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Abstract

Physico-chmical studies were carried out on gas-solid reaction

systems between dioxygen (0;) and a series of solid-state
synthetic oxygen carriers; [Co(SALEN)], [Co(3-RO-SALEN)] (R=CHj
and CgHs), which form dimeric oxygenated species having a Co-0-0O-
Co linkage. Special attention was paid to cooperativity in their
nonstoichiometric phases and intramolecular motion in the ([Co(3-
RO-SALEN) ] -0, systems.

The partial molar Gibbs energy, enthalpy and entropy of
oxygenation were determined by means of equilibrium pressure
measurement and gas-solid reaction calorimetry. Magnetic_ and
spectroscopic properties and powder X-ray diffractions as a
function of dioxygen content and Cemperature were measured in
order to obtain structural informations on the complexes and the
distribution of dioxygen moities in their crYstals. Lattice
dynamical calculation was performed on finite random lattices
which are models of the studied systems in order to estimate the
effect of Co-0-0-Co linkages on their thermodynamic functions and
cooperativity in them.

Two kinds of [Co (SALEN)] samples which were prepared from its
pyridine and chloroform adducts were studied. They reacted with
dioxygen up to Co:02=2:1, and gave similar phase relation, a two-
phase region in lower dioxygen contents and an one-phase
nonstoichiometric region in higher dioxygen content, although
small differences were found in their thermodynamic and magnefic
properties which are attributable to slight difference in
molecular packing. In their nonstoichiometric phases, their

partial molar enthalpies were independent of dioxygen content,
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while cooperativity in those systems was observed. On the other
hand, increase in their partial molar entropies with increasing
dioxygen content decreased, that is, the dioxygen content
dependences of the entropy terms were found to be an origin of
their cooperativity. These variations in thermodynamic functions
were explained as effect of change in lattice spectrum due to
linkage formation between two adjacent complexes by a dioxjrgen
through the lattice dynamic calculation.

In chapter 5, studies on two types each of [Co(3-MeO-SALEN) ]
("ME" and "MM") and of [Co(3-EtO-SALEN)] ("ET" and "EM") are
described, where ME and ET are the fresh samples annealed prior
to every oxygenation run, while MM and EM are the samples stored
for 1 year in their oxygenated forms. The systemsk between
- dioxygen and those samples consist of a nonstoichiometric phase
for which random mixing of oxygenated and unoxygenated complex
molecules was suggested from dioxygen content dependence of
magnetic suscéptibility . However , the systems indicated
appreciable difference in thermodynamic quantities, magnetic
susceptibility, vibrational and electronic spectra, and X-ray
diffraction patterns. The difference between those fresh sample
(ME and ET) and stored sample (MM and EM) would be attributable
to difference in packing of the alkoxy groups. The ME-O, system
exhibited considerable temperature dependence of the partial
enthalpy and entropy between 274.75 K and 293.15 K. At 293.15K,
these thermodynamic values were almost independent of dioxygen
content, while those increased about 20kJmol-l. (in enthalpy) and
60 kdmol 1K1 (in entropy) with increasing dioxygen content.

However, the MM-O, system did not indicate appreciable

temperature and dioxygen content dependence between 274.75 K and
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293.15 K. The ET-O; system did not show .dioxygen content
dependence at both 293.15 K and 323.15 K. However, the EM-0,
system showed quite different dioxygen content dependence of
fhermodynamic values between 293.15 K and 323.15 K, which is
similar to those for the ME-O, system.

The cooperativity observed in the system was attributed to
contribution from the entropy term resulted from the dimerization
of the complex molecules by dioxygens, as suggested from the
lattice dynamics described in chapter 4. Since the partiél molar
Gibbs energies of the ME-O;, MM-O,, ET-O, and EM-O, systems showed
similar dioxygen content dependence, the dioxygen content
dependences of partial molar equantities of the systems
compensate each other, and cooperative interaction by dioxygen
binding would be also suggested for the systems. For the ET-0,
system and the ME-O; system (at 293.15 K), estimation of the
partial molar entropy excluding the statistical entropy of random
distribution of dioxygen suggested positive contributions to the
partial molar quantities through oxygenation.

