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Abstract 11 

Magnetic recording using femtosecond laser pulses has recently been achieved in some 12 

dielectric media, showing potential for ultrafast data-storage applications. Single-Molecule 13 

Magnets (SMMs) are metal complexes with two degenerate magnetic ground states and are 14 

promising for increasing storage density but remain unexplored using ultrafast techniques. 15 

Here, we have explored the dynamics occurring after photoexcitation of a trinuclear µ3-oxo-16 

bridged Mn(III)-based SMM, whose magnetic anisotropy is closely related to the Jahn-Teller 17 

distortion. Ultrafast transient absorption spectroscopy in solution reveals oscillations 18 

superimposed on the decay traces due to a vibrational wavepacket. Based on complementary 19 

measurements and calculations on the monomer Mn(acac)3, we conclude that the wavepacket 20 

motion in the trinuclear SMM is constrained along the Jahn-Teller axis due to the µ3-oxo and 21 

µ-oxime bridges. Our results provide new possibilities for optical control of the magnetisation 22 

in SMMs on femtosecond timescales and open up new molecular-design challenges to control 23 

the wavepacket motion in the excited state of polynuclear transition-metal complexes. 24 

 25 

 26 
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Single-Molecule Magnets (SMMs), i.e. molecules that show magnetic hysteresis below a 1 

certain blocking temperature1, hold great promise for future applications in data storage 2 

devices2 because their small size and well-defined magnetic properties can reduce the size of 3 

data bits and therefore increase storage density. Being able to switch the magnetisation 4 

direction in SMMs using femtosecond laser pulses could provide the technology for future 5 

ultradense memory devices operating on unprecedented timescales3. So far the most 6 

promising process of ultrafast optical spin switching in inorganic molecules has been 7 

intersystem crossing (ISC) from low-spin S = 0 to high-spin S = 2 in Fe(II) complexes, taking 8 

place in less than 200 fs4–7. The sudden change in electronic structure upon photoexcitation, 9 

launches a vibrational wavepacket along the Fe–N bonds, mainly involving the breathing mode 10 

around 126 cm−1 5,6,8, which can be observed using transient absorption (TA) spectroscopy. 11 

The work on Fe(II) and the observation of sub-200 fs ISC in Cr(acac)3
9,10, have provided an 12 

excellent basis for understanding how fast spins can be manipulated in transition metal 13 

complexes. However, for magnetic applications one also needs to consider the magnetic 14 

anisotropy in addition to spin switching dynamics. Magnetic anisotropy, which is important for 15 

SMM behaviour, is ubiquitous in magnetic data storage devices because it gives the 16 

magnetisation a preferred direction. Despite the potential of photo-switching in SMMs, there 17 

are a limited number of studies of ultrafast dynamics in molecule-based magnets. For 18 

example, ultrafast charge-transfer dynamics11, phase-transitions12 and ISC13 have been 19 

studied in magnetic Prussian blue analogues, and spin state switching has been observed in 20 

Cu(II)-based breathing crystals14. Magnetic nanotoruses have been studied using TA 21 

spectroscopy, identifying lanthanides as trap states for excitons15.  22 

Manganese-based coordination complexes, such as Mn12
16,17, have been instrumental in the 23 

development of SMMs and are typically magnetically bistable due to a large, negative zero-24 

field splitting caused by the magnetic anisotropy of individual Mn(III) ions. The anisotropy in 25 

the Mn(III) ion arises because of the electronic configuration 𝑡2𝑔
3 𝑒𝑔

1 leads to a Jahn-Teller (JT) 26 

distortion. Together with the spin-orbit interaction, this anisotropy in Mn(III)-based SMMs leads 27 
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to two degenerate magnetic ground states, where the ground state spin is saturated either 1 

parallel or anti-parallel to the magnetic easy axis. Transiently reducing the anisotropy in 2 

