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A polymer matrix isolation technique was examined as a po-
tentially novel strategy for realizing optically switchable materi-
als. Not only was a ferricinium ion ([Cp,Fe™]") produced, but al-
so was produced an isomer of ferrocene (Cp,Fe) with high spin
Fe'l in a poly(methyl methacrylate) (PMMA) matrix film contain-
ing CCly by the photoillumination of ferrocene at low tempera-
ture. The high spin state could be maintained for an extended pe-
riod when the sample was kept below =~ 130K. This is the first
observation of a photoinduced spin transition for ferrocene. The
strategy that we used to achieve the spin transition using optical
stimuli may open up many possibilities for the development of
new magneto-optical devices.

There has been a great interest in developing novel molecular
compounds whose magnetic properties or spin states can be con-
trolled by photoillumination.' So far, several optically switchable
LIESST (light-induced excited spin state trapping) compounds
have been designed.2 However, the number of optically switcha-
ble molecular solids reported so far has not been great. In order
to develop a variety of optically switchable materials, novel strat-
egies to prevent rapid relaxation from the metastable state need to
be developed.

Low temperature matrix isolation techniques have conven-
tionally been used in order to detect unstable species, such as rad-
icals, by spectroscopic methods and to understand their chemical
reaction schemes.” The low temperature matrix isolation tech-
nique is not appropriate for practical applications in materials sci-
ence because unstable compounds can only be obtained and de-
tected in a cooled vacuum system. In this work we made use of
a polymer matrix as a suitable reaction system in which a photo-
induced spin transition could be realized by stabilizing the photo-
excited metastable state. In addition, the polymer film materials
prepared by this technique can be developed for a wide range
of applications as photofunctional solid materials.

Ferrocene has a variety of derivatives that are very stable due
to their unique electronic structure and which are used as starting
materials in various reactions.* Ferrocene and its derivatives are
also interesting in the field of molecule-based magnets.5 Various
photochemical reactions of ferrocene in solution have been report-
ed previously, the mechanisms of which are mostly ascribable to
MSCT (metal-to-solvent charge transfer) reactions. However,
there have been very few research reports on the spin transitions
of ferrocene or on its photochemical reactions in the solid state.
Furthermore, although theoretical studies suggest that high-spin
ferrocene can be obtained during the formation of ferrocene from
CsHg and Fe Vapor,6 we are the only group that has reported the
direct observation of high-spin ferrocene in a low-temperature ni-
trogen matrix system.’

Here, we report on a photoinduced spin transition of ferro-
cene observed by using the polymer matrix isolation technique.
Poly(methyl methacrylate) (PMMA) was used as a polymer ma-

trix. 3’Fe-enriched ferrocene, synthesized according to the method
in the literature,® was first dissolved in an acetone solution of
PMMA containing CCly. A photofunctional PMMA film that ex-
hibited a photoinduced spin transition was prepared by casting the
above solution (Cp,Fe:CCly; = 1:400) onto a clean glass plate at
room temperature.

Figure 1 illustrates the >’Fe Mossbauer spectra of the film at
7.5 K. Before illumination, the spectrum was almost identical to
that of solid ferrocene, with doublet absorption peaks (L.S. =
0.39mm/s, Q.S. = 2.36 mm/s)9 that have been assigned to
Fe"(low spin) (Figure 1a). An Hg—Xe lamp with a glass filter
(300-400nm) was used to illuminate the samples with UV light
(50 mW /cm?). After illuminating the sample for 2 h, a new singlet
peak (I.S. = 0.29mm/s) assigned to the ferricinium ion
([Cp,Fe™]*) appeared in the spectrum (Figure 1b). This suggests
that the Fe! in ferrocene was oxidized to form Fe!l in the low-
temperature polymer due to a photoinduced charge-transfer be-
tween the ferrocene and the CCly, similar to the MSCT reaction
in solution:'”

Cp,Fe(ll) + cCl, AV [cp,Fe(m)* CF+ «CCl,
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Figure 1. >’Fe Mossbauer spectra of ferrrocene at 7.5 K in PMMA
containing CCly. (a) Before illumination. (b) After illumination for
2 h. (c) After illumination for 10h. (d) After annealing at room tem-
perature.

However, after further illumination of the sample for 10h at
7.5K, not only the singlet peak ([Cp,Fer]™), but also new two
species were observed (Figure 1c). The new small asymmetric
doublet (I.S. = 0.24mm/s, Q.S. = 0.70mm/s) was assigned to
[szFeIH][FeHIC14] precipitates. These precipitates are formed
by prolonged UV illumination of the ferrocene solution in the
presence of halocarbons etc.'! The Mossbauer spectrum of the
precipitate obtained after UV illumination of a solution containing
ferrocene and CCly showed a doublet peak (I.S. = 0.24 mm/s,
Q.S. = 0.70 mm/s) at room temperature (not shown), which indi-
cates the presence of only Fe'. However, to our surprise, another
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new doublet species (I.S.= 0.99 mm/s, Q.S.= 2.20 mm/s) was as-
signed to the Fe'" high spin state. In a similar experiment at room
temperature, only Fe'! species were observed as a photoproduct,
even after prolonged illumination. Moreover, a similar experiment
without the CCly at low temperature did not show any photoprod-
ucts at all (not shown).

