235 Å) imposed by 

the chelate constraints which disfavour the transition to 

LS-CoIII with considerably shorter bond lengths. 

 



 
Figure 3. 57Fe-Mößbauer spectra of PBA (2) at 80 K. The solid red 

line is the Lorentzian curve fit yielding the parameters δ=0.09 and 

ΔEQ=1.18 mms-1. 

 

To confirm the electronic structure of PBA 2 in the solid 

state, 57Fe-Mößbauer spectroscopy (Figure 3) and SQUID 

measurements (Figure 4) were performed. The zero-field 
57Fe-Mößbauer spectrum of solid 2 recorded at 80 K shows 

a quadrupole doublet with isomer shift δ = 0.09 and quad-

rupole splitting ΔEQ = 1.18 mms-1 which is characteristic for 

a LS-FeIII state. These results confirm that PBA 2 does not 

undergo any thermally induced CTIST to [(LS-FeII)(LS-CoIII)] 

above 80 K. In contrast, the tetranuclear complex 1 at 20 

K shows values of δ = 0.22 and ΔEQ = 0.43 mms-1 in accord-

ance with a LS-FeII situation.17 

Results of the magnetic measurement of 2 are presented 

in Figure 4 and show no LS/HS transition in the entire tem-

perature range 2-300 K. At room temperature the MT 

value of 2 is 3.7 cm3∙K∙mol-1, representing the sum of the 

two spin systems LS-FeIII (S=1/2) and HS-CoII (S=3/2). When 

lowering the temperature MT gradually decreases and 

reaches a minimum value of 1.4 cm3∙K∙mol-1 at 2 K, which 

can be well simulated assuming zero-field splitting of the 

HS-CoII ion (D = –125 cm-1). The pronounced drop of the 

MT value below 15 K can be attributed to a weak antifer-

romagnetic interaction between the LS-FeIII and HS-CoII 

centres through the cyanide bridging ligand with an ex-

change coupling constant J = –1.3 cm–1. Details of the mag-

netic data analysis are provided in the Supporting Infor-

mation. 

 

 
Figure 4. MT versus T curve of crystalline PBA 2 from 2 to 300 K. 

Dots are experimental data and the solid red line represents a 

simulation with the parameters J = –1.3 cm–1, D(Co) = –125 cm–1, 

gx(Co) = gy(Co) = 2.42,  gz(Co) = 2.88 and giso(Fe) = 2.40 (fixed); see 

SI for details. 

 

Temperature dependent UV/vis and FTIR spectra 
Tetranuclear PBA 1: Figure 5 shows the temperature-de-
pendent stationary UV/vis (a) and FTIR (b, c) absorption 
spectra of the tetranuclear PBA 1 in acetonitrile solution. 
Between -30°C and +30°C both exhibit the transition from 
the LT [(LS-FeII)(LS-CoIII)] to the HT [(LS-FeIII)(HS-CoII)] 
phase. Consistent with literature data17 the UV/vis spec-
trum of the LT phase is dominated by a broad IVCT band 
centred at 770 nm and a more narrow peak at 428 nm. 
With increasing temperature this spectrum disappears 
and the absorptions of the HT phase peaking at 460 nm 
with a shoulder at around 550 nm emerges. 
Figure 5b and c show the temperature-induced transition 

from the LT to the HT phase for the CN and the tp* ligands’ 

B-H stretching vibrations of PBA 1, CN and BH, respec-

tively. Their resonance frequencies exhibit a clear depend-

ence on oxidation and spin state of the metal ions. Com-

 

Figure 5. Temperature-dependent UV/vis (a) and FTIR (b, c) absorption spectra of PBA 1 at 0.8 mM in acetonitrile solution. Stick spectra in (b) 
result from DFT calculations for 1[Fe2

II
LSCo2

III
LS] (green) and 5[Fe2

III
LSCo2

II
HS] (red). 



pared to the LT phase the vibrational bands of the HT com-

plex show a hypsochromic shift and reduced intensity. Fig-

ure 5c indicates a blue-shift also for the B-H stretching 

mode of the Fe-coordinated tp* ligands when going from 

the LT to the HT phase. 

