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Vibrational dynamics of iron pentacarbonyl in cryogenic matrices

Iron pentacarbonyl is a textbook example of fluxionality. We trap the molecule in cryogenic matrices to study the vibrational dynamics of CO stretching modes involved in the fluxional rearrangement. The infrared spectrum in Ar and N2 is composed of about ten narrow bands in the spectral range of interest, indicating the population of various lattice sites and a lowering of the molecular symmetry in the trapping sites. The vibrational dynamics is explored by means of infrared stimulated photon echoes at the femtosecond scale. Vibrational dephasing and population relaxation times are obtained. The non-linear signals exhibit strong oscillations useful to disentangle the site composition of the absorption spectrum. The population relaxation involves at least two characteristic times. An evolution of the photon echo signals with the waiting time is observed. The behaviour of all the signals can be reproduced within a simple model that describes the population relaxation occurring in two-steps: relaxation of v=1 (population time T1 <100 ps) and return to v=0 (recovery time > 1ns). These two steps explain the evolution of the oscillations with the waiting time in the photon echo signals. These results discard fluxional rearrangement on the time scale of hundreds of ps in our samples. Dephasing times are of the same order of magnitude as T1: dephasing processes due to the matrix environment are rather inefficient. The photon echo experiments also reveal that intermolecular resonant vibrational energy transfers between guest molecules occur at the hundreds of ps timescale in concentrated samples (guest/host > 10 4 ).

I -INTRODUCTION

Fe(CO)5 iron pentacarbonyl or IPC belongs to the molecular family of transition metal complexes, an important class of molecules for organic synthesis and homogeneous catalysis. [1][2][3][4] IPC has been subject to numerous studies for it is the starting material in the synthesis of organometallic compounds. 5,6 In metal carbonyls, the bonds between the CO groups and the metal atom are attributed to back-bonding between the unoccupied * orbital of CO and d orbitals of the metal. 7 Many theoretical and experimental studies have investigated the interactions between multiple CO ligands and their dynamics, in the condensed phase as well as in the gas phase. [8][9][10][11][12][13][14][15][16][17] Among the dynamical processes of high interest for its chemical consequences is fluxionality, where the molecule undergoes a rapid structural rearrangement between two similar geometries after passing through a transition state having a different geometry. IPC is a textbook example of fluxionality. 18,19 The molecule has a D3h -symmetric structure with two IR-active modes in the CO stretching region: the A2 " mode involves the two axial CO groups, the doubly degenerate E' mode involves mainly the three equatorial CO groups (see Figure 1 left panel). Fluxionality in IPC is usually depicted as a Berry pseudorotation 20 , whereby IPC changes from a trigonal bipyramidal geometry (D3h) to a square-base intermediate geometry with a C4v symmetry before returning to D3h. The result is a 90° rotation of the molecule, with an exchange of the CO groups involved in the A2 " and E' modes, as described in Figure 1, right panel. Progress to understand IPC dynamics is still ongoing. 21 The Berry pseudorotation is made possible thanks to a low energy barrier reaction. Theoretical studies predict values about 9 kJ/mol, [21][22][23] in agreement with liquid experiments where the activation energy of the process was measured. 21,24 A value of ~4 kJ/mol was found in an earlier NMR experiment. 18 The fluxional behaviour was also thought to be responsible for the fast 10 ps relaxation time measured in a femtosecond experiment on gas-phase IPC, 25 by comparison with the value assigned to Berry pseudorotation in liquid phase. 18,24 The question of fluxionality was also addressed in the solid state. Spiess et al estimated a 40µs time constant at 213K in solid IPC for the exchange between the axial and equatorial carbonyl groups. The process slowed down to 170µs at 100 K. 26 This result was discussed by Hanson at al who concluded that the process would have a characteristic time larger than 10ms below 235 K. 27 The molecular dynamics can be very different in the pure solid or in the case of matrix isolation where the molecule is surrounded by an inert environment with weak host-guest interactions. The vibrational dynamics of IPC trapped in cryogenic matrices was not yet explored. The energy barrier is very high to climb at the cryogenic temperatures used in matrix experiments. Moreover, in their photolysis studies with a polarized light Burdett at al. demonstrated that the exchange between the CO groups of ICP was frozen in CO matrices. 28 The exchange of CO between IPC and the matrix during photolysis created a partial ordering of IPC in the sample that did not change during several hours. A lower limit of 2.5 h was deduced for pseudo-rotation to occur at 20K in CO matrices. We thus expect that fluxionality is not at play in other cryogenic matrices.

Metal carbonyls have been widely used to investigate the vibrational dynamics through the study of their IR-active CO stretching modes. Because of their huge vibrational transition moments, these modes are prone to serve as tests for non-linear experiments in the infrared spectral range. In that sense, W(CO)6 is a test molecule. [29][30][31] Metal carbonyls with more than one IR-active CO mode are especially interesting to get dynamical information on the interactions between modes. Transient-absorption, photon echoes or two-dimensional (2D-IR) IR spectroscopies were widely used to solve the dynamics of such molecules. 10,32 Fluxionality is one of the addressed questions. 33,34 Cahoon et al. investigated the fluxional behaviour of IPC in dodecane solvent. 24 They used 2D-IR spectroscopy with a narrowband IR laser pulse as a pump, and a broadband IR laser pulse as a probe at a 1ps time resolution. Their results highlighted the energy transfers between the A2" and E' modes in the tens of ps. The analysis gave evidence that these exchanges of vibrational energies are due to the Berry pseudorotation at a characteristic timescale of 8 ps at room temperature, discarding the other usual process of intramolecular vibrational relaxation (IVR).

