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ESR Study of Light-Induced Valence Tautomerism of a Dinuclear Co Complex
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Light-induced valence tautomerism (LIVT) of a dinuclear
complex, [{Co(dpqga)},(dhbq)](PFe); (1), was investigated by
ESR analysis of dhbg®". LIVT phenomena were observed in
the sample diluted in the glass matrix as well as that in pow-

der form. The signal decay and the relaxation were analyzed
by double exponential fitting; the results suggest a two-step
mechanism. Quantum mechanical tunneling was clearly ob-
served in the glass matrix.

Introduction

Valence tautomeric complexes undergoing metal-ligand
electron transfer have been attracting increasing interest.[!~]
Light-induced valence tautomerism (LIVT) and light-in-
duced excited spin state trapping (LIESST) are the most
promising properties for molecular memory devices.!® !l In
our previous work,['?l LIVT of [{Co(dpga)},(dhbq)](PF¢);
(1) [dhbq = deprotonated 2,5-dihydroxy-1,4-benzoquinone,
dpga = bis(2-pyridylmethyl)-N-(quinolin-2-methyl)amine],
shown in Figure 1, was investigated mainly by magnetic
susceptibility measurements. The low-temperature and
high-temperature phases of 1 are Co™-dhbg*-Co™, with
the dhbqg?~ radical (S = 1/2) and a low-spin (LS) Co'"! state
(Co'™LLS; § = (), and Co"!-dhbg?-Co, with a high-spin
(HS) Co!! state (S = 3/2), respectively. The phase transition
is driven by entropy. The spin state of the dhbq bridging
ligand changes from S = 1/2 (dhbg*) to S = 0 (dhbg®)
[12.131 and that of the Co metal site changes from S = 0
(Co™) to S = 3/2 (Co™). Thus, we can monitor the phase
transition by the change in the spin state of the ligand.['>~14!
In this work, the LIVT and relaxation processes of 1 were
investigated by monitoring the ESR signals of the dhbg*"
radical both in the powder sample and in the glass matrix.
Previously, LIVT was also studied in the sample diluted in
polymer, and the importance of quantum mechanical tun-
neling (QT) in valence tautomeric materials was pointed out
by pulsed laser photolysis.I'! Very recently, it has been sug-
gested by studies of LIVT in solid solution that the bistabil-
ity is related to the single-molecule properties rather than
to the cooperative effect of the lattice.'®! In this work, in
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addition to the powder sample, we observed LIVT phenom-
ena in the sample diluted in a glass matrix, in which no
cooperative effect is expected. This finding has clearly
shown that the bistability is related to the single-molecule
properties. The signal decay and the relaxation were ana-
lyzed by double exponential fitting, which indicated the
possibility of a two-step mechanism. QT phenomena were
clearly observed in the glass matrix.
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Co'"-dhbg?-Co"

Co'-dhbg*-Co'

Figure 1. The molecular structure of 1 and the electronic states in
the low-temperature (left) and the high-temperature (right) phases.

Results and Discussion

Electronic Spectra of 1

Figures 2 (a) and (b) show a typical diffuse reflectance
electronic spectrum of the powder sample of 1 and a UV/
Vis absorption spectrum of 1 in BuCN solution (3.01 X
1073 mol/L) at room temperature, respectively. The inset in
Figure 2 (b) is the expanded version of the region between
450 and 600 nm. These spectra show peaks at the wave-
length 2 = 538 nm in the powder sample and 4 = 510 nm
in the BuCN solution sample, which were assigned to the
weak ligand-to-metal charge transfer (LMCT) bands from
the dhbg* radical to Co™SU7l In the investigation of
LIVT, the wavelength of the laser pulse was chosen to be
that of the LMCT band shown in Figure 2 (4 = 538 nm in
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the powder sample and 4 = 510 nm in the glass sample).
Although the peak positions are expected to shift slightly
at low temperature, we used a broad-band optical paramet-
rical oscillator (OPO) system (the bandwidth of the OPO
pulsed laser is typically ca. 100 cm™' at 600 nm) and actu-
ally covered the LMCT band inducing the LIVT transition.
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Figure 2. Absorption spectra of 1: (a) diffuse reflectance spectrum
of the powder sample, (b) UV/Vis absorption in BuCN solution.
The arrows indicate the LMCT transitions.