The isosbestic point at 603 nm in the UV/vis spectra and 

the absence of any IR vibrational bands appearing inter-

mediately during the LT → HT phase transition indicate 

that charge transfer happens in a cooperative manner, i.e. 

simultaneously for both [FeCo] subunits and not stepwise. 

Compared to the solvent butyronitrile (T1/2 = -46°C) the 

transition in acetonitrile appears at higher temperature 

(T1/2 = -11±4°C) due to distinct complex-solvent interac-

tions. The reaction enthalpy and entropy derived for the 

transformation from the LT to the HT phase in acetonitrile 

are H = +79 kJ/mol and S = +299 J/(mol K), respectively 

(see SI for details), very similar to the values reported for 

1 in butyronitrile (ΔH = +68 kJ∙mol-1, ΔS = +299 J∙mol-1∙K); 

the large S was attributed to a substantial contribution 

from solvent reorganization upon electron transfer.17  

Dinuclear PBA 2. As PBA 2 exists only in the HT phase (see 

the SQUID-magnetometry measurements and 57Fe 

Mößbauer spectrum shown in Figs. 3 and 4, respectively) 

we present in Figure 6 only its room temperature optical 

and IR spectra. Comparison with the HT phase of the 

square PBA 1 shows similar absorption features. The 

UV/vis absorption spectrum of 2 exhibits a maximum at 

448 nm and a shoulder around 510 nm. In the FTIR spec-

trum two peaks at 2115 and 2123 cm-1 can be attributed 

to the symmetric and anti-symmetric stretching vibration 

of the terminal CN groups at the Fe site, respectively. The 

CN stretching mode of the bridged cyanide is located at 

2144 cm-1. 

 

Electronic Structure Calculations 
Both PBAs were modelled computationally in order to pro-

vide a solid basis for assigning the nature of the CN modes 

in the linear and transient IR difference spectra. The calcu-

lations were carried out with three density functionals: 

B3LYP, PBE0 and BP86. The results discussed in the text 

were computed at the BP86-D3/def2-SVP level of theory. 

The latter functional gave the fundamental band positions 

in best agreement with the experimental measurements; 

however, all methods gave close agreement in the relative 

band positions. The full list of results is provided in the SI. 

Calculations on the dinuclear PBA 2 targeted the potential 

ground state, 5[(LS-FeIII)(HS-CoII)], and the corresponding 

excited state 5[(LS-FeII)(HS-CoIII)]; these two states would 

correspond to the same spin (quintet). Given the high 

multi-reference character of these configurations and the 

inherent difficulties of optimizing excited states at the DFT 

level, fragment calculations were carried out (building 

fragments from each individual metal ions and the respec-

tive ligands) while fixing the partial charge and spin accord-

ingly. The targeted states could only be obtained by also 

including a triplet state 3[(LS-FeIII)(HS-CoII)], which would 

effectively pair the spins of the two metal ions. This is in 

accordance with the weak antiferromagnetic interaction 

between the LS-FeIII and HS-CoII centres observed experi-

mentally (Figure 4; J = -1.3 cm-1). For the ground state, we 

obtain a dominant IR band at 2136 cm-1 (symmetric C-N 

stretches). The C-N stretch motions of the bridging and 

terminal cyanide ligands are again featured in the remain-

ing bands at 2121 and 2125 cm-1, respectively. This analy-

sis is based on the purely harmonic modes. The computed 

fundamentals for the ground state agree favourably with 

the experimental spectra (see the violet stick spectrum in 

Figure 6b). A quintet state was also computed, corre-

sponding to 5[(LS-FeII)(HS-CoIII)] (black stick spectrum in 

Figure 6b). The strongest absorbing fundamental band 

now corresponds to an isolated C-N stretch motion of the 

-CN (at 2086 cm-1) while the other modes are found to 

be close to those of the 3[(LS-FeIII)(HS-CoII)] ground state 

(2123 and 2129 cm-1). In order to understand these values, 

a Natural Population Analysis of both electronic states was 

carried out. We observe that the charge and electron dis-

tribution of the Fe centre is kept largely unaltered, resem-

bling mostly a LS-FeIII ion in both states. The charge, which 

is shifted to the Co centre upon IVCT, is for the most part 

drawn from the ligand on the Fe side. 