SMMs, using femtosecond laser pulses, could provide a method towards achieving optical 3 

control of their magnetisation direction. The prototype Mn-based SMM Mn12Ac (Ac = acetate) 4 

is promising for exploring optical modulation of the anisotropy because it has been shown that 5 

reorienting the JT axis with high pressure can strongly influence its magnetic properties18. 6 

Similarly, there have been reports of ultrafast spin-switching of Cu(II) molecule-based 7 

magnets due to optical modulation of the JT axis14,19. However, said species are large and 8 

structurally complex, with smaller molecules being better suited to achieving a more detailed 9 

understanding of the photophysics. One such example is a family of oxime-based SMMs 10 

containing three Mn(III) ions whose magneto-structural relationship has been extensively 11 

investigated20,21.  12 

Herein, we present ultrafast transient absorption spectroscopy of the SMM [Mn(III)3O(Et-13 

sao)3(β-pic)3(ClO4)], or “Mn3“, which has three Mn(III) ions  arranged in a triangle20, where the 14 

ions are connected via a 𝜇3-oxo bridge and peripheral –N–O– (oxime) bonds and display a JT 15 

distortion perpendicular to the plane of the triangle (Figure 1a). Ferromagnetic interactions 16 

between the three S = 2 ions results in an S = 6 ground state. Even though the Mn3 is a 17 

relatively small SMM, it still provides a formidable challenge for theory because of the large 18 

spin ground state. We have therefore also studied the Mn(III) monomer Mn(acac)3, which is 19 

not an SMM but serves as a model system for a simpler JT-distorted Mn(III) ion22 (Figure 1a). 20 

Our experimental and computational results show that photoexcitation of the Mn(III) 21 

complexes leads to a coherent vibrational wavepacket in the lowest excited state (Figure 1c), 22 

which corresponds to a switch from axial to equatorial JT distortion by compressing the axial 23 

bonds and elongating the equatorial bonds. In Mn3, the strong equatorial bonds due to the 𝜇3-24 

oxo and µ–oxime bridges, prevents a JT switch, which leads to a collective motion of the Mn 25 

ions along the weaker axial JT bonds. These measurements open up the possibility to explore 26 

the anisotropy in SMMs via wavepackets on the femtosecond timescale. 27 
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Results 1 

Mononuclear Mn(acac)3 2 

The absorption spectrum of Mn(acac)3 in ethanol is shown in Figure 2a, where the three 3 

expected metal-centred (MC) transitions for a Mn(III) complex can be seen at 800, 600 and 4 

400 nm, in agreement with previous work23,24. In the transient absorption experiment, the pump 5 

wavelength was set to λ = 400 nm, which multi-configurational calculations at the 6 

CASSCF//NEVPT2 level (Figure 2b-e and Supplementary Tab. 3) identify as predominantly 7 

the dxz/dyz to 𝑑𝑥2−𝑦2  transition (5Eg) (Figure 2d), but with some overlap with ligand-centred 8 

transitions (Figure 2e). 9 

TA spectra of Mn(acac)3 in ethanol after exciting at 400 nm are presented in Figure 3a, where 10 

the difference spectra for selected time delays are shown. During the first picosecond, two 11 

positive bands due to excited-state absorption (ESA) were observed around 360  (“UV-band”) 12 

and 430 nm (“Vis-band”). The maxima of both the UV- and Vis-bands are shifted towards 13 

shorter wavelengths for longer time delays for both molecules. The Vis band decays with an 14 

initially fast component over the first few ps, and eventually reaches a plateau and stays the 15 

same for the maximum delay measured (200 ps). The Glotaran software25 was used for a 16 

sequential global analysis. For Mn(acac)3, four exponential decays were needed to obtain a 17 

good fit, with corresponding pre-exponential factors Ax and time constants τx (x = 1 − 4). A fast 18 

decay constant of τ1 = 250 ± 30 fs and two intermediate time constants τ2 = 1.0 ± 0.2 ps and 19 

τ3 = 5.2 ± 0.5 ps were found. To account for the observed plateau, a longer time constant of 20 