Typical ESR Spectra of 1 and Observation of LIVT
Phenomena

Figure 3 shows the typical change in the low-temperature
ESR signal caused by laser light irradiation for the powder
sample and for the sample diluted in a BuCN rigid glass
matrix (glass sample). As shown in Figure 3, the change in
the ESR signal was clearly observed in the glass sample
[Figure 3 (b)] as well as in the powder sample [Figure 3 (a)],
showing that valence tautomerism (VT) and LIVT phenom-
ena occur in the glass sample. In this experiment, we used
a pulsed laser (pulse width; ca. 7 ns) as the light source. The
ESR signal of the dhbg® ligand disappeared rapidly and
almost completely as a result of irradiation with a pulsed
laser at 15 K. The wavelength 4 of the laser pulse was cho-
sen to be that of the LMCT band. In the glass matrix, in
the low-temperature region, the dispersion mode was mixed
with the usual absorption signal because of the delay of
the signal response with respect to the high-frequency
(100 kHz) field modulation as a result of the long spin-lat-
tice relaxation time. This leads to the asymmetric line shape
and effectively low resolution. This problem was solved by
using a low-frequency field modulation (400 Hz) in the ex-
ternal lock-in amplifier. Therefore, we used the low-field
3762
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modulation (typically 400 Hz) in the time-profile experi-
ments discussed later (measurement of the decay and the
recovery of the ESR signal intensity).
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Figure 3. The change in the X-band ESR signal at 15 K as a result
of laser irradiation: (a) Powder sample; excitation wavelength A =
538 nm. (b) Diluted sample in BuCN glass matrix. The low micro-
wave power of 0.48 uW was used and 1 = 510 nm. The inset is the
typical ESR spectrum observed by using the low-frequency field
modulation of 400 Hz. Other spectra were measured with the
100 kHz field modulation of the conventional ESR apparatus. See
also the Supporting Information.

In our previous work, approximately 25 % of the material
showed LIVT phenomena in the bulk sample. The present
experiments show that the low efficiency of the transition
observed in the previous workl!?l is because of the photoir-
radiation (the penetration of light) with a continuous wave
light source. When a pulsed laser is used as a light source,
the photon density is extremely high relative to a con-
tinuous wave light source, and the light penetrates deeper
into the sample. The decrease in the ESR signal intensity is
due to the change of the electronic spin state from S = 1/2
(dhbg*) to S = 0 (dhbg?>") by intramolecular electron trans-
fer from the dhbg?" ligand to the Co™ metal ion (LMCT).
Unfortunately, the signal of the Co ion was not clearly de-
tected by ESR because of the unfavorably short electronic
relaxation times of Co species.!'8 The recovery of the signal
intensity of dhbq®" was used as the probe of the back elec-
tron transfer due to thermal relaxation or due to the QT
mechanism to be discussed later. Figure 4 shows the tem-
perature dependence of the ESR spectra of 1 before the
LIVT transition in the rigid glass matrix. As shown in the
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inset of Figure 3 (b) and in Figure 4, the super-hyperfine
structure (15 lines) arising from two equivalent Co nuclei (7
= 7/2) was clearly detected when we used the low-frequency
field modulation with the external lock-in amplifier. These
spectra show that the two Co™™ nuclei are equivalent to
each other in the Co"™S-dhbg3-Co'™LS state.
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Figure 4. Temperature dependence of the ESR spectra of 1 diluted
in BuCN rigid glass matrix. The low-frequency field modulation of
400 Hz was used. The super-hyperfine structure (15 lines) arising
from two equivalent Co nuclei (7 = 7/2) were clearly detected.