Here we propose to investigate the vibrational dynamics of IPC in low-temperature matrix using IR stimulated photon echoes. We are concerned with how the environment influences the dynamics of IPC. Earlier studies reported on the vibrational spectroscopy of IPC in cryogenic matrices but, to our knowledge, there has been no mention of the dynamics of the trapped molecules. Our previous studies of W(CO)6 in matrices by means of linear and non-linear spectroscopy highlighted the influence of the host environment. 35,36 The coherence and the population relaxation times were extracted. The vibrational dynamics were found to depend not only on the host, but also on the trapping site 37 or the lattice phase. 38 In particular, the triple degeneracy of the CO mode probed in W(CO)6 was more or less removed depending on the matrix site, giving access to the vibrational energy transfers between the components of the mode. Exploring the dynamics of IPC is thus interesting in terms of intramolecular relaxation since the two, well-separated, IR-active bands are excited. Compared to the liquid phase, as mentioned before, the cryogenic conditions should slow down the exchange of the CO groups, allowing the study of other mechanisms. We trapped IPC in two different matrices, argon and nitrogen. Nitrogen solids were particularly interesting to explore with W(CO)6 because of the revealed site effects. 37 In this paper, we describe and analyse mainly the results in that solid. After a summary of the methods (experiments and simulations) used in the current work, we give a description of the linear absorption of the samples. We then present the results of the stimulated photon echoes and bring a discussion in the light of the absorption data. An overall discussion follows to underline the main conclusions.

II -METHODS

Sample preparation

Matrix samples were obtained by depositing a gaseous mixture (IPC molecules and a host gas) onto a CaF2 window kept at 20 K of a helium-flow cryostat (Janis). A small stainless-steel tube was filled with few drops of IPC (Sigma Aldrich) and was degassed by several freeze-pump-thaw cycles. The gas host (Ar or N2) from a bottle (Messer 4.5) was flowed over the tube to drive the IPC vapour and to produce the desired gaseous mixture in the deposition tube at the entrance of the cryostat. The gas flow was monitored by a micro-leak. The sample window in the cryostat is perpendicular to the deposition tube. The reservoir filled with IPC was frozen at liquid nitrogen temperature just before deposition to reduce the IPC vapour pressure (21 Torr at room temperature). The IPC/N2(Ar) ratio was varied from 10 -5 for dilute samples to 10 -3 for concentrated samples. Concentration and deposition times were adapted to keep an optical density close to 1 (typically 0.8) for the strongest substructure in the absorption spectrum of IPC.

Liquid samples were also prepared for comparison. Solutions were obtained by dissolving several drops of IPC in a solvent and put in a homemade cell of 1mm thickness equipped with CaF2 windows. We used CCl4 as solvent and typical IPC concentration was 1.10 -3 mol.L -1 .

IR experiments

After deposition, the cryostat was rotated by 90° for IR measurements to have the sample perpendicular to the FTIR globar or the femtosecond laser beam.

FTIR.

The absorption spectra were recorded using an FTIR Mattson spectrometer at 0.25 cm -1 spectral resolution. A switching gold-coated mirror brings the FTIR beam to the sample (cryostat or liquid cell). The FTIR beam being larger than the IR laser used in photon echo measurements, the same sample region was probed in linear and nonlinear experiments. Both types of data were collected with the same nitrogen cooled MCT (mercury cadmium telluride) detector. Time-resolved measurements. Our IR photon echo setup was previously described in detail. 37,38 Briefly, a tunable mid-IR fs pulse was generated by two nonlinear optical stages of an OPA laser system. Typical parameters of the mid-IR were: center frequency: 1980 cm -1 ; bandwidth 150 cm -1 ; duration 140 fs; output ~3 µJ. The OPA was pumped by the 800 nm pulse from a Ti:Sapphire laser/amplifier system (duration 120 fs, repetition rate 1 kHz, and energy 700 µJ/pulse). The output of the mid-IR pulse was split in three beams (k1, k2, and k3 wave vectors) of equivalent energies using two beamsplitters. k2 and k3 beams were delayed with respect to k1 by two optical delay stages. The three beams were made parallel and were focused at the sample by a 150 mm reflected focal length off-axis parabolic mirror in a boxcar geometry. The non-linear signal (ks wavevector) was generated in the ks = k3 + k2 -k1 phase matching direction and focused onto an MCT detector.

The detected signal (quadratic detection) is given by: 𝑆(𝜏, 𝑇) = ∫ 𝑑𝑡|𝑃 (3) 

(𝜏, 𝑇, 𝑡)| 2 ∞ 0 (1)
, called coherence time, is the delay between k1 and k2 pulses, with  >0 when k1 arrives before k2 ; T, called waiting time, is the delay between k3, the last pulse arriving on the sample and the second pulse of the k1, k2 sequence ; P (3) (,T,t) is the third order polarization created in the sample with the wave vector ks.

In short, the S(T) signals at fixed time reflect the evolution of the vibrational populations. The S() signals at fixed time T, where  is varied, provide information on the dephasing processes through the measure of the dephasing time T2. In the following, S(T) at =0 is referred to population relaxation signal, and S() at fixed waiting time T to photon echo signal.

Simulations

In order to extract the information from the time-resolved signals, the third order polarization created in the sample was simulated following the model described in our previous works, 37,38 taking into account the same assumptions.

We consider that IPC occupies different families of sites (f) so that the non-linear response -P (3) (,T,t) is obtained by the sum of the responses of each f family -Pf (3) (,T,t)weighted by their relative population (f). We consider all the Feynman pathways ([Fi]) explored by a sequence of three pulses (k1, k2, k3) delayed in time (with various time ordering) giving rise to a response in the ks = k3 + k2 -k1 direction. The pathways can involve v=0, 1 or 2 vibrational levels, as well as vibrational modes of different frequencies. These pathways are depicted in the Supplementary Material file (SM), Figure S1.

The pathways with i = 1 to 7 correspond to the so-called "rephasing" case, with  >0 and k3 as the last pulse. Pathways with i = 8 to 14, with  <0 and k3 as the last pulse, describe the non-rephasing case.

