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Abstract: Light-induced excited spin state trapping (LIESST) in iron(Il) spin-crossover compounds, i.e., the light-induced
population of the high-spin (S=2) state below the thermal transition temperature, was discovered thirty years ago. For
irradiation into metal-ligand charge transfer (MLCT) bands of the low-spin (S=0) species the acknowledged sequence takes
the system from the initially excited "MLCT to the high-spin state via the SMLCT state within ~150 fs, thereby bypassing low-
lying ligand-field (LF) states. Nevertheless, these play role, as borne out by the observation of LIESST and reverse-LIESST
on irradiation directly into the LF bands for systems with only high-energy MLCT states. Herein we elucidate the ultrafast
reverse-LIESST pathway by identifying the lowest energy S=1 LF state as intermediate state with a lifetime of 39 ps for the
light-induced high-spin to low-spin conversion on irradiation into the spin-allowed LF transition of the high-spin speciesin
the NIR.

In 1982 McGarvey and Lawthers reported that the equilibrietwéen the spin states of iron(ll) spin-crossover complexes
in solution at around room temperature can be photophysicattyriped via irradiation into the intense spin and parity
allowed metal-ligand charge transféM{CT) absorption bands of the low-spin (LS) speie3his was followed by the
discovery of light-induced excited spin state trapping (LIESSTheérsolid statethat is, the population of the high-spin (HS)
state as long-lived metastable state at low temperature upon irradiationeirtbatiie mentionetMLCT bands as well as
into ligand-field (LF) band¥! Initially, these effects served to study H8(°T(t,g'e,2)) IT LS(*As(tzy”)) relaxation dynamics

in solutiod® as well as in the solid state, where cooperative effects are ofsirﬁie

Ultrafast pump-probe spectroscopy including structural probémn(ll) spin-crossové? and low-spin complex&in
solution with low-lying MLCT states showed that the double intersysterssing from the initially excitetMILCT state to
the HS state occurs with quantum efficiencies near unity, takes~ds§ fs, and proceeds via tARILCT state, this
bypassing the low-lying singlet and triplet LF states. For irradiation intb"Mh€T bands Changt al.l”? laid the theoretical
base for this, and Collet al.®! showed that at short delays this sequence of events is alsooratltefsolid state, that,
however, due to the elastic interactions, lattice dynamics result in impaftaneffects. In a recent study on a HS complex
in solution at room temperature, Ga#¢al.”® showed that upon irradiation into the weaReiLCT band,the LS state
becomes likewise populated through MLCT intersystem crossing.

The role of LF states in transition metal photophysics %o$ydtems such as ruthenium(ll) and iron(ll) complexes is
nevertheless crucial, and that they are by no means innocent ésdadgrhy the discovery of LIESST upon irradiation into
the spin-allowed LF absorption bands of the LS speoieshe spin-crossover compound [Fe(pi@F.), (ptz = 1-
propyltetrazole), which has no low-energy MLCT stétetn Figure 1 the spin-allowed and the spin-forbidden LF transition



of both the LS and the HS species are assighad study also revealed that the thermal relaxation from the trapped HS state
sets in at around 50 K, and that at 10 K the trapped system qamiped back to the LS state by irradiation into the spin
allowed LF band of the HS species in the near IR (reverse LIEEST).

Based on the experimentally determined values of the overall quafficsiancies of LIESST and reverse-LIESST at 10
K of 0.8 and 0.1 in [Fe(ptg)BF,),, respectively, and the fact that LIESST is also observed on irradiationydirgotithe
spin-forbidden transitions of the LS species, the scheme for theediffight-induced processes in Figure 2 was proposed
andavalue of 4:1 was estimated for tfg—°T,/*T;—'A; branching ratio at 10 K!