The calculations were also extended to the tetranuclear 

PBA compound 1. Its ground state is confirmed to be a sin-

glet 1[(LS-FeII)2(LS-CoIII)2] with three IR active CN stretching 

modes at 2052, 2079 and 2103 cm-1 (green stick spectrum 

in Figure 5b). Contrary to the previous assignment, all 

these bands involve both, terminal and bridging cyanide 

 
Figure 6. (a) UV/vis absorption and (b) FTIR spectra of the HT phase of the tetranuclear PBA 1 (red) and the dinuclear PBA 2 (violet). Spectra 
were measured in acetonitrile solution at 22°C and concentrations of 0.8 mM. Stick spectra in (b) result from DFT calculations for 3[FeIII

LSCoII
HS] 

(violet) and 5[FeII
LSCoIII

HS] (black). 



ligands, due to pronounced vibrational coupling. The cor-

responding quintet state of PBA 1, where coupling within 

each pair of [(LS-FeIII)(HS-CoII)] is antiferromagnetic (tri-

plet) and then the two FeCo pairs are ferromagnetically 

coupled, exhibits CN stretching modes at 2118, 2123, and 

2136 cm-1 (red stick spectrum in Figure 5b).   

Femtosecond pump-probe spectroscopy 
With thorough steady state characterization and band as-

signment at hand, femtosecond pump-probe spectros-

copy was applied to elucidate the photo-induced charge 

transfer dynamics in the two PBAs. The thermally induced 

CTIST for square PBA 1 enabled an examination of both its 

HT and LT phases at -30°C and +22°C, respectively, while 

dinuclear PBA 2 provided a benchmark system for the HT 

phase of square complex 1.  

Tetranuclear PBA 1, LT phase. In Figure 7 transient differ-

ence spectra (change in absorption, A, in units of milli op-

tical density, mOD) are presented following excitation of 

the LT phase of PBA 1 at 775 and 800 nm, respectively. The 

transients formed in the UV/vis region (Fig. 7a) exhibit pos-

itive absorption between 350 and 630 nm with a maxi-

mum at 475 nm, a shoulder at 580 nm, and negative ab-

sorption at wavelength >630 nm. Time traces at 410 and 

478 nm (see the insert in Fig. 7a) reveal initial fast relaxa-

tion towards an almost constant absorption of a long-lived 

photoproduct. Corresponding bi-exponential fits (solid 

lines) yield time constants of 1 = 400±80 fs and 2 > 1 ns. 

The spectrum at pump-probe delays >2 ps shows similari-

ties to the scaled difference spectrum (ALT – AHT), cf. the 

grey line in Figure 7a, of the stationary absorption spectra 

of the LT and HT phases, consistent with an IVCT transition 

being induced by the pump-pulse. The mismatch between 

the spectra indicates that photo-excitation induces elec-

tron transfer in only one Fe-Co couple of PBA 1 producing 

the species [FeIICoIIIFeIIICoII], whereas a cooperative two-

electron transfer in the entire Fe2Co2 square as it was 

found for the thermal transition of the LT to the HT phase 

(Figure 5) does not occur.17 

The IR transients, Figure 7b, show bleaching of the CN 

marker bands of the LT phase at 2083 and 2100 cm-1 and 

formation of a long-lived photoproduct with absorptions 

centred at 2058 and 2164 cm-1, which basically supports 

the assignment of a pump pulse-induced IVCT transition. 

The marked differences in the peak positions to those of 

the HT phase underpin the existence of an [FeIICoIIIFeIIICoII] 

intermediate formed by one-electron IVCT along one edge 

of the square. Note, that this intermediate has FeII-(μ-CN)-

CoII and FeIII-(μ-CN)-CoIII edges within the square complex, 

viz. moieties which do not exist in either the LT or the HT 

phase. Similar to the UV/vis region the IR transients clearly 

reveal dynamics on a sub-picosecond timescale. This be-

comes apparent in an initial amplitude modulation of the 

2058 cm-1 band and a 14 cm-1 blue shift of the emerging 

2164 cm-1 mode (see insert of Figure 7b). Both occur in a 

time range consistent with the fast time constant of 1 = 

400±80 fs observed for the UV/vis transients (Figure 7a). 