τ4 = 400 ps was included in the fit. The decay-associated spectra (DAS), corresponding to the 21 

spectral dependence of Ax, for Mn(acac)3 are shown in Figure 3b.  22 

Oscillations were observed in the kinetic trace of the Vis band for Mn(acac)3, which is shown 23 

in Figure 4a (further kinetic traces can be found in Supplementary Figures 5-6). The 24 

oscillations are more clearly seen in Figure 4c, where the fits from the global analysis have 25 

been subtracted and damped cosine functions have been fitted to the data. For Mn(acac)3, we 26 
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found that the oscillations could be reasonably described by two frequencies, namely 170 ± 5 1 

and 208 ± 6 cm−1. The oscillations decayed with a 𝜏𝑜𝑠𝑐
𝑀𝑛(𝑎𝑐𝑎𝑐)3 = 325 ± 11  fs time constant. A 2 

Fourier analysis of the fit residues is shown in Figure 5a, where two peaks at �̃�1
𝑀𝑛(𝑎𝑐𝑎𝑐)3 =3 

167 and �̃�2
𝑀𝑛(𝑎𝑐𝑎𝑐)3 = 215 𝑐𝑚−1 on top of a broader band can be observed. Since oscillations 4 

like these are a signature of a fast motion out of the Franck-Condon region via a vibrational 5 

wavepacket comprised of vibrational modes of the molecule in either the ground or excited 6 

state5, we have performed Raman spectroscopy on crystal grains of the molecular solids to 7 

compare the vibrational spectra to the oscillations observed in the transient absorption. We 8 

cannot determine the vibrational spectrum in the excited state but the ground-state Raman 9 

spectrum provides a good starting point. The resulting spectra are shown in Figure 5a for 10 

Mn(acac)3.  11 

Trinuclear Mn3 12 

The static UV/Vis absorption spectrum of Mn3, shown in Figure 2a, also displayed similar 13 

absorption bands in the visible region as Mn(acac)3, although with an order of magnitude larger 14 

extinction coefficients. We have not been able to perform multi-configurational calculations of 15 

Mn3 due to the large number of unpaired electrons. The TA results for Mn3 were largely similar 16 

to Mn(acac)3 and both the UV and Vis bands were observed, as seen in Figure 3c. The global 17 

analysis yielded three time constants, a fast decay constant of τ1 = 180 ± 10 fs, an intermediate 18 

τ2 = 1.8 ± 0.2 ps and finally a longer time constants τ3 = 9 ± 1 ps, which importantly is shorter 19 

than what was observed for Mn(acac)3. Oscillations were also observed for Mn3, as seen in 20 

Figure 4b. However, the oscillations could be described with only one frequency component 21 

of 181 ± 3 cm−1, in agreement with the �̃�1
𝑀𝑛3 = 185 𝑐𝑚−1 peak in the Fourier transform (Figure 22 

5b). The oscillation decay time was 𝜏𝑜𝑠𝑐
𝑀𝑛3 = 360 ± 15 fs.  23 

TA measurements on both Mn(acac)3 and Mn3 exciting at 535 nm were also performed, 24 

yielding similar results to 400 nm excitation. For these measurements, a high concentration 25 

was needed because of the low extinction coefficient at the pump wavelength, and for 26 
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Mn(acac)3 the UV band was therefore not observed. These data are presented in 1 