Decay and Recovery of the ESR Signal

Figure 5 shows the decay profile of the ESR signal of
dhbqg? during light irradiation and the signal recovery after
irradiation at several temperatures. The normalized signal
change [I(f) — I(torp))/[1(0) — I(torr)] due to light irradiation
is also shown in Figure 6, which corresponds to the ratio of
molecules relaxed from the metastable phase to the low-
temperature phase. Here, /(¢) and I(¢org) are the ESR signal
intensities measured at time ¢ and at the time the light was
turned off, respectively. The time profiles were analyzed by
double (or triple) exponential fitting as shown in Figure 8
(the detailed analysis will be discussed later). The possibility
that the double exponentials arise from two nonequivalent
Co sites can be ruled out, because super-hyperfine structure
indicating two equivalent Co nuclei (/ = 7/2) was observed,
as mentioned above. In the solid, the deviations of the relax-
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Figure 5. Temperature dependence of the ESR signal intensity of
dhbg?" during light irradiation (ON: start of the irradiation; OFF:
end of the irradiation) and the relaxation time profile after irradia-
tion. (a) Powder sample. (b) Glass sample. The intensity was nor-
malized to that before irradiation. In order to avoid the effect of
the slow response of the ESR signal at low temperature, we used
low-frequency field modulation (400 Hz) in these measurements.
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Figure 6. The normalized change in the signal [/(¢) — I(torr)]/[1(0) —
I(torp)] after light irradiation. (a) Powder sample. (b) Glass sample.
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ation curve from the single exponential are sometimes ex-
plained as intermolecular cooperative effects.'”) However,
in the diluted glass matrix, the cooperative effect can be
ruled out as the origin of the double exponential fitting,
because such cooperative effects are not expected in the
sample diluted in the glass matrix. Therefore, this finding
indicates that a two-step mechanism exists.

As temperature decreases, the time profiles become inde-
pendent of temperature, showing that the back electron
transfer at low temperature is due to the QT mechanism,
which is expected to be temperature-independent.[> QT be-
havior was observed in the glass samples more clearly than
it was observed in the powder sample. As shown in Figure 5
(b), the time profile did not change below 25 K in the glass
sample. The temperature independence in the low-tempera-
ture region shows that the origin of the double exponential
fitting is not the thermal heating of the sample by the light
irradiation. With decreasing temperature, the heat capacity
is decreased and the spin-lattice relaxation time is increased.
Therefore, as temperature decreases, the temperature of the
sample is more easily increased by light irradiation as a re-
sult of the small heat capacity, and the spin temperature
goes down more slowly at low temperature as a result of
the long spin-lattice relaxation time. Therefore, if the effect
of thermal heating is evident, the relaxation curve profiles
are expected to depend on temperature in the low-tempera-
ture region, and the temperature-independent quantum
tunneling behavior is difficult to detect clearly.

Estimation of the Effective Activation Energy

In many previous works, the behaviors of the isothermal
decay of the photoinduced metastable states are phenome-
nologically described by assuming a stretched exponential
decay law. In the present case, when monitoring the ESR
signal recovery, the stretched exponential law is given by
Equation (1).

[I(1) — Ktorp)V[1(0) — I(torp)] = C{1 — exp[~(ke(1 — torp)P)]} (1)

