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Abstract 

We present femtosecond transient transmission measurements of thin films of the VII/III-CrIII 

Prussian blue analogue (V-Cr PBA) in the spectral range 330−675nm after exciting the 

ligand-to-metal charge-transfer transition (LMCT) at 400nm. A global analysis including three 

decay-times of τ1=230fs, τ2=1.38ps and τ3>>2ns could satisfactory describe the data. We 

observed an excited state absorption (ESA) at 345nm, which was attributed to a charge-

transfer transition from the 2E state on the Cr ions after fast intersystem crossing from the 

quartet manifold. An additional weak and short-lived ESA at 455nm was also observed and 

was tentatively attributed to the initially populated 4LMCT state.  

Keywords: ultrafast spectroscopy; Prussian blue analogues; charge-transfer transitions; 

functional materials; thin films; spectroelectrochemistry 

1. Introduction 

Smart materials can be controlled using external perturbations to switch their electrical, optical 

and magnetic properties. Understanding the photophysics of charge-transfer (CT) transitions 

in these materials provides an interesting problem connecting light, charge and spin dynamics. 

For example, spin crossover (SCO) systems, which can be optically switched from low-spin to 

high-spin states, have been extensively studied for a number of years [1–4]. In Fe(II) 

complexes, where the SCO process is from the singlet ground state (S = 0) to a quintet meta-

stable state (S = 2), it has been found that spin switching can occur in less than 100 fs [2,5,6].  
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Progress in this area can be important for future photonic devices combining optical control of 

electrical and magnetic properties. For achieving optical control of magnetically ordered 

materials, Prussian blue analogues (PBAs) have been extensively studied during the last 

twenty years [7,8]. These materials have a rock-salt structure with transition metal ions linked 

by cyanide bridging ligands (Fig. 1, inset). In particular, the V-Cr PBA is an interesting model 

system because of its high magnetic ordering temperature above room temperature [9–12]. 

The V-Cr PBA also displays interesting proton conductive [13], photomagnetic [14] and 

electrochromic [15,16] properties. There have been few ultrafast studies to date on PBAs in 

general [17–22] to probe the initial fs−ps dynamics after photoexcitation. The relatively large 

number of studies on the V-Cr PBA’s static optical and magnetic properties means that it 

provides an interesting system for understanding both charge and spin dynamics after fs laser 

excitation in these systems. Here, we have explored transient transmission spectroscopy with 

the aim to study intermediate states important for the fast intersystem crossing (ISC) 

previously reported for various Cr-containing complexes and materials [21,23–28].  

The optical spectrum of the V-Cr PBA (Fig. 1) is dominated by metal-to-metal charge-transfer 

(MMCT) transitions in the visible and ligand-to-metal (LMCT) and metal-to-ligand (MLCT) CT 

transitions in the UV. The MMCT transition takes place between localised electrons in t2g 

orbitals on the Cr and V ions (Fig. 2). A recent study employed ultrafast magneto-optical (MO) 

methods to directly study photo-induced spin dynamics in the V-Cr PBA after exciting at the 

LMCT transition [21]. The excitation in films of the V-Cr PBA appears to take place on localised 

sites in the lattice during the first few hundred fs [21], similarly to what is also observed in SCO 

crystals of Fe(II) complexes [29,30]. The ultrafast dynamics of Cr(acac)3 in liquids, which has 

been extensively studied by Juban and McCusker [23], is therefore relevant for understanding 

the dynamics in thin films of the V-Cr PBA. The LMCT pump transition corresponds to 

transferring an electron from a CN− ligand to a Cr(III) site, thereby photo-reducing the ion 

transiently to a Cr(II) oxidation state (Fig. 2 (b)). Back-electron transfer subsequently occurs 

very quickly and the Cr(III) oxidation state is formed again on a sub-100 fs timescale, similarly 
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to the decay of the MLCT state in Fe(II) SCO complexes in solution or crystals. However, a 

fraction of the Cr(III) sites are now formed in the 2E doublet state via fast ISC from the quartet 

manifold (Fig. 2 (c)). The MO measurements could detect the formation of this doublet state 

on the Cr ion due to the change in the super-exchange interaction of this magnetically ordered 

material taking place as a result of the corresponding spin flip associated with the ISC [21]. 

The model describing this dynamics was inferred from the model developed by Juban and 

McCusker, who studied isolated Cr(acac)3 ions in solution where a spectral broadening and 

red-shift of the excited-state absorption from the 2E state could be followed and compared to 

ns results [23,25]. More recent studies using time-resolved IR techniques have shown that a 

relatively large fraction of the 2E state population decays back to the quartet manifold via back-

ISC [24,27].  