Supplementary Figure 7.  2 

Discussion 3 

We first discuss the results of Mn(acac)3 because the multi-configurational calculations have 4 

allowed us to assign the absorption spectrum and identify the lowest excited MC state. From 5 

the transient absorption data for Mn(acac)3, we extract four time-constants in a sequential 6 

decay model. The A2 and A3 DAS (and to some extent A4) are different to A1, which implies 7 

that there is a change in the electronic character of the excited state9 on a <300 fs timescale 8 

via internal conversion (IC). The 0.15 ps TA spectrum in Figure 3b therefore corresponds to 9 

the absorption from the initially excited state, which absorbs predominantly in the visible 10 

spectral region. Because the Mn(acac)3 TA spectra do not change from a few ps to >200 ps, 11 

we can assume that the lowest excited state is populated (5A1g, Figure 1c). The UV band 12 

predominantly decays with the τ2 = 1.0 and τ3 = 5.2 ps time constants and is not observed in 13 

the A4 DAS, where a slight negative signal can be seen instead. If the UV and Vis bands 14 

corresponded to two different species, the UV band would be replaced with a GSB for times 15 

longer than 10-20ps, which is not the case. It therefore appears the UV ESA oscillator strength 16 

is overtaken by the GSB during the structural dynamics/vibrational cooling taking place as the 17 

molecule adjusts to the lowest excited state geometry, which is also manifested in the 18 

anisotropy data shown in Supplementary Figure 8. As previously mentioned, we have excited 19 

at both 400 (5B1g  5Eg) and 535 nm (5B1g  5B2g, which does not show any charge-transfer 20 

character because 𝜀(535 𝑛𝑚) = 93 𝐿 𝑚𝑜𝑙−1𝑐𝑚−1) and found the same TA spectrum after the 21 

first few 100 fs. This supports the interpretation that the lowest MC state has become 22 

populated. This observation is similar to what has been observed in Cr(acac)3
9 and 23 

Fe(acac)3
26. The main difference is that in both these molecules, the lowest excited state 24 

corresponds to a change in spin state via ISC because of the d3 and d5 electron configurations. 25 

However, in Mn(acac)3, there is no change in spin multiplicity and the electronic process is IC 26 

instead of ISC. Since the 5A1g excited state corresponds to promoting an electron from the  d𝑧2 27 
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orbital to the  d𝑥2−𝑦2   orbital, the Mn–O bond along the z-axis is shortened whereas the 1 

equatorial bonds are elongated leading to a shift in the JT distortion from axial to equatorial. 2 

Once in the 5A1g state, the 1.0 and 5.2 ps decay constants can be assigned to vibrational 3 

cooling via intramolecular vibrational redistribution (IVR) and energy dissipation to the solvent. 4 

The vibrational cooling can be inferred from the spectral narrowing and blue-shift in the 5 

absorption peak9, as observed in Figure 3a. The two ps-timescales are not necessarily a 6 

reflection of population dynamics (because of difficulties fitting spectral narrowing and blue-7 

shifts) but should be taken as a measure of the characteristic timescales for reaching the 8 

minimum on the excited state potential.   9 

Identifying the reaction coordinate for the wavepacket could provide further information about 10 

the excited state. The wavenumbers of the Fourier transform of the wavepacket coincides with 11 

the observed Raman modes around 200 cm−1, as seen in Figure 5a. The wavepacket survives 12 

the IC, but this, together with vibrational cooling and IVR, leads to the observed dephasing of 13 

the wavepacket (325 ± 11 fs). Mn(acac)3 is flexible enough to adjust for the JT-shifted state, 14 

which is why the 5A1g state has such long lifetime. The structural change from the 5B1g to 5A1g 15 

states can be associated with many vibrational modes in the 200 cm−1 region and therefore 16 

no one normal mode can be described as the reaction coordinate. The photophysical model 17 

for Mn(acac)3 is summarised in Figure 6. 18 

Given the complexity of even Mn(acac)3, it is difficult to assign the specific transitions 19 

responsible for the ESA spectrum. There are several quintet transitions from the 5A1g state 20 

identified in the calculations (Supplementary Tab. 4), where 5MC transitions are observed 21 

around 470-530 nm and ligand-centred transitions at 310-333 nm. Red-shifted metal-to-ligand 22 

charge-transfer (MLCT) transitions could also contribute to the UV band. Nevertheless, a 23 

definitive assignment of the ESA is outside the scope of this work and we emphasise that the 24 

important result from the Mn(acac)3 study is the population of the JT-switched 5A1g state.  25 