Previous low temperature photomagnetic studies on 

PBA 1 in butyronitrile have shown17 that 808 nm light irra-

diation of the LT phase at 5 K induces the FeII → CoIII IVCT 

accompanied by spin crossover to a [(LS-FeIII)2(HS-CoII)2] 

state. At 5 K this state is metastable, and only after heating 

to 80 K it relaxes back to the thermodynamically more sta-

ble LT phase. The data of Figure 7 suggest that at elevated 

temperatures (-30°C) individual steps of this reaction cycle 

can be temporally resolved by their UV/vis and IR spectral 

signatures. Starting from the singlet ground state and con-

sidering only one [FeCo] pair, viz. one edge of the square 

complex (see Scheme 2), photo-induced IVCT of the LT 

phase produces initially a singlet species 1[FeIII
LSCoII

LS], 

  

Figure 7. Pump pulse-induced UV/vis (a) and IR (b) transient difference spectra of the LT phase of PBA 1 at -30°C in acetonitrile at pump-probe 
delays as indicated (pump wavelength: 775 and 800 nm, respectively). Upper panels show corresponding stationary absorption spectra of the 
HT (+30°C) and LT phase (-30°C), and in (a) the calculated spectrum of the one-electron transfer product [FeII

LSCoIII
LSFeIII

LSCoII
HS] (green line). The 

gray line in (a) is a difference spectrum (ALT – AHT) calculated from the stationary spectra; the inset in (a) shows time traces for selected probe 

wavelengths (open symbols) with bi-exponential fits (solid lines) yielding time constants of 1 = 400±80 fs and 2 > 1 ns. The inset in (b) enlarges 

the 2120-2180 cm-1 spectral range to visualize a sub-picosecond blue shift of this CN band.  



which due to weak intramolecular antiferromagnetic cou-

pling coexists with a triplet, 3[FeIII
LSCoII

LS]. If the coupling is 

weak both species are hard to distinguish because their 

spectra will be very similar. Therefore, we attribute the 

fast kinetic component associated with 1 = 400±80 fs to 

the spin crossover towards the long-lived (2 > 1 ns) 
3,5[FeIII

LSCoII
HS] intermediate (again, triplet and quintet 

forms coexist owing to weak antiferromagnetic coupling of 

the two metal centers). In the following, we denote this 

metastable tetranuclear [FeII
LSCoIII

LSFeIII
LSCoII

HS] product by 

ET1.  

Interestingly, upon continuous 808 nm radiation the low 

temperature photomagnetic studies of 1 reported in liter-

ature showed saturation of the χmT values at 3.25 emu 

mol-1K, which is almost exactly half the value found for the 

HT phase.17 The authors attributed this to insufficient 

light-penetration depth of the sample. An alternative ex-

planation based on the present results is that in ET1 pro-

duced after one-electron transfer at one edge of the 

square complex, the FeII → CoIII IVCT transition for the re-

maining FeII
LSCoIII

LS couple is shifted to higher energies 

compared to the LT phase and is not accessible by 808 nm 

light anymore. If this is the case, the UV/vis spectrum of 

ET1 can be calculated from the sum of the 550 ps transient 

in Figure 6a and the absorption spectrum of the LT phase, 

AET1 = A550 + a1·ALT, by choosing the scaling factor a1 such 

that for  > 700 nm the ET1 absorption converges to zero. 

The resulting spectrum is plotted as a green line in the up-

per panel of Figure 7a and consists of two overlapping 

bands with maxima at 475 and 600 nm. The former may 

be assigned to the CoII→FeIII, the latter to the FeII→CoIII 

IVCT band of [FeII
LSCoIII

LSFeIII
LSCoII

HS]. 