For the neat title compound, the near IR and visible spectral rediounsisiominated by the weak LF transitions, the rise
to the intense MLCT bands being observed only above 30030 Ene latter can be conveniently studied in a dilute mixed
crystal of composition [Zn,Fe(ptz)](BF,),, x = 0.01 The corresponding absorption spectrum, included in Figuis 1,
strongly temperature dependent. The intense low-temperature bandevidibgorption maximum at lower energy can be
readily assigned to th#MLCT transition of the LS species. As the thermal population ofHBestate sets in, it looses
intensity, till at room temperature it is entirely replaced by the welke€T band of the HS species centred at slightly
higher energy. The intensity of th@ILCT band at the band maximum thus monitors the HS fragtigeffectively. Figure 3
shows the thermal spin transition curves with a gradual transition arqurd9P K for the dilute system and af;I= 125K
for the[4t]1igh-symmetry crystallographic ph8eof the neat title compound. The latter is much steeper dueopemative
effects:

LIESST and reverse-LIESST can be used to record[HSSS relaxation curves as shown in Figures 4a and b for
irradiation at 488 nm (20500 ¢thand 104 K, and at 830 nm (12050 Ynand 120 K for [ZaFe(ptz)](BFa)2 x = 0.1,
respectively. For the former, the bleaching of the first spin-allowetransition of the LS species at 530 nm (18800)cm
was monitored. For the latter, the transient absorption ofNIET band at 305 nm (32790 ¢hallowed for a sensitive
detection of the light-induced LS population. Figure 4c showsltBerved H3] LS relaxation rate constands= kq. + ke
on a logarithmic scale against Hetermined via LIESST below 120 K and via reverse LIESST from 1100td<1i@ the
same system. Above 160 K, the quantum efficiency for revers8STEapidly drops to zero. The observed relaxation rate
constant spans 12 orders of magnitude in the experimentaigsiole temperature range. At high temperature the relaxation
is thermally activated, whereas at low temperatures it tends towanssngum mechanical tunnelling process witps k&
ku (T—0) < 10° 11

With the above, the optimal conditions for ultrafast pump-profperments can be assessed. They were thus performed at
125 K on a mixed crystal with x = 0.1. This temperature veeifically chosen because at 125 K the equilibrium HS
fraction is ~85%, and the reverse-LIESST quantum efficiency is st8bredly high, so that pumping at 830 nm can be
expected to be as effective as possible. At the same time theLi3Selaxation occurs within ~0.3 ms allowingeto work
at the full repetition rate of 1 kHz of the laser system in order tkemee of efficient signal averagifif. For the
comparatively high value of x, a very small light-indude®i fraction gives rise to a sizeable signal at the maximum of the
intense’MLCT absorption. Thus the low absorption cross section at the exuitativelength is compensated by the high
concentration and the sensitivity to the transient population of the LS ssthéepobe wavelength of 300n. Since at 125 K
the low-spin fraction is still 15%, the same experimental conditian$e maintained for LIESST irradiation at 530 nm.
Figure 5a shows the kinetic traceAd®D at 300 nm following 100 fs irradiation of [ZrFe(ptz)s](BF4),, X = 0.1, at 830
nm, that is, into the spin-allowedr,—°E LF transition of the HS stategf, = 5 M'cm?). Immediately following the
excitation pulse, a sharp and strong transient absorption peadeivet, which decays with a time constant;cf 1.7(2) ps
(see inset) to a minimum, from which the absorption increases aghima wihe constant, = 39(3) ps. The plateau reached
at the end of the rise does not decay within the range afittiadast setup. It thus corresponds to the excited state absorption
(ESA) of the light-induced population of the !&¢) state decaying with the above mentioned time constant oh€.The
39 ps of the rise to the plateau therefore correspond to the arrivahtithe LStA,) state The instrumental response
function (IRF) of the setups 150 fs, the decay of the initial signal within 1.7 ps is thereforeargh the minimum in the
transient signal corresponds to the population of an intermediate state. Abligewavelength of 300 nm, the vertical
IMLCT transition from the LS@,) state has the highest extinction coefficient because this state has the shetetebgand
bond length, but as the quantum efficiency of reverse-LIESST is tpwit and decreasing with increasing temperature, the
amplitude of the plateau corresponding to its light-induced Iptipn is not very large. The initially excited state by the laser
pulse is theSE(tzg3eg3) LF state. In the Franck-Condon state at time zero, its MLCT transitiexpiected to have an
extinction coefficient in the range of tABILCT transition from the HST,) state but to occur at lower energy (see Figures 1
and 2) that s, at around 30°000 cm™, and is thus monitored at the probe wavelength. It decays ei¢hieternal conversion
back to the HST,) state or to the intermediate stéBased on energetic and geometric considerations, the intermediate state
of lower energy than théE state can only be thy(t,se,") LF staté™ The transient signal at very short times thus
corresponds to ESA from the it state and its fast decay to a combination of vibrational apdtiternal conversion and
intersystem crossing. Only the last one will result in the transient ESA atiniraum, and this therefore corresponds to the
SMLCT absorption from th&T,, which is spin-allowed and has an extinction coefficient that is intéatecoetween the ones
of the spin-allowedMLCT and*MLCT bands from their respective LF states. The 39 ps are mugerldhan vibrational
cooling in the solid state, therefore the second step in thedeascaurs from the thermally relaxed intermediate state.