We will now interpret the results of Mn3 in light of the findings for Mn(acac)3. The electronic 26 

structure of Mn3 is determined by the µ3-oxo and µ-oxime bridges connecting the three Mn(III) 27 
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ions together, which with the number of unpaired electrons and the exchange coupling 1 

between them, lead to a large array of spin states. Given the similarity to Mn(acac)3 and the 2 

observation of the three characteristic Mn(III) peaks in the visible spectrum, we assign the 3 

visible absorption to transitions between different d electronic bands.  4 

The TA results of Mn3 are also similar to Mn(acac)3. As with Mn(acac)3, we assign τ1 = 180 fs 5 

to the electronic decay into the 𝑑𝑥2−𝑦2 band. Due to the large spin ground state, it is difficult to 6 

conclude anything about different spin projections or if the relaxation process proceeds via IC 7 

or ISC. The τ2 = 1.9 ps time constant can be assigned to vibrational cooling in the 𝑑𝑥2−𝑦2 8 

manifold. The most significant difference between Mn(acac)3 and Mn3 was that we did not 9 

observe any long-lived component, and the shortest decay was τ3 = 9 ps. A transition into the 10 

𝑑𝑥2−𝑦2 orbital manifold will induce a change in the charge distribution in the molecule, which 11 

will affect the JT distortion, as was the case for Mn(acac)3 and which has been observed in 12 

perovskite manganites27. We interpret these observations such that the UV and Vis bands are 13 

signatures of the shift towards a JT switched state, but because of the strong bonds in the 14 

triangle, due to the µ3-oxo and µ-oxime bridges, the molecule cannot relax to the geometrical 15 

equilibrium of the excited state required for switching from axial to equatorial JT distortion. In 16 

this case, the molecule relaxes back to the electronic ground state corresponding to an axial 17 

JT distortion with a 9 ps time constant.   18 

The oscillations of the wavepacket in Mn3 can be described by a single frequency component 19 

185 cm−1 (Figure 5b). The Raman peak at 213 cm−1 is in good agreement with the calculated 20 

mode at 210 cm−1, which can be described as a collective in-phase asymmetric stretch-mode 21 

along the JT axis for all three Mn ions (Supplementary Video 1), where the Mn–O bonds are 22 

contracted while the Mn–N bonds are extended and there is a flattening of the Mn triangle. 23 

The reason we observe the wavepacket more clearly in Mn3 (Figure 4), is because the strong 24 

equatorial bonds restrict the expansion in the plane and so the main reaction coordinate for 25 

the wavepacket is along the axial JT distortion, which results in a simpler reaction coordinate. 26 

The inability for Mn3 to expand equatorially significantly reduces the lifetime of the excited 27 
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state to τ3 = 9 ps for Mn3 versus τ4 > 200 ps for Mn(acac)3. The wavepacket is most likely 1 

associated with the excited state since the oscillations are observed in the Vis band (ESA), 2 

where there is little contribution from any GSB. Furthermore, the wavepacket frequency is 3 

lower in energy than the ground state Raman peak due to the weaker bonds in the excited 4 

state. Also, the oscillations are cosine-like, implying a displacive character of the wavepacket 5 

generation mechanism. Because of these reasons, a contribution from ground-state 6 

coherence is therefore not likely. We have carried out anisotropy measurements on both 7 

Mn(acac)3 and Mn3 (Supplementary Fig. 8).  However, since MC transitions typically give rise 8 

to little anisotropy28,29, which is what we also observe, the measurements did not give any new 9 

information on the change in JT distortion. 10 

We finish by mentioning that we have also carried out measurement of the more complex 11 

[Mn(III)6O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6], or “Mn6”, which contains six high-spin Mn(III) ions 12 

arranged in two triangles30 and the results are presented in Supplementary Figures 10-12. In 13 