 

Fig. 1: Static transmission spectrum of the V-Cr PBA. The loss of transmission in the visible 

region is due to MMCT transitions between Cr(III)-V(II) at 540 nm (seen as a shoulder) and 

Cr(III)-V(III), which occurs closer to 670 – 690 nm for this particular film. LMCT/MLCT 

transitions occur ≤ 400 nm. Inset shows idealised crystal structure of the V-Cr PBA lattice.   

To understand the pathways involved in the fast ISC process, it is important to study the initially 

populated CT state, corresponding to the reduced Cr ion (Fig. 2 (b)). We label this state 

4LMCT, where the spin multiplicity corresponds to the total spin of the Cr ion and ligand to 
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highlight that the total spin is conserved after absorbing a pump photon. In the previous 

ultrafast magneto-optical study, an increase in absorption at 480 nm could just be discerned 

at early delay times and was tentatively assigned to an ESA from the initially excited CT state  

[21]. It should be noted that the LMCT state in Cr(acac)3 in solution has previously been shown 

to decay in less than 50 fs [23], making this state difficult to detect with the ca. 250 fs cross-

correlation used in the magneto-optical study. Furthermore, the increase in absorption took 

place just at the blue edge of the white-light supercontinuum. In addition to the problem with 

the short-lived nature of the 4LMCT state, one still must find a clear optical signature of this 

state, which is not always trivial. In order to approach this more general problem, 

spectroelectrochemistry and transient absorption have previously been used to identify and 

study the dynamics of charge-transfer excited states in several systems (e.g. [31] and 

references therein). Inspired by our recent spectroelectrochemical study on thin films of the V-

Cr PBA [16], we have in this letter investigated if a similar approach would be feasible. In the 

spectroelectrochemical study, we found that a new optical absorption peak arises at ca. 

465 nm when the films were electrochemically reduced. This process corresponds to the 

reduction of [CrIII(CN)6]3– sites to [CrII(CN)6]4– in the PBA lattice, which in principle is similar to 

the LMCT photoexcitation process when the Cr sites are reduced by the transfer of an electron 

from the ligands. The absorption from the reduced Cr sites was attributed to a red-shift of a 

MLCT transition from Cr(II) to empty π* ligand orbitals, due to the increased energy of Cr(II) 

compared to Cr(III), pushing it closer in energy to the empty ligand orbitals. However, an ESA 

signal from the 2E or 4LMCT states has to date not been clearly observed in films of the V-Cr 

PBA. In this letter, we present a transient transmission study of the V-Cr PBA with the aim to 

observe ESA from the 2E state and to capture the short-lived 4LMCT state on the photo-

reduced Cr ions in the PBA lattice by probing with a wider spectral range, spanning 330 − 

675 nm. We were able to observe a transient absorption centred at 345 nm, which we attribute 

to the 2E state. In addition, we also observed a weak and short-lived ESA at 455 nm, which is 

consistent with the spectroelectrochemical measurements of reduced Cr ions. The measured 

lifetime was less than 50 fs, in agreement with the short lifetime previously assigned to the 
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LMCT state. Our findings are consistent with the model of fast ISC to the 2E state after pumping 

the 4LMCT state. 

 

Fig. 2: Schematic diagram of orbital energy levels and optical transitions in the V-Cr PBA. (a) 

Ground-state electronic configuration, where only the t2g orbitals on the metal ions are shown 

(eg orbitals are not populated). Filled and empty CN– ligand orbitals are also shown. (b) After 

pumping at the LMCT, the Cr ion is reduced to Cr(II). The energy of the electrons localised on 

the ion is therefore increased closer to the empty π* ligand orbitals. This causes a red-shift of 

the MLCT transition. Spin multiplicity of 4LMCT refers to the total spin of the system in this 

case and implies spin is conserved after the LMCT excitation. (c) After the decay of the 4LMCT 
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state and back-electron transfer, the Cr is formed as Cr(III) again. After ISC to the 2E state, 

one of the electrons on the Cr ion has changed its spin projection. Note that the transition 

energy of the MLCT is larger in (c) than (b) because the 2E state on Cr(III) is lower in energy 

than the 4LMCT state on Cr(II).  