Pathways with i = 15 to 20 describe the case where k1 is the last pulse. Finally, we calculate: 𝑃 (3) (𝜏, 𝑇, 𝑡) = ∑ 𝛼 𝑓 ∑ 𝑃 𝑓 (3) [𝐹 𝑖 ](𝜏, 𝑇, 𝑡)

𝑚 𝑖=𝑛 𝑓

where Pf (3) [Fi](,T,t) corresponds to the third order polarisation created by one family (f) following one Feynman pathway ([Fi]). n and m depend on the time ordering of the k1, k2, k3 pulses. We mainly followed the work of Ge et al. 39 to express Pf (3) [Fi](,T,t), details are given in SM, Part I. The timeresolved responses are simulated by applying Eqs. (1) and (2) and are compared to the recorded signals. IPC has two IR-active modes in the range of CO stretches: the 6 and the 10 modes (respectively of A2" and E' symmetry). They absorb at 2034 and 2013 cm -1 respectively 40 in the gas phase and are red-shifted to 2022 and 1998 cm -1 in CCl4 solvent (see Figure 2, bottom panel), in agreement with previous works in liquids. 24,41 The bands are well reproduced by two Lorentzian profiles (FWHM of 11 and 8.5 cm -1 for the E' and A2" bands respectively). The area of the E' band is approximatively twice that of the A2" band, in agreement with the double degeneracy of the E' mode. This Lorentzian fit points out the dominant homogeneous contribution of the bands, with a larger homogeneous broadening in CCl4 than in dodecane (bandwidths in dodecane of 6.4 and 4 cm -1 for E' and A2" modes, respectively). 24 The spectrum of IPC is more complex in matrices, as shown in Figure 2, top and middle panels. It presents thin and well resolved bands that can be separated in two sets of bands approximately centred at 2025 and 2003 cm -1 in Ar, and at 2029 and 2001 cm -1 in N2, corresponding to the A2" and E' modes respectively. All these structures reflect the trapping of the molecule in various families of sites. IPC being much larger than a single substitutional site of the argon or nitrogen lattice, it has to remove several hosts to accommodate to the fcc lattice. We assume that IPC can be "contained" in a sphere of 0.75 nmdiameter since the maximum O-O distance is below 0.75 nm according to gas-phase electron diffraction data. 42 It is much larger than the distance between the nearest neighbours in the lattice (~ 0.4 nm). Such trapping sites could induce a lowering of the D3h molecular symmetry to C2v or CS and cause the removal of the degeneracy of the E' mode. It may explain that more bands are observed in matrices, but the main effect is due to the multiplicity of sites.

III -RESULTS

Absorption spectra

There has been little work on the isolation of IPC in cryogenic matrices. Poliakoff et al. 43,44 investigated the effects of the UV photolysis of IPC and irontetracarbonyl in argon and nitrogen, while Swanson et al. 45 examined the effects of temperature annealing. They interpreted the spectral structure in terms of several families of different symmetry sites. Their spectra and our results show similar patterns. In Ar, the main bands are well reproduced, but the relative intensities are found to depend on the sample, and change upon annealing. It is the signature of a variety of trapping sites, some of them being more stable than the others. We did not perform enough systematic annealing studies to describe correctly the most stable sites in argon but a deeper study was carried out in nitrogen.

Table 1. Frequencies, areas and linewidths of the absorption bands of IPC in N2 at 20 K as obtained by lorentzian fits. A, B, C, D letters refer to the assignment in terms of matrix sites, see §3.

In N2 (Figure 2 top panel), the spectrum is clearly divided in three sets at 1997, 2004 and 2029 cm -1 (labelled 1, 2, 3), each of which being itself composed of three or four bands. Set 3 absorbs near the A2 " mode. Sets 1 and 2 result from the degeneracy lift of the E' mode due to a lowering of the molecule symmetry because of an anisotropic matrix environment. We performed some experiments at various concentrations (IPC/N2 ratio between 10 -5 and 10 -4 ). At higher concentrations than that displayed in Figure 2, a very broad feature appears below the narrow structures (see Figure S2 in SM). It is attributed to the formation of aggregates and/or to quite amorphous environment around IPC. It is more or less pronounced depending on the samples. The other effect of the concentration increase is a broadening of all the vibrational bands (see Figure S2 in SM). A very good simulation of the absorption in diluted samples (Figure 2 top panel) is obtained using eight Lorentzian functions: three (narrow) for sets 1 and 2, and two (narrow) for set 3. Each family of trapping sites is expected to present three bands of nearly equal intensity due to the degeneracy lift of the E' mode, one in each set. The intense band in set 3 could thus hide two components so that the whole set of narrow bands reflects the presence of three main families of sites. A fourth family, less intense, can be added to get an even better agreement. Such decomposition is valid for the whole temperature range explored (6 to 30 K). Frequencies, areas and linewidths as obtained from the fits at 20 K are summarized in Table 1. They slightly vary from 6 to 30 K or upon annealing the sample. The maximum spectral shift, observed for the bands at 2029 cm -1 and at 2004 cm -1 , is less than 1 cm -1 . The most significant change is actually seen in the region of set 2 where the sub-structures collapse at higher temperature. These minor changes in the absorption of IPC with temperature and annealing preclude a more detailed assignment in contrast with our previous work on W(CO)6 in nitrogen where the spectra showed large variations with temperature. 37 The assignment of the different families of sites is only obtained through non-linear spectroscopy (see below, §3). Whereas the broad underlying feature in the concentrated samples reflects a wide inhomogeneity, the bandwidth Set of bands nu (cm -1 ) Area (cm -1 ) width (cm -1 ) Assignment of the narrow features could be assigned to homogeneous broadening. The absorption spectrum underlines a dephasing time (T2) longer than 25 ps in the well-structured sites. The time-resolved data will complete this first approach of the vibrational dynamics of IPC in nitrogen matrices. An S(T) decay involving two times suggests a two-step process in the vibrational relaxation. This was observed in the vibrational dynamics studies of gas-phase W(CO)6, 46 and of small acids in cryogenic matrices. 47 A two-step process corresponds to the model used for the simulation (see SM -Part I). In the model, the shortest time corresponds to T1, the population relaxation time of the initially excited state, and the longest decay to the recovery time Tg, i.e. the repopulation time to the ground state. Other possibilities to explain a two-time population decay exist, they will be discussed further. At room temperature, in the liquid phase, Cahoon et al. measured a population relaxation in the 150 ps time scale for both E' and A2" vibrational modes. 24 We find a similar decay of S(T) for IPC in CCl4 (not shown).