Mn6, all Mn(III) ions are ferromagnetically coupled and the ground state is S = 12. The results 14 

were similar to Mn3 and we even observe oscillations in the kinetic traces. The wavepacket 15 

contains several modes but the complex nature of this molecule and the large density of 16 

states, preclude a more detailed analysis.  17 

In summary, we have performed transient absorption spectroscopy of the axial Jahn-Teller 18 

(JT) distorted Mn(III) monomer Mn(acac)3 and the trinuclear single-molecule magnet Mn3 in 19 

ethanol at room temperature. Multiconfigurational calculations show that the excited state 20 

corresponds to a shift from axial to equatorial JT distortion. Oscillations superimposed on the 21 

decay signals were attributed to a vibrational wavepacket formed as the molecule adjusts to 22 

the new JT distortion. In Mn3, the strong equatorial bonds involving the µ3-oxo and µ-oxime 23 

bridges, prevent the shift from axial to equatorial JT compression and force the wavepacket 24 

motion predominantly along the JT axis, resulting in a simpler reaction coordinate and longer 25 

dephasing time. These observations open up design strategies for achieving ultrafast 26 

coherences in complex chemical systems for control and function-enhancement, which are 27 
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actively being developed31. There have recently been several interesting observations in metal 1 

complexes, such as retention of vibrational coherence during intersystem crossing in 2 

Cr(acac)3
10, metal-metal bond modulations in di-Pt(II) complexes32 and in particular it has been 3 

shown that JT distortions, such as in Cu(I) complexes33, are important. Our work contributes 4 

to this field by demonstrating vibrational coherences in a molecule with as many as six metal 5 

ions. Furthermore, there is a peak in the Raman spectrum of the Mn12Ac34 SMM at 209 cm−1 6 

and so it is possible that our approach is more general, which is supported by the observation 7 

of light-induced magnetisation changes in another Mn12 complex using continuous 8 

irradiation35.  9 

Methods 10 

Materials 11 

The synthesis of the complexes has been described previously in Ref.36 for Mn6 and in Ref.20 12 

for Mn3. Mn(acac)3 was bought from Sigma-Aldrich and used without further purification. For 13 

the transient absorption measurement, the complexes were dissolved in ethanol. The 14 

concentrations were 14.8, 1.88, and 1.8 mmol/l for Mn(acac)3, Mn3, and Mn6, respectively.  A 15 

Starna flow cuvette with 0.2 mm pathlength was used for the TA measurements with a flow of 16 

8 μl/min. 17 

Optical measurements 18 

The TA setup is based on the apparatus described in ref.37. As the pump beam, the second 19 

harmonic (400 nm) of a Coherent Legend Elite laser was used (pulse duration 120 fs and 20 

output 800 nm wavelength). The pump pulses were focused into the sample by a f = −500 mm 21 

concave mirror producing a spot size of 226 microns (1/e2). The laser fluence was 3.3 mJ/cm2. 22 

For the probe and reference beams 1.4 μJ/pulse of the 800 nm fundamental was focused with 23 

an f = 100 mm fused silica lens in a 5 mm thick CaF2 plate, which was continuously moved in 24 

two dimensions,  to produce a broadband white light continuum. The white light was collimated 25 

with an f = −100 mm concave mirror and the 800 nm fundamental was removed with a 720 nm 26 
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cut off filter. The detected probe spectrum ranged from 320 to 720 nm. The white light beam 1 

was divided with a reflective metallic neutral density filter for probe and reference. The probe 2 

light was focused into the sample with an f = −500 mm concave mirror. The probe beam 3 

diameter in the sample was 105 μm (1/e2). To avoid anisotropic signals, the pump-probe 4 

polarization angle was set to 54.7° (“magic angle”).  5 

For controlling the time delay between pump and probe, a delay stage with mounted 6 

retroreflector was used. For each time delay 1000 spectra were collected. The whole 7 

procedure was repeated five times to get 5000 spectra in total for each delay position. A prism 8 

was used to disperse the white-light beams onto two fast CCD cameras from 9 

Entwicklungsbuero Stresing equipped with Hamamatsu S7031-0906 sensors with 512x58 10 

active pixels. Full binning was used, where the 58 vertical pixel were binned, which allowed a 11 

synchronous read-out at 1 kHz for both probe and reference beams.  12 

Raman spectroscopy of crystal grains of the complexes was performed on a Renishaw Raman 13 

microscope with a laser wavelength of 785 nm. 14 

Computations 15 

The details and results of the computations are presented in the Supplementary Section 1.  16 
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Figures 1 