2. Methods 

The synthesis of the films followed the procedure by Ohkoshi et al. [32] and has been 

described in more details in ref. [16]. In short, cleaned glass substrates coated with fluorine-

doped tin-oxide (FTO) were held under a constant potential of −1.2 V for 300 s in a solution of 

K3[CrIII(CN)6] and VCl3 at 25 mM concentrations in an electrolytic solution of KCl (1.0 M) in 

water. The films are air sensitive so all the synthesis was carried out in a nitrogen environment. 

The films were dried in nitrogen flow and subsequently sealed with a cover glass slip and 

cyanoacrylate glue. In order to estimate the film thickness, we compared the transmittance 

with our previous study and could estimate the film thickness to be 600 ± 50 nm [16].  

The transient absorption setup based at Warwick University has been described previously 

[33,34]. Briefly, the white-light continuum is generated in a CaF2 plate and the probe spectrum 

is detected using an Avantes fibre-coupled spectrometer (AvaSpec-ULS1650F). The pump 

beam was relatively defocussed with a beam waist of 1.5 mm. The pump pulse energy was 

400 nJ, which therefore corresponds to a fluence in the focal region of 22 µJ/cm2. We 

monitored the pump-probe signal at 0 and 1000 fs delays between each scan to check for any 

film degradation. However, with the lower pump energy used, we could not observe any long-

term changes to the signal. The pump pulse duration was 80 fs and the pump-probe beam 

angle was less than four degrees. The obtained transient transmittance was analysed in a 

sequential global-fit procedure using the Glotaran software [35].   
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3. Results and discussion 

3.1. Overview of broadband transient transmission results 

The transient transmission spectra obtained after pumping at 400 nm are presented in Fig.3 

(a) as a function of pump-probe delay up to 5 ps. The time-delays were scanned up to 1.8 ns 

but we found that most of the dynamics had reached a plateau after ca. 5 ps, in agreement 

with previous work [21]. We therefore only show time-delays up to 5 ps in the 2D data. Kinetic 

traces for selected wavelengths for full delay times are presented in the Fig. 2 (c). The signal 

around 400 nm observed in Fig.2 (a) is due to scattered pump light reaching the detector. In 

this time window this data is characterised by two specific features, namely a bleach, or 

increase of transmittance, for wavelengths above ca. 475 nm and a decrease in transmittance 

below this wavelength. The results in the visible region (500 – 700 nm) are similar to what was 

previously observed, i.e. bleach of the MMCT after pumping at the LMCT [21]. It should be 

noted that the position of the ground-state bleach (GSB) is red-shifted compared to our 

previous study (ca. 660 nm). However, we believe this is due to variability of the films used 

since the position of the MMCT can depend on the specific stoichiometry and morphology of 

the films, which can be different as a result of slightly different electrochemical deposition 

conditions [12]. The peak of the MMCT for the film in this study do indeed occur at 680 nm, as 

seen in Fig. 1. The UV part of the spectrum was previously unexplored and so the finding of a 

decrease in transmittance in this spectral range is new. Although we have not measured the 

change in reflectance, we attribute the reduced transmittance to an ESA, which provides an 

interesting avenue to directly explore the nature of the excited state instead of solely relying 

on the GSB. This feature is discussed further in Section 3.2. The data was analysed using a 

sequential global fit procedure and three time-constants were found to describe the results 

adequately. We found two timescales of τ1 = 230 ± 40 fs and τ2 = 1.38 ± 0.04 ps. The third 

time-constant was larger than 2 ns and was thus equivalent to a constant offset. 
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Fig. 3: Ultrafast dynamics of the V-Cr PBA after pumping at the LMCT transition. (a) Transient 

transmission results as a function of pump-probe delay time and wavelength. The signal at 

400 nm is due to scattered pump light. The data has not been corrected for the white-light 

chirp (this has been done in all subsequent analysis). Fitted evolution associated difference 

spectra (EADS) from the global analysis are presented in (b). The pump signal at 400 nm has 

been removed for clarity. (c) Kinetic traces at selected wavelengths are shown on a semi 

logarithmic scale. Points are experimental data whereas solid lines are the results from the 

global analysis. The kinetic traces were averaged over a 10 nm bandwidth. 

3.2 Excited state absorption in the UV  

The ESA in the UV can be seen in both the 2D transient transmittance data and the evolution 

associated difference spectra (EADS) resulting from the global fit in Fig. 3 (a) and (b), 

respectively. Due to the larger spectral range, available with the CaF2 supercontinuum 
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generation, we were able to observe an ESA in the wavelength region around 330 – 350 nm. 

This ESA has previously not been observed for the V-Cr PBA. We have also carried out a 

measurement on the glass-substrate alone (including FTO, superglue, and coverslip) but did 

not observe any ESA in this wavelength range (besides from the coherent signal at time-zero). 