Time-resolved signals -General trends

-Coherence time dependence. The S() measurements of stimulated photon echo experiments provide information on the dephasing time when extracting the decay at positive  values. When S() exhibits a symmetric behaviour (S(-) S() ), the non rephasing pathways and the rephasing pathways have similar effects, meaning that the probed vibrational transitions are mainly homogeneously broadened. Such symmetric features were obtained for IPC in CCl4 at room temperature, with a dephasing time of T2=2ps. The homogeneous width h=1/T2 of ~5 cm -1 in CCl4 is effectively close to the bandwidths observed in the absorption (Figure 2 bottom panel). In matrices, the highly structured absorption pattern (Figure 2, top and middle panels) is a proof of inhomogeneity although each substructure can be homogeneously or inhomogeneously broadened. In contrast, they are clearly asymmetric at higher concentration whatever the waiting time (see Figure 5). We know that increasing the concentration induces a higher inhomogeneity because of the increase of long range interactions between the guest molecules, even if the families of sites remain the same. The large amount of signal in the negative parts of S() in Figure 4 shows that the homogeneous part is important in the broadening of individual bands in dilute samples. A rough estimation of the decay leads to T2  30 ps, which corresponds to a mean homogeneous width of ~ 0.35 cm -1 , close to the absorption linewidths deduced from the Lorentzian fits (see Table 1).

Of importance in the S() signals is also the presence of multiple oscillations. In the dilute samples (Figure 4), similar oscillations are observed whatever the waiting time. They are more pronounced at long waiting times (T=160 ps compared to T=40 ps in Figure 4, top panels). The frequencies involved in these oscillations are obtained by Fourier transformation, as shown in the bottom panels of Figure 4.

Each laser pulse can excite all the transitions contained in the absorption spectrum and the third order response can occur at all these transition frequencies. The interferences between all these components produce oscillations in S() at frequencies corresponding to the differences between the emitted frequencies. However, the main oscillations come from the excitations of different transitions in the same molecule, [START_REF] Thon | Dynamique Vibrationnelle de Métaux-Carbonyles Piégés En Matrice Cryogénique[END_REF] because of the additional Feynman pathways explored (pathways Fi with i from 4 to 7 and from 11 to 14, see SM, Part I). We therefore assume that the peaks observed in the Fourier transform of the photon echo signal correspond to "quantum beats" between modes in the same family of molecules. This assumption has been used successfully to assign the IR spectra of IPC in matrices (see below §3). It is assigned to the diagonal anharmonicity: beats between v=0  v=1 and v=1  v=2 transitions appear more easily in concentrated samples where the inhomogeneous broadening is important [START_REF] Merchant | [END_REF]50 and only at T<T1 with the third pulse probing the v=1 population. With an increase of the waiting time, the influence of the pathways involving higher vibrational levels, weighted by 𝑒 -𝑇/𝑇 1 (F3 in the rephasing case, see SM part I.) decreases revealing the underlying "quantum beats", as shown in Figure 5.

Site assignment in nitrogen matrices

The case of IPC trapped in nitrogen matrices at low concentration (Figure 2, top panel) is described here in details. Similar procedures were conducted with the samples at higher concentration and with argon samples. However, the results are less straightforward in these latter cases. Figure 6 shows the infrared spectrum of IPC with its decomposition in Lorentzian functions (top panel) and the Fourier-transformation of the photon echo signal at T=160 ps (bottom panel) in the same nitrogen sample. In the bottom panel, each peak represents the frequency difference between two specific bands of the absorption spectrum displayed in the top panel, assigning these two bands to the same family of sites. Each absorption band is labelled Xk, where X stands for the family of site (A, B, C or D) and k for the band set 1, 2 or 3. Xk/Xl labels in the Fourier transform refer to the frequency difference between the Xl and Xk bands. Combining the absorption data with the peaks extracted from the Fourier-transformation enables a precise assignment of three main families of sites (A, B and C).

The beats coming from the weaker D family are not clearly detected. Detailed assignment in terms of families of sites is given in Table 1.

The parameters obtained from the absorption analysis are then fed into the model described in METHODS and SM -Part I, to simulate the time-resolved signals and obtain more precisely the characteristics of the vibrational dynamics of IPC in matrices.

Analysis of the time-resolved signals by modelling

We take the following quantities from the absorption analysis for the simulation : number of families of sites, weight (f), deduced from the relative areas of the absorption peaks, and transition frequencies for each family. The bandwidths give limits for the homogeneous and inhomogeneous contributions. From the previous considerations, the homogeneous contribution should be predominant in the case of diluted IPC/N2 samples. One can notice that the narrow absorption bands are better described by Lorentzian shapes than by Gaussian or Voigt profiles, even if they are inhomogeneously broadened. Such Lorentzian inhomogeneous broadening may be observed in solids 51 and was clearly detected in the case of W(CO)6 in matrices. 37 The main goal of modelling is to get reliable dynamical characteristics of the vibrational transition of IPC in the matrix. For sake of simplicity, we assume that times T1, T2 and Tg are the same in all the families of sites, although there is no proof of this. In previous studies, we observed a site effect in the vibrational dynamics of W(CO)6 in N2, which we could well reproduce by simulations. 37 There is no evidence for such a behavior in the case of IPC in N2. Including a site dependence in these characteristic times would increase the number of unknown parameters. The resulting T1, T2 and Tg values thus indicate a kind of average over the families of sites. Following this assumption, the inhomogeneous widths (times Ti in the model, see SM Part I) can be deduced from T2 and the measured absorption widths. Hence Ti are site and band dependent.