Figure 5b shows the kinetic trace&BD at 300 nm following 100 fs irradiation of [ZgFe(ptz)](BF.)2, x = 0.1, at 530
nm, that is, into the spin-alloweld\;—T; LF transition of the LS stategf, = 25 M'cm?). The ESA signal at t = 0 is
attributed to absorption from the hik, state. It decays with a time constant< IRF of the setup, and is replaced by a
negative signal. Bleaching must be attributed to the instantaneplesiale of the LS fraction from its equilibrium value of
15% at 125 K, as the L%X,) state is the most strongly absorbing species present, except for absgtiche hot'T;
state A second, slower process with a time constant 1.2(2) ps leads to a still more negative signal, which persists for the
duration of the experiment and decays with the time constarti.8fms of the H$[ LS relaxation at 125 KDoes the slower
process indicate population of an intermediate state or does it correspahcatmnal cooling in the HS state as the final
state of the fast relaxation cascade? Given that (ifNHeCT intensity at the probe wavelength is much lower than the
IMLCT intensity, (ii) ®MLCT intensities from triplet states are expected to be in between theanso(iii) the overall
quantum efficiency of the light-induced £8HS conversion is high, the former is more probable. However, thpslaze
much shorter than the 39 ps attributed to the lifetime o?'[hgetatein reverse-LIESST, and therefore this state cannot be the
intermediate state for LIESST upon LF excitatidscording to Ordejon et &Y direct'T;—°T, intersystem crossing with
AS = 2 is unlikely because of very weak spin-orbit couplirntvéen theetwo states. But spin-orbit coupling in conjunction
with vibronic coupling toa non-totally symmetric mode couples the higher-enéfigystate quite strongly, and indeed more
strongly than théT; state, to théT; statel!¥! The T, state, in turn, is strongly coupled to e state, and thus it is the
natural candidate as intermediate state for LIESST via LF excitation.