The ESA was also present in the global analysis, but was more dominated by the fast decay 

component (τ1 = 230 fs). The larger relative amplitude component of the fast channel 

compared to the MMCT bleach is clearly visible during the first 500 fs, which is demonstrated 

in Fig. 4. We have also shown the dynamics at 540 nm, corresponding to the MMCT of VII-

CrIII, for comparison in Fig. 4. There is a constant plateau in the ESA decay similarly to the 

MMCT bleach, although it is just above the noise-level, as modelled by the non-zero τ3 

component of the global analysis.  

To attempt to identify the state giving rise to the UV-ESA, one must consider the model 

discussed in the introduction (Fig. 2). The spectral shapes of the bleach region and the ESA 

are rather similar for the three different time-constants obtained in the global analysis. This 

implies that there is not a large change in the electronic character of the excited state after the 

initial dynamics occurring during the rise time of the pump pulse. This argument was used by 

Juban and McCusker to conclude that the 2E state was formed on a very fast timescale (less 

than 100 fs) because the few-fs transient absorption spectrum matched that of the ns 

spectrum. Based on the physical model, whereby the intermediate 4LMCT state decays with 

a 20 – 50 fs time-constant to the 2E state, we attribute the ESA to the 2E state. Due to the 

short lifetime of the 4LMCT state, we do not see any delayed onset of the UV-ESA and we 

conclude that the 2E state is populated during the rise-time of the laser pulses. The transient 

transmission signal appears to be rather strong and comparable to the MMCT bleach. This 

could potentially suggest that it is a CT transition that is giving rise to the ESA in the V-Cr PBA 

instead of a metal-centred transition (d-d transition). The ESA could therefore originate from 

a red-shifted MLCT transition, in analogy to the assignment of the additional absorption of the 

reduced Cr sites observed in our recent spectroelectrochemistry study as discussed in the 
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Introduction [16]. The red-shifted MLCT state in Cr(II) in the spectroelectrochemical study was 

observed at 465 nm while the ESA in the 2E state in this study was observed at ca. 345 nm. 

The MLCT transition energy difference is reasonable because it is expected that the 2E state 

is lower in energy than the reduced Cr(II).  

 

Fig. 4: Kinetic traces for selected wavelengths up to 5 ps (full time-delays are shown in Fig. 3 

(c)). Points are experimental data whereas solid lines are the results from the global analysis. 

The kinetic traces were averaged over a 10 nm bandwidth.  

A fraction of the 2E state population will decay back to the quartet manifold via back-ISC on a 

sub-100 fs timescale [24,25,27]. The EADS from the global analysis below 350 nm show a 

non-zero component of the τ3>>ns component. This plateau corresponds to the fraction of the 

population trapped in the 2E state. However, this fraction is smaller than that expected from 

the plateau of the MMCT bleach and the signal above ca. 100 ps is in the noise level. It is 

therefore difficult to extract information about the plateau observed so clearly for the MMCT 

bleach. The τ1 to τ2 ratio is large in this wavelength range, which indicates that the majority of 

the 2E state population decays back to the quartet manifold on a 230 fs timescale. The 1.38 ps 

timescale then corresponds to vibrational cooling of the trapped 2E states. These new 

measurements therefore indicate that the 2E population after a few ps is lower than that 

estimated from the GSB.  
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3.3. Observation of short-lived 4LMCT state 

In order to test the hypothesis that the 4LMCT state could be observed during early time delays 

in the blue region of the spectrum, the transient spectra at early time-delays were more closely 

inspected in the narrow spectral range 420 – 480 nm. The corresponding result of the global 

analysis in this spectral region for the two short time-constants are shown in Fig. 5 (a). The 

main difficulty with observing any signal at 455 nm is that this wavelength region falls between 

the rather intense ESA at shorter wavelength and the GSB at longer wavelengths. 