The model requires the knowledge of additional quantities such as the correlation coefficients cij between the vibrational transitions and a time Tcorr, introduced to characterize the width of the inhomogeneous distribution of the diagonal anharmonicities (see SM Part I). 39 Their influence is weak in the present case since these coefficients are only important in the case of inhomogeneous broadenings. We find that correlation coefficients close to zero give the best agreements with experiments. The model also needs to include the diagonal and off diagonal anharmonicities Dij (see SM-Part I) to take into account the higher vibrational levels. From the of S() signals of the concentrated samples we can extract one diagonal anharmonicity, i.e. Dii = 15.2 ± 0.7 cm -1 (see above in section 2). We note that the agreement for IPC with literature is less satisfactory than for our work on W(CO)6 37,38 . Indeed, Jones et al. reported diagonal anharmonic shifts of 11 and 13 cm -1 for 10 (E') and 6 (A2") modes 40 for IPC from their IR spectrum in the gas-phase. More recently, Cahoon et al. 24 measured values of ~12 cm -1 and ~15.0 cm -1 for E' and A2" modes respectively by 2D spectroscopy in dodecane solvent. We have retained the 15.2 cm -1 value measured in our experiments for our simulation. In their gas-phase studies, Jones et al. 40 measured a band which could be assigned to the combination of E' and A2" modes at a frequency very close to indicating a very weak coupling between the two modes. Such a result is not surprising because the CO groups involved in the two modes are different. A theoretical estimation of Cahoon et al. 24 also yielded a very weak coupling (0.6 cm -1 ) and we therefore used the same value in the reported simulations. Here in cryogenic matrices, the degeneracy of the E' mode is removed, leading to complex band structures in sets 1 and 2. We do not know the value of the anharmonic shift between them but we do not expect a weak value since (i) the two vibrations involve common CO groups, and (ii) their energy difference is quite small. We have chosen a value of D12=12 cm -1 but we find that the simulations are not very sensitive to this parameter providing it is not zero.

Having set these constraints, the time-resolved signals are simulated for a specific sample and at a specific temperature with the use of the same parameters for the S(T) and S() signals at various T waiting times. The comparison between the simulations and the experimental data allows us to obtain the characteristic dynamical times and their temperature dependence. Figures 3 and4 show the simulations obtained (red solid lines) in a dilute IPC/N2 sample at 20K. The agreement with all the experimental S() curves -whatever the waiting times from 0 to 250 ps -and with S(yieldsT2=29±3 ps, T1=23±4 ps and Tg≥2.5 ns. We find a temperature dependence for T2 dephasing times, which increase from 29±3 ps to 40±5 ps as temperature decreases from 20 K to 8 K.

In particular, the model reproduces very well the global behaviour of the "quantum beats" with T, as shown in the Fourier transformations depicted in Figure 4 (bottom panels) and in Figure S4 (SM): the T dependencies in the experimental and simulated signals highlight the enhancement of the peaks with T, with a stronger increase of the highest frequency peaks.

Photon echo experiments of IPC were also conducted in Ar matrices at 25K. Unfortunately, the signal to noise ratio was not good enough to allow a deep analysis of the data. However, we can draw some tendencies by comparing the behavior of IPC in Ar and in N2. First of all, the analysis of the absorption spectrum in terms of families of sites deduced from the Fourier transform of S(signals is less straightforward in Ar than in N2. Consequently, the frequency assignments, which are necessary inputs for the simulation, are less robust. Nevertheless, we succeeded to simulate correctly the T dependence of S((see Figure S5 in SM). As in the case of N2, two relaxation times can be deduced: T1, the relaxation of the excited state and Tg , which reflects the cooling process back to the ground state. The model gives: T1=50±10 ps, Tg ≥ 1 ns and T2=80±10 ps. Times T1 and T2 are much longer in Ar at 25K than in N2 at 20K. The relation T2 = 2 T1, obtained when external sources of dephasing are weak, is almost verified.

Concentration effects -spectral diffusion

Figure 5 shows very different behaviours in the S() signals in the concentrated samples. We applied the same methodology to analyse the signals. Due to the increased concentration, the absorption features are broadened (see Figure S2 in SM). We simplified the analysis of the absorption spectrum by considering only two families of sites, with important inhomogeneous contributions to the bandwidths. The required quantities to feed into the model are (i) the positions and widths taken from the fits of the IR spectrum and (ii) the T2, T1, Tg, Dij parameters, identical to those determined for diluted samples (see previous part, §4). At T≤ 20 ps, the model fits well the experimental curve (see Figure S3, left panel in SM). Quantum beats due to the diagonal anharmonicity (Dii) are well reproduced. However, the model fails at reproducing the experimental data at long T times (see red line in Figure 7a). The experimental signal seems to have two components, showing strong oscillations around  = 0, then followed by a long decay of lower intensity. In matrices, spectral diffusion is due to the intermolecular vibrational transfers (resonant V-V transfers) resulting from multipolar (dipole-dipole) interactions between the guest species. 52,54 Td may be expressed in terms of the characteristic time of vibrational transfers T VV in the sample: T VV = Td 2 /T. 54 These V-V transfers are much more efficient in concentrated samples than in diluted ones. We determined a value of T VV = 240 ps for the high-concentration sample shown in Figure 7. We did not observe any spectral diffusion in diluted samples (IPC/N2 = 1.5 10 -5 ). It is not surprising because the bands are mainly homogeneously broadened. ) 𝑇 𝑖 𝑐 2 where c is the concentration, Ti the time characterizing the inhomogeneous width and f a function of the ratio between the inhomogeneous and homogeneous contributions, described in ref. 54 . In the diluted sample, c is ten times weaker, Ti is 30 times longer, and the f function 5 times stronger than in the sample explored in Figure 7, giving a T VV time 16 times longer, i.e. T VV ~ 4 ns in the diluted sample. Although not all parameters involved in the expression of T VV are known with accuracy, a difference of at least one order of magnitude is expected. This result is in full agreement with the absence of spectral diffusion in the time-resolved experiments on the diluted sample.

IV -DISCUSSION

1. Absorption of IPC in matrices and site effects.

As shown in Figure 2, the absorption bands of the CO stretching modes of IPC are highly structured in matrices while only two bands are present in the gas phase. Brown et al. studied the absorption spectrum of IPC in the region of Fe-C stretches (400-500 cm -1 ) in Ar and N2 matrices and they observed similarly at least 7 bands in Ar and 6 in N2 while only two bands are present in the gas phase. 55 We rationalize the features observed in matrices in terms of families of sites. Even the non-degenerate A2" band can be decomposed in several narrow bands. Obviously, IPC is trapped in various lattice sites, taking the place of several hosts, as mentioned previously. In Ar, our results are in agreement with previous works 43,45 and there is a possibility of keeping the molecular D3h symmetry in specific sites whereas the removal of degeneracy in the E' band in other sites is a signature of a lower local symmetry. In N2, the E' degeneracy is lifted in all the families of sites exhibiting narrow components. The difference between the two hosts could be due to stronger interactions between the N2 molecular host and IPC inducing a lowering of the symmetry whatever the trapping site.