The sample that had been illuminated was then annealed at
room temperature and the Mdssbauer spectrum was measured at
7.5K. As shown in Figure 1d, the Fe'' high-spin species disap-
peared to be replaced by an Fe' low-spin species, while the
Fe species remained after annealing because both of the Fe™l
species (the [Cp,Fe]*ClI~ salt and the [Cp,Fe'|[Fe'Cl,] pre-
cipitates) were very stable, even at room temperature.

| | { |AAAMALL

Adaisdiasiaini]
0 50 100 150 200 250 300
Temperature / K

Figure 2. x,.7T versus T plots for ferrocene in PMMA containing
CCly. The film was cooled from 300 to 5 K (¥) and illuminated with
UV light for 8h via an optical fiber at 5 K. Then, it was warmed
from 5 to 300K (A) and cooled again from 300 to 5K (O).

By analogy with our previous low-temperature nitrogen ma-
trix isolation system,7 it was considered that the new high spin
species could be assigned to an isomer of ferrocene containing
high spin Fe'". We propose a reaction scheme as follows:

Cp,Fe(ll)

hv
ey + CCle 3= [Cp,Fe()}* CF + +CCl, A, CpFe(l) 4 cq,

(high spin)

While the MSCT (metal-to-solvent charge transfer) reaction
of ferrocene to the ferricinium ion is induced directly by photoab-
sorption, the inverse reactions of the ferricinium ion to form low
spin ferrocene and high spin ferrocene may be considered to be
thermal reactions that may occur without photoabsorption. This
kind of thermal recombination reaction is normally prevented in
a low-temperature matrix, but on photoillumination the matrix
substances around the ferricinium ions and CCl; radicals are heat-
ed and annealed due to the photo absorption followed by non-il-
luminative de-excitation of the ferricinium ions and CClj radicals.

UV-vis absorption spectra at 10K support the results. Inter-
estingly, a new absorption band at around 750 nm was only ob-
served after prolonged illumination at 10 K, while it was not ob-
served at room temperature. The new absorption band was
consistent with the spin-allowed d-d absorption frequencies of
Fe'" ions in high spin complexes. Moreover, IR spectra also sup-
port these assignments. A new peak at around 530 cm™! was ob-
served after illumination only by measurement at 10K, while it
was not observed at room temperature. We believe that the new
peak might be assigned to the Cp tilt of Fe'' high spin ferrocene.

It is known that the Cp—Fe inter-atomic distance for the fer-
ricinium ion is longer than that for ferrocene (low spin).4 Theoret-
ical studies suggest that the energy-minimized structure of high
spin ferrocene has a longer Cp—Fe inter-atomic distance than that
of low spin ferrocene.>!'? It is suggested that the recombination re-
action leading to high spin ferrocene was realized in the present
system because of the reaction environment in the low tempera-
ture polymer matrix.
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The presence of the photoinduced spin transition and thermal-
ly-induced relaxation were also confirmed by the magnetic prop-
erties (Figure 2). All of the values for the temperature dependence
of x,,7T for the film before illumination were negative, which cor-
responds to it having diamagnetic properties with no spin ('Alg:
('ezg)4(2a1g)2). The UV light from the Hg—Xe lamp was guided
via an optical fiber into a SQUID magnetometer. When the sample
was illuminated for 8 h at 5K, an increase in the magnetization
value from negative to 0.28cm>mol™'K was observed. The
change in the magnetization persisted for periods of at least
10h after the illumination was stopped. More so, when the tem-
perature was raised to room temperature and then lowered again
to 5K, the increased value was found to have relaxed back to a
value of 0.15 cm?mol~'K. Note that the ), T values obtained after
illumination did not reflect the number of generated spins precise-
ly because the photoreaction was not saturated due to the much
lower power of the UV light guided via an optical fiber into a
SQUID magnetometer (1 mW/cm?). However, the tendency for
a photoinduced increase and thermally-induced decrease in the
XmI values was consistent with the Mossbauer data in Figure 1
and showed the relaxation temperature to be ca. 130 K. That is,
the high spin ferrocene that was produced could relax back to
low spin ferrocene by annealing.

In summary, high spin ferrocene was observed directly for the
first time by the photoillumination of a low-temperature polymer
matrix system. The low-temperature matrix isolation technique
that is used for detecting an unstable species can also be used
as a novel strategy for the preparation of optically switchable mo-
lecular solids.
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