 2 

Figure 1 | Structure of Jahn-Teller distorted Mn(III) complexes. a Mn(acac)3 and the core 3 

of the Mn3 triangle, showing the axial Jahn-Teller (JT) distortion along the z-axis (perpendicular 4 

to the triangle in Mn3). Colour code: Manganese, purple; oxygen, red; nitrogen, blue; carbon, 5 

black; hydrogen, white. b Molecular orbitals (MOs) of Mn3 obtained using DFT computations 6 

at the Def2-SVP level (SI). The highest-occupied MO (HOMO), and other MOs at the same 7 

energy, are made up from superpositions of atomic 𝑑𝑧2  orbitals, which leads to a JT distortion 8 

along the axis perpendicular to the triangle due to the antibonding nature of the 𝑑𝑧2  orbital. 9 

The lowest-unoccupied MO (LUMO), is comprised of atomic 𝑑𝑥2−𝑦2 orbitals. The hydrogens 10 

have been removed from the structure for clarity. Colour code: chloride, yellow. c In Mn(acac)3, 11 
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the doubly degenerate eg orbitals (𝑑𝑧2  and 𝑑𝑥2−𝑦2) are directed along the bond axes. However, 1 

the single-electron population of the eg orbitals leads to a lowering of the symmetry and a 2 

splitting of the eg orbitals via the JT distortion. The HOMO of Mn(acac)3 contains the 3 

antibonding 𝑑𝑧2  orbital. Upon photoexcitation, an electron is promoted to the 𝑑𝑥2−𝑦2 orbital, 4 

which destabilises the equatorial bonds and stabilises the axial bonds. The Mn – O bonds 5 

along the z-axis are removed for clarity in both b and c. 6 

 7 

Figure 2 |  Electronic absorption spectra of Mn(acac)3 and Mn3. a Electronic absorption 8 

spectra of Mn(acac)3 and Mn3 in ethanol at room temperature. The inset shows the logarithm 9 

of the extinction coefficients for Mn(acac)3 to highlight the metal-centred transitions at 800 10 

(5B1g  5A1g; Q2), 600 (5B1g  5B2g; Q3) and 400 (5B1g  5Eg; Q4,5) nm. The onset of the ligand-11 

to-ligand charge-transfer state (5LLCT; Q6) can be seen below 400 nm. The bar diagram 12 

shows the wavelengths of the calculated transitions (SI), where the bar height is scaled as 13 

1:4:8 for transitions that are spin-forbidden, spin-allowed metal-centred (5MC), and spin-14 

allowed ligand-to-ligand charge-transfer (LLCT), respectively. Difference of electronic density 15 
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between each excited state and the ground state for the five lowest quintet transitions 1 

calculated at the CASSCF//NEVPT2 level (SI) are shown in b for 5B1g  5A1g (Q2), c for 5B1g 2 