800 nm photo-excitation of the LT phase corresponds to 

an energy input of 150 kJ/mol. The enthalpy for the ther-

mal reaction LT ⟶ HT, on the other hand, is only 79 

kJ∙mol-1 (see section 2.2). This raises the question why the 

photo-induced one-electron transfer of the LT phase does 

not involve a second (cooperative) CT step towards the HT 

phase. The reason behind this is probably that after one-

electron transfer any excess energy in the ET1 state is 

transferred to the surrounding solvent within tens of pico-

seconds. In this scenario the second CT step is too slow to 

compete with this vibrational cooling process.  

Tetranuclear PBA 1, HT phase. Time-resolved experiments 

for the HT phase of PBA 1 in acetonitrile were performed 

at +22°C. UV/vis transient spectra (Figure 8a) were gener-

ated using a pump wavelength of 388 nm. They show 

ground state bleaching superimposed by a broadband ex-

cited state absorption producing maxima at 370 nm and 

640 nm. Contrary to the excited states originating from 

the LT phase, these features are only short-lived as illus-

trated in the insert of Figure 8a. A minor residual absorp-

tion that remains constant over >1 ns is attributed to ~3% 

of the LT phase being present in acetonitrile solution at 

 

Figure 8. Pump pulse-induced UV/vis (a) and IR (b) transient difference spectra of the HT phase of PBA 1 at +22°C in acetonitrile at pump-probe 
delays as indicated (pump wavelength: 388 and 400 nm, respectively). The inset shows time traces for selected probe wavelengths/wave-
numbers (open symbols) with exponential fits (solid lines). In the upper panels stationary absorption spectra of the HT phase (+30°C) and the 
LT phase (-30°C) are shown. 

 
Scheme 2. Light-induced dynamics in one Fe-Co pair of the LT 
phase of square PBA 1. IVCT excitation is followed by spin-crosso-
ver within 400 fs to a long-lived 3,5[FeIII

LSCoII
HS] state. Same color 

code as in Scheme 1 



+22°C, which is thus excited with 385 nm light as well. Due 

to its different absorption spectrum and kinetics, it is easily 

distinguished from the contribution of the HT phase. The 

time traces at 367 and 657 nm both were satisfactorily fit-

ted bi-exponentially with time constants of 500±200 fs and 

3.6±0.5 ps (solid lines in the insert of Figure 8a). Compari-

son with the HT and LT phase’s stationary absorption spec-

tra (upper panel in Figure 8a) shows that the observed 

transient spectra are consistent with a light induced CoII → 

FeIII IVCT transition. A closer analysis, however, reveals 

that the product spectrum is inconsistent with either of 

both, the LT phase as well as ET1. Hence, excitation of the 

HT phase obviously leads to a one-electron IVCT interme-

diate [FeIICoIIIFeIIICoII] with an electron configuration dif-

ferent from ET1 and a lifetime limited by back electron 

transfer within 3.6 ps.  

Time-resolved IR data for the HT phase of tetranuclear 

PBA 1 are presented in Figure 8b. Following 400 nm exci-

tation, the CN stretching band of the HT phase at 

2153 cm-1 is bleached and new absorption features at 

2054, 2076, 2092, and 2132 cm-1 arise. The first three 

bands appear at similar (although slightly red-shifted) 

wavenumbers as the CN marker bands of the LT phase 

(see upper panel of Figure 8b). Comparison with the 

bleached 2153 cm-1 band reveals, however, much weaker 

absorption strengths of these transitions than for the LT 

phase. Note, that the IR transients also exhibit some resid-

ual absorptions for large pump-probe delays resulting 

from the residual molecules in the LT phase. The insert in 

Figure 8b shows time dependent absorption changes rec-

orded at 2076 (decay of the [FeIICoIIIFeIIICoII] intermediate) 

and 2153 cm-1 (recovery of the HT phase). Exponential fit-

ting gives a time constant of 1 = (2.10.5) ps for the life-

time of the [FeIICoIIIFeIIICoII] intermediate, which is in 

agreement with the UV/vis data shown in Figure 8a. Re-

covery of the CN = 2153 cm-1 marker of the HT phase takes 

considerably longer, 2 = (9.02.0) ps. We attribute this to 

vibrational cooling of the hot HT phase associated with the 

energy release of the 400 nm pump photon after IVCT and 

back electron transfer within a few ps. Overall, the IR spec-

tra corroborate the assignment of a light-induced IVCT 

transition producing a [FeIICoIIIFeIIICoII] intermediate 

which, according to its vibrational signature and short life-

time, has an electronic configuration different from ET1. 