In many matrix samples, broad features are observed below the narrow bands, and are assigned to amorphous sites. Their intensities are concentration dependent. The narrow bands are thus characteristic of the lattice sites. Thanks to the analysis of the time-resolved signals, we can sort the narrow components by family of sites. The inhomogeneous part of each narrow structure depends on the concentration and the matrix. It is more predominant in Ar than in N2 with a smaller homogeneous width in Ar (0.13 cm -1 ) than in N2 (0.35 cm -1 ) at 20-25 K.

In our previous work on W(CO)6 in matrices the spectra in the CO stretching region were also highly structured. They were explained in terms of various families of sites of different symmetries. 36 Each individual bandwidth is narrower than 1 cm -1 in W(CO)6 and IPC, but the number of families of sites is smaller in the case of the former. This is correlated to the high symmetry of W(CO)6 that prevents the molecule to be trapped into odd sites. Moreover, it was possible to keep the Oh molecular symmetry in specific sites of the nitrogen matrix. 37 In contrast, the IPC molecular symmetry is always lowered in nitrogen matrices. One can also notice that in Ar and in N2, the homogeneous width of IPC is larger than that of W(CO)6, indicating a stronger coupling with phonons, and thus higher interactions with the matrix environment.

Relaxation processes

The population relaxation is obviously non-monoexponential in matrices (see Figure 3 for example). We assume a two-step process consisting of a rapid relaxation of the vibrational excited state (T1) followed by slow repopulation to the ground state (Tg) for all the families of sites. The hypothesis of different families of sites having different lifetimes to explain the multiexponential decay has been discarded. The similarities in terms of absorption bandwidths and temperature behaviors of all the families are not in favor of such assumption. Moreover, we performed some simulations with a short lifetime for one or two families of sites and a long lifetime for the other families. While the decay of S(T) depicted in Figure 3a can be well reproduced with a short lifetime of 20-25 ps and a long lifetime of > 2 ns, it was impossible, as expected, to reproduce the behavior of the S() photon echo signals depicted in Figure 4. This result therefore reinforces the exclusion of this hypothesis. We thus consider a two-step process for the population relaxation in all the families of sites.

A comparison between IPC and W(CO)6 may help understand this two-step process. Nonmonoexponential decays were observed in the population relaxation of the CO stretching modes of W(CO)6 embedded in matrices. 36 They also involve a long component in the nanosecond range, but they show a short component in the hundreds of ps, which was temperature independent. Energy transfers to overtones or combination modes could be at play for the first step (T1). In IPC, the characteristic time of the first step is reduced to ~25ps at 20K. In both transition metal complexes trapped in nitrogen matrices, relaxation back to the ground state is a much slower process (> 1 ns) that cannot be precisely determined in our experimental conditions. This long process would correlate with the cooling of the molecular system from "hot" molecules, excited in vibrational modes of low energy and/or coupled with the excited phonon bath, to the system in its ground state. 46,47 T1 population relaxation time is much shorter in N2 for IPC than for W(CO)6 (25 ps and 180 ps at 20 K respectively). Iron is nearly three-fold lighter than tungsten (MFe=55.8 g/mol, MW=183.84 g/mol). The vibrational modes involving Fe are therefore at higher energy than those involving W. According to earlier work of Edgell et al., 56 the Fe-CO bending and the Fe-C stretching modes absorb near 650 and 450 cm -1 with respect to 500 and 380 cm -1 for W(CO)6. 57 In the case of W(CO)6 the relaxation could take place through at least four quanta of the bending mode compared to three quanta required for IPC. Hence energy transfer to lower frequency modes may be more efficient in the case of IPC, explaining a shorter T1 time. Note that such relaxation is probably a phonon-assisted process and the temperature dependence of T1 in nitrogen is in favor of the inference of phonons in the relaxation.

However, these T1 times are surprisingly shorter than the relaxation measured in solution (154 ps in dodecane, 24 longer than 100 ps in CCl4, see part Results - §III.2.). The same puzzling measurements were obtained with W(CO)6/N2 (T1 = 180 ps in N2 vs T1 = 700 ps in CCl4) and another process that involves population transfers between CO stretching modes as a first step was suggested. 37 The relaxation time from the CO stretches manifold could stay long while the short time measured would come from the influence of characteristic transfer times. Including these "jumps" from one vibrational level to another in the CO stretching mode manifold during the waiting time strongly modifies the equations used for the simulation and such modelling is not considered in the paper. Cahoon et al. followed the kinetics of energy transfers between CO stretching modes of IPC in solution by 2D-IR spectroscopy, tracking the evolution of the off-diagonal peaks with the waiting time. 24 The observed energy transfers due to fluxionality increase the ratio of the off-diagonal to diagonal peak intensities in their 2D-IR maps. In our experiments, they could be responsible for the observed enhancement of the quantum beats in S() signals when the waiting time increases. Cahoon et al. measured a characteristic time of 8 ps at room temperature with a strong temperature dependence (4.6 ps at 90°C). Their analysis concluded to assign this kinetics to IPC fluxionality (via Berry pseudorotation). Of course, the extrapolation of their values to cryogenic temperatures would give dynamics of many orders of magnitudes higher than the picosecond range explored in our experiments. It is in agreement with previous experiments in CO matrices where pseudorotation was found to be frozen. 28 Besides, the present absorption spectra of IPC in matrices and especially in N2 shows quite strong guest/host interactions (degeneracy removal, dependence of the vibrational frequencies on the trapping sites) that would also prevent chemical exchanges. We conclude that fluxionality is not at play in matrices.