Do the above results verify the picture proposed in Réfor does it need modifying? Qualitatlyethe picture remains
valid, the low-lying triplet LF states do play a role in the photophysigakf [Fe(ptz)](BF,),, and at least for reverse-
LIESST, the double intersystem crossing is sequential. The individuauguafficiencies, and possibly the branching ratio
at the®T, state given in that reference may need to be revised. These svereddbased on the observation of overall
quantum efficien@s and the assumption that all intersystem crossing processes follow Fermi’s Golden Rule, that is, that
vibrational cooling in each state is faster than its lifetime, and thatfaherigs fate is not influenced by the way it is
populated. This is correct for ti&, state when populated with little excess energy via reverse-LIEB&Tis, from theE
state uporiT,—°E excitation. Its lifetime is longer than vibrational cooling, #malbranching ratio is expected to follow the
semi-classical behaviour of a non-adiabatic multi-phonon pramessring between two well-defined Born-Oppenheimer
stated!? as also found for the HSLS relaxation itself. The fact that the action spectrum for revdiS8ST follows the
T,—°E absorption bant#, indicates that the probabilities for the first step are likewise weiheldf This is no longer the
case for irradiation into the spin-allowé8l;—T; LF transition of the LS species. The relaxation from the initially edcite
T, to the®T, state is as fast as for excitation into #LCT bands in the above-mentioned systems. Vibronic coupling
between the excited states leads to a breakdown of the Born-@ppentapproximation. The electronic and the nuclear
wave functions are strongly coupled during the process. The tipket(s) cannot be identified as true intermediate states,
they only serve as mediators dynamically mixed into the electronitidunas the system evolves. For a full-scale study we
will expand our investigations to different probe wavelengths in thewhich will allow a more quantitative evaluation of
the data, and we will study the temperature dependence ofl¢vaneprocesses in the present system as well as related
systems.

In conclusion, we have investigated the role of the LF states inhbm®pghysical cycle of iron(ll) spin-crossover
complexes. As for irradiation into MLCT states, the intersystem crossing processesrragliation into LF states are
ultrafast. These findings are of general importance for the photophgEitransition metal compounds, for instance in
comparison with the much studied chromium(lll) complék&syr for ruthenium(ll) complexes being used in photovoltaic
device§* or in cancer phototherapy! With regard to the latter, it is interesting to note that in [Ru(6-m&tas-
bipyridine)]** the correspondingT; state has recently been located as intermediate state in the ultrafast quefichéng
SMLCT luminescence, théT; state itself having a lifetime of 450 [p8.

Experimental Section

[Fe(ptz)sl(BF4), and [Zni.«Fex(ptz)s](BF4)2, x = 0.01 and 0.1, were prepared and hexagonal crystals (~3x3x0.2 mm3) were grown as described in
Ref. [17]. Variable temperature single crystal absorption spectra were recorded on a Cary 5000 spectrometer with the sample mounted on the cold
finger of a closed cycle cryosystem (Janis-Sumitomo) capable of achieving temperatures down to 4 K. Irradiation experiments and HS [] LS
relaxation measurements on timescales from nanosecond to days were performed as described in Ref. [4]. For reverse-LIESST experiments at T
> 120 K, 830 nm light from an OPO (Opotek-Magic Prism) pumped by the third harmonic of a Nd:YAG laser (Quantel Brillant) was used. Ultrafast
pump-probe experiments on a crystal of [ZnxFex(ptz)s](BF4)2, x = 0.1, were performed as described in Ref. [8¢c] with 5 uJ pulse energy focused to
~200 um for pumping and < 0.1 pJ focused to ~50 um for probing. The sample temperature was controlled with a N, cryocooler (Oxford
Instruments Cryojet). Data treatment involved iterative fitting of a double exponential test function convoluted with a Gaussian IRF function of 150
fs FWHM.
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Figure 1. Single crystal absorption spectra of [Fe(ptz)s](BF4)2 at 10 K (—), 295 K (---) and after irradiation at 530 nm (—) with the assignment of LF
transitions in the LS and the HS state (left axis — adapted from Ref. [4]). Variable temperature (10 K intervals) absorption spectra of [Zn4_
«Fex(ptz)e](BF4)2, x = 0.01, in the region of the MLCT transitions (right axis).
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Figure 2. Schematic representation of the electronic structure of iron(ll) spin-crossover compounds with only high-energy MLCT states. LIESST
(hex = 530 nm) and reverse-LIESST (Lex = 830 nm) via the LF states as in [Fe(ptz)s](BF4). are indicated by curly arrows. The 305 nm probe (- - -)
monitors the MLCT transitions.
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Figure 3. Spin transition curves for [Fe(ptz)s](BF4). in the crystallographic high-temperature phase (¥), and in [Zni_Fex(ptz)s](BF4)2, x = 0.01 (®).
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