Dinuclear PBA 2. Figure 9 shows UV light-induced UV/vis 

(Figure 9a) and IR (Figure 9b) transient difference spectra 

of the dinuclear PBA 2 measured at room temperature. As 

noted before, 2 exists only in the HT phase. Comparison 

with Figure 8 reveals striking similarities in the shape of the 

spectra as well as the lifetime of the transient features, 

suggesting that PBA 2 undergoes the same light-driven 

IVCT dynamics as the HT phase of PBA 1. In fact, analysis 

of the time traces in the UV/vis and IR spectra (inserts in 

Figures 9a and 9b) shows that the [FeIICoIII] intermediates 

decay with time constants of 3.8±0.6 and 3.7±0.4 ps (2), 

respectively. The ground state bleach of the CN marker at 

2143 cm-1 in case of 2 recovers considerably slower 

(7.8±1.0 ps) owing to vibrational cooling after back elec-

tron transfer.  

The DFT calculated IR spectra discussed in section 2.3. 

turned out to be very helpful for identifying the electronic 

structure of the IVCT excited PBA 2 complex (see the stick 

spectra of Fig. 5b). The calculated spectrum of the 3[FeIII
LS-

CoII
HS] state agrees well with the measured ground state 

FTIR spectrum of 2. This suggests that the antiferromag-

netic coupling between the metal centres is in fact weak 

such that 3[FeIII
LSCoII

HS] and 5[FeIII
LSCoII

HS] coexist and have 

very similar IR spectra. Most importantly, the calculated IR 

spectrum of the excited species 5[FeII
LSCoIII

HS] (black sticks 

in Figure 5b) exhibits a blue-shifted absorption in agree-

ment with the transient IR spectrum of the light-induced 

IVCT product of 2. Moreover, weaker absorptions of CN 

 

Figure 9. Pump pulse-induced UV/vis (a) and IR (b) transient difference spectra of PBA 2 at +22°C in acetonitrile at pump-probe delays as 
indicated (pump wavelength: 775 and 800 nm, respectively). The inserts show time traces for selected probe wavelengths along with expo-
nential fits (solid lines). For comparison the upper panels present stationary UV/vis and FTIR spectrum of PBA 2, respectively.  



modes at 2127 and 2130 cm-1 overlap with those of the 

ground state and would partially compensate in a pump-

probe spectrum ground state bleach, as is in fact observed 

experimentally for the 2115 cm-1 mode in the IR transients 

of Figure 9b.  

Thus, from the close agreement of the experimental sta-

tionary and transient IR spectra with the DFT calculations 

we conclude that the light-induced IVCT dynamics of PBA 

2 involves population of a 5[FeII
LSCoIII

HS] state with a life-

time of 3.8 ps (see Scheme 3). Back-electron transfer pro-

duces a vibrationally hot ground state molecule that ther-

malizes on a timescale of 8 ps. From the remarkable simi-

larities between Figures 8 and 9 we deduce an identical 

mechanism and dynamics operating for the photo-excited 

HT phase of tetranuclear PBA 1, in which only one of the 

[Fe-Co] edges is excited, and dinuclear PBA 2.  

 

Conclusion 

This study has addressed the ultrafast dynamics following 

IVCT excitation of the known17 square-type molecular 

Fe2Co2 PBA 1 in both its high and low temperature phase, 

and of the dinuclear FeCo PBA 2, using pump-probe tran-

sient IR and UV/vis absorption spectroscopy of the com-

plexes in MeCN solution. In that solvent PBA 1 undergoes 

thermal CTIST with T1/2 = -11±4°C from the diamagnetic 

[(FeII
LS)2(CoIII

LS)2] state (low temperature phase, LT) to the 

the paramagnetic [(FeIII
LS)2(CoII

HS)2] state (high-tempera-

ture phase, HT).  The new complex 2 has been shown by 

SQUID-magnetometry and 57Fe-Mößbauer spectroscopy 

of solid material as well as UV/vis and IR spectroscopy of 

MeCN solutions to only exist in the [FeIII
LSCoII

HS] state in the 

entire temperature range studied, and to thus represent a 

subunit of 1 in its HT phase. From the combination of 

femtosecond UV/vis and IR pump-probe experiments as 

well as computational analysis of relevant states a con-

sistent picture of the light-induced dynamics upon metal-

to-metal electron transfer excitation of 1 and 2 could be 

developed. The results indicate that photo-induced one-

electron transfer of 1 is restricted to one edge of the 

Fe2Co2 square and does not trigger a second (cooperative) 

charge transfer step at the opposite edge. 