Intramolecular vibrational redistribution (IVR) may be an alternative explanation to the existence of energy transfers between CO stretching modes. Cahoon et al. discarded this hypothesis in their experiments because of a mismatch in the temperature dependence of the kinetics and by comparison with other systems giving IVR in the picosecond range with larger coupling between CO modes. 24 In matrices, the energy gaps between CO stretching modes ( 7,  25 and  32 cm -1 ) lie in the phonon energy range so that phonon-assisted energy transfers between the vibrational modes cannot be excluded. However, a rough estimation of the numbers of phonons to involve in the process shows that an increase of its efficiency of at least one or two orders of magnitude from 6 to 20 K would be expected whereas the characteristic time measured in our experiment decreases by less than a factor of three. Vibrational population transfers by IVR do not seem to give a correct explanation, but we don't have enough experimental data to conclude. Moreover, our model is not accurate to link this measured time to a phonon-assisted IVR process. Further work is required to check if this process can occur or not.

Nevertheless, we obtain a very good agreement between the simulated time-resolved signals within the simplified model described in METHODS. In particular, the two-step process of the population relaxation, in terms of T1 and Tg, allows a very nice prediction of both S(T) and S() signals. In the model, that excludes vibrational energy transfers during the waiting time, quantum beats are observed more clearly in S() when T increases because of the loss of Feymann pathways involving overtone and combination modes in the calculation of the third order polarization. At long T, pathways weighted by 𝑒 -𝑇/𝑇 𝑔 become predominant because other pathways are weighted by 𝑒 -𝑇/𝑇 1 (or 𝑒 -2𝑇/𝑇 2 ) (see SM, Part I) and T1<<Tg (T2<<Tg). For example, in the rephasing process, at short T times, pathways F4 and F5 (see SM) can have very similar contributions to the total polarization P (3) (,T,t). As they act with opposite signs, the addition of the two pathways decreases the effect of these cross pathways inducing quantum beats. In contrast, at long T time, the contribution of F5 becomes weaker because of the 𝑒 -𝑇/𝑇 1 factor, and the quantum beats are more visible. In the same manner, the model also reproduces very well the fact that the beats between sets 1 and 2 are less impacted by a lengthening of T than beats between sets 1 and 3, and 2 and 3 (see the intensities or the corresponding peaks in the Fourier-transforms of Figure 4 bottom panels). It is explained in the model by the weak value of the off-diagonal anharmonicities D13 and D23 between E' and A2 " modes, which are close to 0, compared to the offdiagonal D12 value that corresponds to the degeneracy removal of the E' component -(see formula of Pk(,T,t) in SM). Figure S4 in SM shows directly this behavior in the experimental data, well reproduced by modelling.

The dephasing times are longer in Ar than in N2, as was found in the case of W(CO)6 in matrices. 35,36 In contrast to W(CO)6, the vibrational dephasing of IPC in matrices is mainly governed by the population relaxation process with T2 times being close to 2T1. Pure dephasing processes, characterized by a dephasing time T2* (1/T2=1/2T1+1/T2*), are slightly more efficient in N2 than in Ar. The temperature effect on T2, studied in IPC/N2 samples, is weak in the range explored, even weaker than the temperature dependence of T1. The data extracted from the signals are not accurate enough to allow a deeper discussion on the dephasing processes induced by the environment. We conclude that the phonon bath is mainly at play in the population relaxation, and is more efficient in N2 than in Ar. A site selective study would help in the investigation of the phonon-assisted processes.

Limitations of the study

The present experiment gives access to the third order polarization of the samples via a quadratic detection. As the number of Feynman pathways shows, we lose lot of information since we cannot access the phase of this polarization. In these conditions, we had to constrain several assumptions in our modelling to extract the main physical trends and avoid too many unknown parameters. In particular, global characteristic times (T1, T2) are used here while our previous studies of W(CO)6 in matrices accounted for more specific times highlighting the site dependence of these parameters. 37,38 The access to the phase can be obtained through a heterodyne detection of the third order polarization as implemented in 2D-IR experiments where the 2D spectral maps are achieved through a double Fourier transformation along and t of the P (3) (,T,t) time-resolved signals. We plan to build such a 2D-IR setup. It should directly provide information on unknown parameters such as the anharmonic shifts (Dij)note that only one value was obtained experimentally in the present study. The spectral resolution will allow us to check whether all the families of sites show a similar temporal behaviour or not. Importantly, 2D IR results should give a clear answer on the population relaxation processes. According to the modelling, the peaks involving overtones or combination modes are expected to vanish while the waiting time increases. Indeed the relative evolution of these peaks with T as recorded in 2D maps will confirm (or not) if our assumption of a two-step relaxation process occurs or if the populations relax in a onestep process (T1=Tg) as measured in solution. 24 

V -CONCLUSION

When isolated in argon or nitrogen matrices, IPC occupies various families of trapping sites giving rise to very structured infrared spectra. The study is focused on the spectroscopy and the dynamics of the CO stretching modes. There are two infrared active modes (A2" and E' modes in the D3h symmetry of the molecule) in this range. The double degeneracy of the E' mode is removed in almost all the matrix sites. In nitrogen, the spectroscopic pattern is clearly divided into three structured band features. We succeeded to disentangle the absorption structure by using stimulated photon echoes. The photon echo signals exhibit oscillations due to the combination of the coherent responses of the three components. The corresponding frequencies correlate with to the frequency gaps between these components in each family of site.

We observed an evolution of the stimulated photon echo signals as a function of the waiting time (T, delay between the two last pulses). The observed oscillations become more visible when T increases. On the other hand, the time-resolved signals as a function of T (with the two first pulses arriving at the same time) which reproduces the relaxation of vibrational populations, shows a non mono-exponential behaviour. We used a simple model to simulate the time-resolved signals. The characteristic times T1, T2 and Tg are all together optimized to simulate the experimental results. The model reproduces very well all the observed temporal behaviours. It assumes a two-step population relaxation with a short relaxation time of the vibrationally excited state (T1) and a much longer decay reflecting the relaxation back to the ground state (Tg). The model discards the mechanisms of fluxionality or IVR processes, which are usually at play in solution. An additional process is observed in concentrated samples: resonant vibrational transfers between trapped molecules due to dipole-dipole interactions (VV transfers).