Here, £ is a parameter varying from 0 to 1 and account-
ing for the distribution of the relaxation times. The magni-
tude of the estimated effective rate constants (k.g) was dis-
persed at each temperature, although the time profiles were
fitted by the above law (f = 0.6 for the powder sample and
B = 0.5 for the glass matrix). Thus, it was difficult to esti-
mate the effective activation energy of the relaxation pro-
cess accurately, as shown in the Supporting Information.
As an alternative way, the averaged rate constants of the
relaxation were estimated from the ratios of the ESR signal
recovery at approximately 2000 s after turning off the light
(right ends of the curves in Figure 5). Figure 7 shows the
temperature dependence of the averaged rate constants.
From the linear fitting of the data of the log.kegr vs. 1/T
curve, in the range higher than 30 K (QT is dominant below
30 K), the effective activation energies of the relaxation pro-
cess in the powder and the glass samples were estimated to
be 115 K (80 cm ') and 40 K (28 cm ™), respectively (see the
3764
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insets in Figure 7). The effective activation energy [AE(T )]
can be compared to that determined from magnetic suscep-
tibility experiments, because the usual process of measuring
the magnetic susceptibility is very slow.?!1 The effective rate
constant estimated by the present analysis is a kind of
averaged value of the local LMCT and the whole transition.
The value for the powder sample determined from the ESR
experiments was smaller but had the same order of the mag-
nitude (135cm™') as that determined from the magnetic
susceptibility measurements in our previous work.!!-2%
This may be reasonable, because the activation energy esti-
mated by the present work is not the whole activation en-
ergy from the low-temperature phase (Co™-dhbg?*-Co™
with S = 1/2) to the high-temperature phase (Co™-dhbg>-
Co™ with S = 3/2). The change in the bulk structure and in
the entropy will be caused by the local LMCT. However,
the activation energy may be dominated by that of the rate-
determining process.
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Figure 7. The temperature dependence of the averaged rate con-
stant (k.g) calculated from the normalized signal change [/(z) —
I(topp)|/[1(0) — I(topr)] after light irradiation. The effective acti-
vation energies of the relaxation process in the powder and the
glass samples were estimated from the log. ks vs. 1/T plot shown
in the insets. (a) Powder sample. (b) Glass sample.
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Analyses of the Time Profile

Decay Process

The decay curves in Figure 5 were analyzed by using
Equation (2).

10/ 10) =1-—F K gtk | gt
ky+k, k+k, )
Figure 8 (a) shows the typical examples of the analyses
of the decay time profile of the glass sample during photoir-
radiation by the double exponential function given in Equa-
tion (2). The decay time profile fitted very well into the
double exponential function. This suggests a two-step
mechanism or the existence of an unknown additional re-
laxation mechanism. One plausible candidate for the two-
step mechanism is:
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Figure 8. Analysis of the decay and the relaxation profiles. (a) De-
cay profile of the glass sample during light irradiation at 20 K; (i)
and (i) are double and single exponential fittings, respectively. (b)
Relaxation of the normalized signal change in the glass sample
at 20 K after light irradiation; (iii) and (iv) are double and single
exponential fittings, respectively.
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Here, ki, k>, and k; are the rate constants of each step.
The last term in Equation (2) is the effective relaxation term
described by k3. and ks, which is related with the structure
and entropy changes between the LS and the HS state. The
typical values of the rate constants in the decay process of
the glass sample were k; =2.6 X 10 's! k, =7.0X 1025,
and k3 = 2.5X102s! at 20 K, as shown in Figure 8. Un-
fortunately, we could not detect directly the ESR signal of
the metastable photoinduced product Co''S-dhbqg? -
Co''IS because of its short lifetime and the unfavorably
short electronic relaxation time of the Co™'S species.['®]
However, if the LIVT of 1 is a single-step process and there
is no additional (unknown) relaxation mechanism (no co-
operative effects being expected in the glass matrix), the last
term in Equation (2) can be omitted, and the decay curves
can be analyzed by single exponential fitting.

The temperature dependence of the term k/(k; + k») in
the decay process of Equation (2) is given in Figure 9. The
values were obtained by least-squares fitting of the decay
profiles at each temperature. In addition, we also carried
out the analyses for the hypothesis of the two-step mecha-
nism. There are expected to be two temperature-indepen-
dent mechanisms of the ESR signal decay of dhbg?". One
is the LMCT induced by the light irradiation (kyycr) and
the other is the temperature-independent QT effect (kqr1).
The rate constants due to the thermal activation processes
in the ESR signal decay were neglected here, because the
rate of the LMCT is much faster than that of the thermal
activation process at low temperature. The rate constant of
QT in the relaxation (ESR signal recovery) is kqr.. The
thermal relaxation processes (back electron transfer) are ex-
pressed by krrexp(—Eget/kgT), where Eggr denotes the ac-
tivation energy for the back electron transfer. Therefore, the
rate constants of the signal decay (k) and the signal recov-
cry (kz) are given by kl = kLMCT + kQTl and k2 = kQTZ +
krrexp(—Eger/kgT), respectively. The term k/(k; + k) is
given by Equation (3).
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Figure 9. Temperature dependence of the term k,/(k; + k,) in Equa-
tion (2) determined by the decay process during light irradiation.
(a) Powder sample. (b) Glass sample.