Nevertheless, there is an additional absorption feature that does not appear to be connected 

to the ESA in the UV or the GSB in the visible. The slight decrease in transmission, 

corresponding to increase in absorption, can be seen at 455 nm in Fig. 5 (a). The spectral 

position of this peak is indeed close to 465 nm, which is measured in the 

spectroelectrochemical measurements [16]. The decay of this additional absorption feature is 

short-lived and so it becomes difficult to extract the time dynamics from the coherent artefact 

from the glass substrate and the chirp of the white-light continuum (Fig. S1). A shorter time-

constant than 230 fs should in principle be included in the global analysis, but based on the 

aforementioned arguments, it becomes difficult to reliably extract relevant data from the global 

analysis for these conditions. We have therefore plotted the experimental data, averaged over 

a 10 nm wavelength range at 434, 455 and 465 nm in Fig. 5 (b). For these three wavelengths, 

the coherent signal peak from the glass substrate can be seen as a decrease in transmittance 

around time-zero with a FWHM corresponding to the instrumental response function 

(∆𝑡𝐹𝑊𝐻𝑀 = 50 𝑓𝑠). However, for the transient at 455 nm there is clearly a signal persisting for 

about 20 – 50 fs longer than the glass-substrate signal. Because the transient at 455 nm 

stands out from the adjacent wavelengths and is observed in the global analysis in Fig. 5 (a), 

we exclude the possibility that this signal is simply an ultrafast artefact. However, further 

measurements using even shorter laser pulses are needed to study the ESA signal in more 

detail. 
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We tentatively assign the short-lived ESA at 455 nm to the 4LMCT state. Taking into account 

that the spectral position is in close agreement with spectroelectrochemical measurements, 

the appearance of the ESA at 345 nm from the 2E state at early time delays (and that this state 

is populated from the 4LMCT state) and the expected short lifetime, we believe that a tentative 

assignment of the 4LMCT state is reasonable. Based on the assignment in the 

spectroelectrochemical study mentioned in the introduction, we attribute the ESA to a MLCT 

transition, which is red-shifted with respect to the ground state absorption due to the higher 

energy of the photo-reduced Cr(II) compared to Cr(III). Of course, the spectral position in the 

transient transmission data does not necessarily have to be the same as in the 

spectroelectrochemical data because in that case the Cr ions are reduced by electrons from 

the electrode and subsequently K+ counter ions (supplied from the electrolyte) are inserted 

into the films to maintain the charge-balance. In contrast, the transient transmission 

measurements are not carried out in an electrolyte and the source of electrons is not from an 

electrode, but rather from the cyanide ligand. We use this reason to justify the short lifetime of 

the photoexcited 4LMCT state compared to the stabilised lifetime of the electrochemically 

reduced Cr ions. The short lifetime of the intermediate 4LMCT is in agreement with that 

measured in Cr(acac)3 by Juban and McCusker, who observed a time-constant of 50 ± 20 fs 

[23].  

 

Fig. 5: Identification of intermediate charge-transfer state on photo-reduced Cr(II) sites. (a) 

The EADS from Fig. 3 (a) for τ1 = 230 fs and τ2 = 1.38 ps in a narrower spectral range. Due to 
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the weak signal in this range, the EADS were smoothed to identify any additional absorption 

(corresponding to reduced transmittance). The 4LMCT ESA was attributed to the drop in the 

transmission coefficient in the EADS at 455 nm for the faster τ1 = 230 fs component. (b) The 

kinetic traces close to time-zero for three wavelength regions averaged over a 10 nm 

bandwidth. The error bars are from the standard deviation of the averaged 10 nm wavelength 

region. The decrease in transmission is due to the coherent signal of the glass substrate. The 

lingering signal at 455 nm is attributed to the short-lived 4LMCT state.  

 

4. Conclusion 

We conclude that the experimental results presented here are consistent with the formation of 

a short-lived 4LMCT state upon exciting at the LMCT transition, which subsequently decays to 

the 2E state on a sub-100 fs timescale. This state is characterised by a MMCT bleach in the 

visible and an ESA in the UV at 345 nm. The decay of the observed ESA signal for the 2E 

state at 345 nm, indicates that most of the 2E state population undergoes back-ISC on a 230 fs 

timescale but some part of the population is trapped in the 2E state. We could also observe a 

weak signal that was tentatively assigned to the short-lived 4LMCT state on the Cr ions, which 

is populated by the pump pulse. An ESA associated with this state was observed at 455 nm 

and could be due to a red-shifted MLCT transition, which is in good agreement with 

spectroelectrochemistry of reduced Cr sites in the V-Cr PBA lattice.  The 4LMCT state 

subsequently decays to the 2E state. The fast decay implies that the ISC happens on the same 

fast timescale limited by the instrument-response function of ca. 50 fs. The ESA signals 

observed for both states should provide a more direct approach to further study the dynamics 

in this important molecular magnet without relying on the ground-state bleach. The results 

show that using spectroelectrochemistry to study femtosecond charge-transfer dynamics in 

PBAs is a powerful method and should be applicable to other inorganic coordination polymers 

cast in thin films.  
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