Consequently, the vibrational dynamics of the CO stretching modes of IPC in cryogenic matrices is very different from that in solution at room temperature. The intramolecular exchanges between the CO groups, which were observed in liquid phase are frozen in matrix conditions. The pathways for the population relaxation are different. They involve phonons to enhance a first step to other vibrational levels in matrices, while they involve the vibrational levels of both solute and solvent to equalize T1 and Tg in solutions. The temperature dependence of T1 highlights a phonon-assisted process that is more efficient in IPC than in W(CO)6 in matrices, in agreement with the shorter T1 times measured in the case of IPC. Linear as well as non-linear spectroscopy in nitrogen matrices show stronger matrix effects on IPC than on W(CO)6. Trapping IPC in nitrogen significantly disturbs the lattice arrangement whereas the Oh symmetry of W(CO)6 may fit in specific high symmetry sites of the fcc lattice. 37 This study shows that IPC in matrices offers a wealth of information to be explored by non-linear spectroscopy due to the number of site families it occupies and to the different natures of the CO modes that are being probed. Going one-step further would require measuring the vibrational dynamics through 2D-IR spectroscopic techniques to exploit fully the richness of the non-linear results that are lacking in the present quadratic detection. We plan to conduct 2D-IR measurements that will bring a clear-cut answer to the issues linked to the site-dependence of some parameters and to the population relaxation.

SUPPLEMENTARY MATERIAL

See the Supplementary Material file for the details on the method used in the simulation and for additional data.

Figure 1 .

 1 Figure 1. Left: schematic representation of the E' and A2" CO stretch vibrational modes of Fe(CO)5 -IPC -in the D3h symmetry group; E' mode is doubly degenerate. Right: schematic view of the Berry pseudorotation: the equatorial plane of the molecule (yellow triangle) rotates by 90° in the fluxional process from (a) to (b).

Figure 2 .

 2 Figure 2. Absorption spectra (arbitrary units) of IPC in N2 at 20 K (top), in Ar at 20K (middle) and in CCl4 at room temperature with mode symmetries (bottom). The guest/host ratio is 10 -5 in Ar and 1.5.10 -5 in N2. 1, 2, 3 refer to the labelling of the sets of bands in IPC/ N2 used in the text.

  Waiting time dependence. The S(T) component of the time-resolved signals at =0 gives access to the relaxation of the vibrational populations. Typical signal in nitrogen matrix, here at 20 K, is depicted in Figure 3a. The decay is clearly non mono-exponential, one can distinguish (at least) two components. As shown in Figure 3b comparing the S(T) curve at 8 and 20 K the shortest component becomes longer at low temperature. The exploration of the T time is limited to hundreds of ps. In these conditions, we cannot precisely measure the longest component. The experimental decays are well-reproduced (at any temperature) with a long component of more than 2 ns. The short component is roughly twice or three times longer at 6 K than at 20 K. No temperature study was performed in argon matrices, but the S(T) data obtained at 25 K exhibit exactly the same behaviour as in nitrogen: a long component (>1 ns) and and a faster tens of ps decay.

Figure 3 :

 3 Figure 3: a) S(T) signal of IPC in N2 at =0 at 20 K (experimental in black and simulated in red). Parameters of the simulation are T2 = 29 ps, T1 = 25 ps at 20 K, Tg =3 ns (see text). b) Normalized S(T) signals at 20 K and 8 K (black and blue resp.)-note that the signals are normalized to the tail. Intensity of S(T) in arbitrary units.

Figure 4 .

 4 Figure 4. Top: S() photon echo signals for IPC in N2 at 20 K at T= 40 ps and T=160 ps. Bottom: square of the Fourier-transform amplitude of S(). Experimental signals in black, simulated responses in red with T1=25 ps, T2=29 ps and Tg= 3 ns.

Figure 4 (

 4 Figure 4 (top panels) shows typical photon echo signals measured in nitrogen matrices at 20 K in dilute samples -such as shown in Figure 2-at two waiting times T = 40 ps and T=160 ps. Both signals exhibit rather symmetric profiles.In contrast, they are clearly asymmetric at higher concentration whatever the waiting time (see Figure5). We know that increasing the concentration induces a higher inhomogeneity because of the increase of long range interactions between the guest molecules, even if the families of sites remain the same. The large amount of signal in the negative parts of S() in Figure4shows that the homogeneous part is important in the broadening of individual bands in dilute samples. A rough

Figure 5 .

 5 Figure 5. S() photon echo signals of IPC in N2 at 20 K in concentrated conditions (IPC/N2=1.2 10 -4 ) recorded at different waiting times T.

Figure 6 .

 6 Figure 6. (top) Absorption spectrum of IPC in N2 at 20 K. The experimental spectrum (black) is fitted by several lorentzian lines (green), the sum of which is red. 4 well-defined families of sites are taken into account, 3 main ones, of comparable populations, labelled A, B and C, and a 4 th weak one -D. (bottom) Square of the Fourier-transform of S() signal recorded at T=160 ps. It gives the frequency difference between the absorption bands of IPC. See text andTable 1 for labelling.

Figure 7 :

 7 Figure 7: Black solid lines: photon echo signal for IPC in N2 at 20K, T=120 ps, in a concentrated sample (IPC/N2 ratio=1.2 10 -4 ). Red solid lines: simulated signals without (a) and with (b) spectral diffusion.

  Broquier et al. proposed an expression of T VV allowing rough estimations of this time in various samples:54 𝑇 𝑉𝑉 ∝

	𝑓(	𝑇 𝑖 𝑇 2

ACKNOWLEDGMENTS

This research was supported by the RTRA Triangle de la Physique grant no. 2012-053T DYMA. The authors are grateful to Bernard Bourguignon and Aimeric Ouvrard for the use of the femtosecond laser system and for their technical support.

DATA AVAILABILITY

The data that support the findings of this study are available within the article and its supplementary material. Additional data are available from the corresponding author upon reasonable request.