 5B2g (Q3), d for 5B1g  5Eg (Q4,5), and E for 5LLCT (Q6). In grey: decrease of electronic 3 

density. In green: increase. We note that we do not observe any 5LMCT states in the 4 

calculations. The Mn – O bond along the z-axis is removed for clarity. 5 

 6 

Figure 3 | Ultrafast transient absorption spectra of Mn(acac)3 and Mn3. a Difference 7 

spectra ΔA at the magic angle for selected time delays from the TA data in ethanol after 8 

pumping at 400 nm are shown in a for Mn(acac)3. The sharp features around 400 nm are due 9 

to scattered pump light. Decay associated spectra (DAS) obtained after a global fit using a 10 

sequential fit model are shown in b for Mn(acac)3. The pre-exponential factors Ax and their 11 

corresponding time constants are shown in the legend. The corresponding data for Mn3 are 12 

shown in c – d.  13 

 14 
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 1 

Figure 4 | Kinetic traces of Mn(acac)3 and Mn3. Kinetic traces for the UV and Vis bands for 2 

a Mn(acac)3 and b Mn3. The solvent cross-phase modulation can be observed around time-3 

zero. The average of the residues of the global analysis from the data in a and b are shown 4 

in C from 426 – 492 nm for the Mn(acac)3 Vis band and D from 435 − 460 nm for the Mn3 Vis-5 

band. An average over a finite bandwidth was used to enable the observation of the 6 

oscillations for longer time delays, which improved the frequency analysis of the oscillations. 7 

The signals have been fitted with a sum of n damped cosine-functions 𝑦(𝑡) =8 

 𝑒−𝑡/𝜏𝑜𝑠𝑐 ∑ 𝐵𝑛𝑐𝑜𝑠(2𝜋(𝑡 − 𝑡𝑐)/𝑇𝑛),𝑛  where Bn is the amplitude, 𝜏𝑜𝑠𝑐 is the dephasing time, which 9 

for simplicity was set the same for all frequencies. A phase constant tc was also fitted but found 10 

to be close to zero (cosine-like oscillations). Tn is the period of the n’th frequency. Two 11 

frequencies were found at 170 ± 5 and 208 ± 6 cm-1 for the Mn(acac)3 Vis-band and one 12 

frequency at 181 ± 3 cm-1 for the Mn3 Vis-band. The exponential damping time constants were 13 

325 ± 11 fs for Mn(acac)3 and 360 ± 15 fs for Mn3. 14 
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 1 

Figure 5 | Analysis of vibrational wavepacket. a Fast Fourier transformation of the average 2 

residues of the exponential fit for the Mn(acac)3 Vis band from the data in Figure 4c. We found 3 

wavenumbers of 167 and 215 cm−1. Also shown are Raman spectra for Mn(acac)3 obtained 4 

from exciting crystal grains at 785 nm and the calculated Raman spectrum  obtained using 5 

DFT at the Def2-SVP level (SI). The calculated modes at 156, 159 and 187 cm-1 involve 6 

symmetric stretch motion along all axes but also ligand torsional scissor modes, which implies 7 

a complicated reaction coordinate. The corresponding data for Mn3 is shown in b, where the 8 

peak in the Fourier spectrum is centred at 185 cm−1 for the Mn3 Vis-band and the calculations 9 

have been obtained at the same level as in a. 10 
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 1 

Figure 6 | Photophysical model of the Mn(acac)3 dynamics and wavepacket motion in 2 

Mn3. a After exciting with 400nm, 120 fs laser pulses into the 5Eg band in Mn(acac)3, a fast 3 

decay via internal conversion (IC) takes place into the 5A1g state, which leads to a switch from 4 

axial to equatorial Jahn-Teller distortion (JT) via the formation of a vibrational wavepacket. 5 

The wavepacket dephases on a time scale of around 325 fs due to IC, vibrational cooling 6 

and intramolecular vibrational redistribution (IVR). The vibrational cooling takes place in 1-5 7 

ps. The lifetime of the 5A1g state in Mn(acac)3 is longer than 200 ps. b Illustration of the 8 

vibrational mode of the wave packet in Mn3. The main movement is a collective in-phase 9 

oscillation of the bond lengths along the JT axis for all three Mn ions, where the equatorial 10 

ligands bond lengths adjust accordingly. When the bond length of the JT axis nitrogen is 11 

stretched (JT oxygen bond length is shortening), the equatorial ligands also stretch,  and vice 12 

versa. The atomic displacements are shown in Supplementary Video 1. 13 