Complex 2 and the HT form of PBA 1 show similar photo-

physical behaviour after IVCT excitation, i.e. short excited 

state lifetimes (3.6 and 3.8 ps for 1 and 2, respectively) fol-

lowed by back electron transfer and subsequent vibra-

tional cooling of the hot ground state. In contrast, IVCT ex-

citation of the LT phase of PBA 1 leads after fast spin cross-

over (400 fs) to a metastable tetranuclear [FeII
LSCoIII

LSFeIII
LS-

CoII
HS] product with a lifetime >1ns. These spectroscopic 

studies with femtosecond time resolution have delivered 

valuable insights into the elementary photophysical pro-

cesses for the fascinating class of molecular Fe/Co PBAs. 

 

Experimental section 

Materials and synthesis 
Manipulations involving air- and moisture-sensitive com-

pounds were conducted under an atmosphere of dried 

(phosphorus pentoxide on solid support [Sicapent, 

Merck]) dinitrogen using standard Schlenk techniques. All 

used solvents and chemicals were purchased from com-

mon commercial sources or their synthesis is described 

below. Co(OTf)2∙6H2O,42 2,6-Pyridinedicarboxaldehyde,43 

pz*4Lut,41 Bu4N[(tp*)Fe(CN)3]32 and [Co2Fe2(CN)6(tp*)2 

(4,4’-dtbbpy)4](PF6)2∙2MeOH (1)17 were synthesized and 

characterized according to protocols described in litera-

ture. 

Syntheses of [CoFe(CN)3(tp*)(pz*4Lut)]ClO4∙2MeOH (2). 

Co(ClO4) ∙ 6H2O (45 mg, 0.12 mmol, 1 equiv.) and pz*4Lut 

(60 mg, 0.12 mmol, 1 equiv.) were dissolved in methanol 

(20 mL) to produce a pale yellow solution.  

Bu4N[(tp*)Fe(CN)3] (84 mg, 0.12 mmol, 1 equiv.) in meth-

anol (4 mL) was added dropwise. The dark red mixture was 

stirred at room temperature for 2 hours and the reaction 

mixture was filtered. Dark red tabular crystals of 2 were 

obtained by slow diffusion of diethyl ether into the result-

ing solution (121 mg, 0.10 mmol, 89 %). Anal. Calcd. for 

C47H63BClCoFeN18O6: C, 49.64; H, 5.58; N, 22.17%. Found: 

C, 49.30; H, 5.50; N, 22.56%. ESIMS (m/z): [M]+ calcd. for 

[CoFe(CN)3(tp*)(pz*4Lut)]+: 973.36. Found: 973.36. ATR-IR 

(cm-1): 2547 (νBH), 2138 (νCN), 2120 (νCN). 

 

Instruments for steady state characterization 
Electrospray ionization (ESI) mass spectra were collected 

on a Bruker HCTultra instrument. Elemental analyses were 

carried out by the Analytical Department of the Institute 

of Inorganic Chemistry at the University of Göttingen, us-

ing an Elementar 4.1 vario EL 3 instrument. IR spectra of 

solid samples were measured with a Cary 630 FTIR spec-

trometer equipped with a DialPath and Diamond ATR ac-

cessory (Agilent) placed in a glovebox filled with N2. UV-vis 

spectra were recorded on an Agilent Cary 60 equipped 

with an Unisoku Cryostat (CoolSpek) and magnetic stirrer 

using quartz cuvettes with an attached tube and a screw 

cap with a septum. Temperature-dependent magnetic 

susceptibilities were measured using a Quantum-Design 

MPMS XL-5 SQUID magnetometer; details of the data 

 
Scheme 3. Light-induced dynamics in PBA 2 and one [Fe-Co] pair 
of the HT phase of PBA 1. IVCT excitation produces a 3,5[FeII