The temperature dependences of the term k/(k, + k) in
the powder and glass samples were fitted by using Equa-
tion (3) as shown in Figure 9. In these fittings, it is not nec-
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essary to introduce the f factor as in the stretched ex-
ponential law. We can only estimate the ratios kqro/(kLmct
+ kqr2) and krr/(kumer + kor2) and the energy barrier of
the LMCT state. The least-squares fitting gave Eggt =
308 K for the powder sample and Eggr = 299 K for the
glass sample, respectively. It should be noted that these val-
ues are the thermal activation energies of the back electron
transfer of the first step within the two-step mechanism
during the photoexcitation, which is related to the potential
barrier of the back electron transfer. These values were of
the same order of the magnitude but larger than the effec-
tive activation energies of the relaxation process in the pow-
der and glass samples, which were estimated to be 115K
(80 cm™") and 40 K (28 cm™"), respectively, from the nor-
malized signal change after light irradiation. If the second
step is the rate-determining process, the effective activation
energy is close to the energy difference between the low-
temperature phase (Co™-dhbg3-Co™ with S = 1/2) and
the high-temperature phase (Co"™-dhbg?-Co" with S = 3/2).
Therefore, Eger and the effective activation energy do not
need to be related. The estimated Ezpr vales are close to
each other in the powder sample and the glass sample.
However, as shown in Figure 5, the rate of QT in the glass
sample is apparently much faster than that in the powder
sample (QT phenomena are clearly observed in the glass
sample). If the estimation is accurate enough (in the present
approximation, the effect of thermal activation on the ESR
signal decay was neglected), this finding indicates that the
potential barrier of the second step in the glass sample is
lower than that in the powder sample.l??!

Relaxation Process

As shown in Figure 8 (b), the relaxation of the normal-
ized signal change [I(t) — (torp)]|/[1(0) — I(torr)] Was also
fitted to the double exponential relation given in Equa-
tion (4).24

O~ 1)) AO)~1(1y))=1-Be*™ —Ce* 4)

This finding also indicates the possibility of a two-step
mechanism, as discussed above. The typical values of the
rate constants in the relaxation process of the glass sample
are ky, = 5.9x103s ! and ks = 1.3X10*s ! at 20K, as
shown in Figure 8. The rate constants of the relaxation pro-
cess are slower by one order of magnitude than those of the
process induced by laser irradiation. Recently, it was re-
ported that the relaxation mechanism between the HS state
of Co'! and the LS state of Co', which is observed in a
similar valence tautomeric compound, [Co(sq)-(bpy)] (sq =
semiquinone; bpy = 2,2'-bipyridine), was expected to be a
one-step mechanism, according to the energy of the three
spin states and the crossing points obtained by the ab initio
molecular orbital calculations with the DFT method.! In
our results that support a two-step mechanism, the elec-
trons transferred from the dhbq ligand go to the next state,
which is the transient LS state of Co''. Since this transient
state is a low-lying state with a short lifetime, it may be out
3766
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of the scope of the accuracy of the ab initio DFT calcula-
tion reported previously. Our results support the possibility
of the two-step mechanism proposed in the literature.*®! In
this paper it was discussed as a possibility that spin cross-
over from Co™HS to Co™S occurs upon decreasing the
temperature, and a further decrease leads to intramolecular
electron transfer from Co''S to CoMLS, Our LIVT phe-
nomenon is the reverse of the process induced by light irra-
diation, because we start from the Co'""S state and reach
the Co'"HS state. Therefore, the present results indicate the
above two-step mechanism. The relaxation rate in the glass
sample is evidently faster than that in the powder sample,
as clearly shown in Figure 5. Thus, the effective thermal
activation energy of the glass sample is smaller than that of
the powder sample. The rate constant of the QT mechanism
in the glass matrix is also greater than that in the powder
samples. This means that a change in structure is more diffi-
cult in the solid (powder sample) relative to that in the glass
sample, because the molecular structure is more rigidly
fixed by the neighboring molecules in the solid. In this pa-
per, we can analyze the observed experimental data by as-
suming a two-step mechanism. However, it is noted that the
two-step mechanism is the most plausible hypothesis at the
moment, because the direct observation of the signal of the
Co'™IS jon was not possible by ESR analysis because of the
unfavorably short electronic relaxation time of Co species.
To confirm these findings, a similar study is planned on the
mononuclear Co LIVT complex.