LSCoIII
HS] 

state with a lifetime of 3.8 ps. The back-electron transfer leads to 
a vibrationally hot ground state cooling down on a timescale of 8 
ps. Same color code as in Scheme 3. 



analysis are given in the SI. 57Fe Mössbauer data were col-

lected with a 57Co source embedded in a Rh matrix using 

an alternating constant acceleration Wissel Mössbauer 

spectrometer operated in the transmission mode and 

equipped with a Janis closed-cycle helium cryostat. Isomer 

shifts are given relative to iron metal at ambient tempera-

ture. Simulation of the experimental data was performed 

with the Mfit program.44  

Crystal data and details of the X-ray diffraction data collec-

tions and analysis for 2 are provided in the Supporting In-

formation. CCDC 2013399 contains the supplementary 

crystallographic data for this paper. These data can be ob-

tained free of charge from The Cambridge Crystallographic 

Data Centre via http://www.ccdc.cam.ac.uk/data_re-

quest/cif. 

Pump-probe experiments 
Time dependent UV/Vis-pump–UV/Vis-probe spectra 

were recorded with a 1 kHz Ti:sapphire oscillator/regener-

ative amplifier system.45 Briefly, for excitation pulses at the 

fundamental wavelength of 775 nm or its second har-

monic at 388 nm were used. For probing a white light con-

tinuum was generated by focusing a small part of the 775 

nm pulse into a 4 mm CaF2 crystal. The continuum light 

was split into reference and probe pulses, and inde-

pendently recorded with two diode array spectrometers. 

UV/Vis-pump–IR-probe experiments were performed with 

a laser system described elsewhere.46 It is based on a 1 kHz 

Ti:sapphire oscillator/regenerative amplifier producing 

100 fs pulses at 800 nm with pulse energies of 0.75 mJ. A 

small portion of these or its second harmonic at 400 nm 

were used as pump pulses. Tunable mid-infrared probe 

pulses were generated by difference frequency mixing of 

signal and idler pulses from an optical parametric amplifier 

(OPA) operated with half of the 800 nm regenerative am-

plifier energy. The IR pulses were split into a probe and a 

reference beam and after passing the sample directed to 

a polychromator equipped with a liquid-nitrogen cooled 

HgCdTe detector of 2 x 32 pixels.   

In both setups the time delay between pump and probe 

pulses  was adjusted with computer controlled translation 

stages. The relative plane of polarization of pump and 

probe pulses was set to 54.7°. Pump pulse energies enter-

ing the sample were about 400 nJ and focused to a diam-

eter of 200 m. . The overall time resolution was about 

200 fs.  

Temperature-depending UV/Vis and IR pump-probe meas-

urements in a range of -30°C to +30°C were performed 

with a thermalized flow cell equipped with CaF2 windows 

of 1 mm thickness. The optical path length inside the flow 

cell was 0.6 mm. The sample cell was thermalized with an 

external cooler (Julabo Laboratory GmbH, Seelbach, type: 

F40-HC). 

DFT calculations 

The structures of both PBAs were optimised with the def2-

SVP basis set.47 Three functionals were tested for a model 

of PBA 2: B3LYP,48 PBE049,50 and BP86.51,52 In all cases, dis-

persion corrections as proposed by Grimme and cowork-

ers,53 applying a Becke-Johnson damping factor54 were in-

cluded. In the case of PBA 1, only BP86-D3/def2-SVP cal-

culations were carried out. 

The structures were confirmed as minima by the absence 

of imaginary frequencies. In order to obtain the complexes 

under the different spin distributions (with the same total 

spin), fragment calculations were carried out and later 

combined for an initial SCF guess. The fragments were 

built placing the bridge on one of the disconnected metal 

sites. The reported wavenumbers were obtained under 

the harmonic approximation without any shifting or scal-

ing. All calculations were carried out with the Gaussian16 

program package.55 
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