Conclusions

LIVT of dinuclear Co complex 1 was investigated by
low-temperature ESR analysis in a glass matrix as well as
in a powder sample. Almost complete VT was detected by
using pulsed laser irradiation. QT was clearly observed in
the glass matrix at low temperature. From the analyses of
the time profiles of the decay and the relaxation, the pos-
sibility of a two-step mechanism was suggested, in which
the first step is the local electron transfer (LMCT) from the
dhbg?® ligand to the LS Co™ ion and the second step is
the spin state transition from LS Co' to HS Co!, due to
the geometrical change from a strong crystal field to a weak
one. The effective activation energy was estimated by using
the ESR signal of dhbg?~ as the probe.

Experimental Section

Materials and Sampling Procedure: Dinuclear Co complex 1 was
synthesized as described in our previous report.l'?! In the measure-
ments on the diluted glass sample, we used butyronitrile (BuCN)
as the glass matrix. GR grade BuCN was purchased from Tokyo
Kasei Kogyo Co. Ltd. It was dehydrated with CaH, for one week
and was further purified by distillation.

ESR Measurements: Conventional continuous wave ESR spectra
were measured by a commercially available continuous wave ESR
spectrometer (JEOL TE300) with a cooled He gas flow cryostat
(Oxford ESR910). For the time-profile experiments, the ESR signal
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detected by the diode was pre-amplified with a microwave trans-
mission circuit and transferred to an external lock-in amplifier
(EG&G Model 5210). The detected signal was transferred to a per-
sonal computer that was part of the of the ESR system by using a
general purpose interface bus (GPIB). For the ESR experiments
with low-frequency field modulation, external filed modulation was
available in our system up to 1 kHz. The experiments were carried
out by using the external field modulation coil attached to the mag-
net of the ESR system. The system was controlled by a home-made
control program written by using LABVIEW (National Instru-
ment). In the glass matrix, we used very low microwave power in
the low-temperature experiments in order to avoid power saturation
(typically 40 pW at 30 K and 0.48 uW at 15 K). A Nd:YAG pulsed
laser (Continuum Surelite II) connected to an OPO system (Con-
tinuum Surelite OPO) was used as the light source. The typical
output laser power was approximately 4-5 mJ (the laser beam was
spread to a diameter of approximately 1 cm? at the sample posi-
tion). The temperature was controlled by a temperature control sys-
tem (Oxford ITC503). In the ESR experiment, the glass samples
were degassed by repeated freeze-pump-thaw cycles. All ESR ex-
periments were carried out in the low-temperature phase (LS
phase).

Electronic Spectra Measurements: UV/Vis absorption spectra and
diffuse reflectance spectra were measured at room temperature with
a HITACHI U-3500 T UV/Vis/NIR spectrometer without and with
an integrating sphere, respectively.

Supporting Information (see footnote on the first page of this arti-
cle): Change in the X-band ESR signal as a result of laser irradia-
tion in the glass matrix and additional analysis of the relaxation
profile.
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