Temperature dependences of vibrational spectra for the
unoxygenated and oxygenated samples of the systems suggested that
the positive contribution to partial molar enthalpy and entropy
was attributable to excitation of intramolecular motions of the
chelate skeleton of the complex molecules. For the ME-O;, ET-0O5
and EM-O, systems, the experimental results agreed well with
trends of the positive shift of the partial molar quantities
expected from the temperature dependence of vibrational spectra
for the unoxygenated and oxygenated samples of the systems. For
the MM-O; system, the motions would contribute to the partial

molar quantities.
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Chapter 1 Introduction

Reversible reactions of dioxygen* (O2) with metal complex are
of crucial importance to animal life through the transport and
storage of dioxygen by metalloprotain oxygen carriers, for
example, hemoglobin, mydglbbin and hemocyanin. Therefore the
structure of the proteins, the property of the metal -dioxygen
bond and the cooperative nature of dioxygen absorption found in
hemoglobin and hemocyanin have been studied for many years by
means of various techniques. Moreover, many metal complex
molecules with reactivity toward dioxygen have been also
synthesized, and studied extensively as models of the biological

oxygen carriersl.2),

(o)

\
e
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Fig11 [Co(SALEN)]

Crystals of several synthetic oxygen carriers, as well as
their solution, are known to react with dioxygen reversibly.
N,N'-entylenebis (salicylideneiminato) Cobalt (II), [Co (SALEN) ]
(Fig.1.1), is the first synthetic reversible oxygén carrier. Its
reactivity to dioxygen was found by Tumaki3) in 1938 for its
crystal. Calvin et al.4) and Diehl et al.5) synthesized various
[Co(SALEN)] derivatives which react with gaseous dioxygen in

their solid state, and studied their properties extensively.



Calvin et al. also reported the existence of a nonstoichiometric
phase in the [Co(SALEN)]-0, system, and their isotherms of the
systems of gaseous oxygen and [Co(SALEN)] derivatives. Since
then, the nature of their dioxygen-metal ion bond in their
solution and solid states have been extensively studied®:2) .
Recently, a series of iron(II) picket fence porphyrin complex
derivatives as synthetic solid-state oxygen carriers were
reported by Jameson et al.®). The systems between dioxygen and
these oxygen carriers exhibit nonstoichiometry over entire
composition, and the isotherms of some of them shows a sigmoidal
curve which indicate a cooperative interaction between the
oxygenated complex molecules as observed in hemoglobin?) .
Nonstoichiometry in gas-solid reaction systems is familiar for
many metal-oxygen®) and metal-hydrogen®) systems for which solid
phases of the systems are ionic or metallic crystal. In Vthe
systems, the thermodynamic properties of their nonstoichiometric
phases are controlled by Coulomb interaction between ionic
defects (metal - oxygen system)lo) Oor interaction between dissolved
species through conduction electrons and lattice strain (metal-
hydrogen system)?) . On the other hand, crystal with no ionic
defects and conduction electrons. [Co(SALEN)] is a molecular
crystals. Therefore, it is interesting to see what is the
interaction = which dominantry controls the thermodynamic
properties in the systems of gaseous dioxygen and derivatives of
[Co(SALEN)] and iron(II) picket fence porphyrin. However,
physico-chemical properties of ’the gas-solid reaction systems
between gaseous dioxygen and those solid-state oxygen carriers,
especially those in the nonstoichiometric phases, have not been

elucidated.



In this thesis, physico-chemical properties of the systems
between dioxygen and [Co(3-X-SALEN)] (X=H, OCH3; and OC,Hs),
especially their nonstoichiometric phases, are studied, because
of their simple molecular structure and easines ‘of their
synthesis. One of difficulties to study the systems is that the
partial molar enthalpy determined from temperature dependence of
the equilibrium pressure depends on the temperature range of the
equilibrium data4). In order to overcome this difficulty, partial
molar enthalpy of the systems was directly determined by means of
gas-solid reaction calorimetry. This technique and simultaneous
equilibrium measurement enablé to determine all thermodynamic
functions at a given temperature for the systems between dioxygen
and [Co(3-X-SALEN)] (X=H, OCH3; and OCyHs). According to the
thetmodynamic results and other physico-chemical informations,
the thermodynamic properties of the nonstoichiometric phases,
cooperativity** (or cooperative interaction between oxygenated
complex molecules) and intramolecﬁlar motion in those systems are
discussed.

In chapter 2, preparation of materials, apparatusés and
experimental techniques used in this thesis are described. In
chapter 3, partial molar enthalpy of [Co(SALEN)]-0O, system is
directly determined by gas-solid reaction calorimetry, and its
thermodynamic properties are discussed. In chapter 4, effect of
linking vof adjacent compléxes by dioxygen bridge to lattice
energy and entropy is calculated for finite cubic lattices, and
cooperativity in the thermodynamic functions of the lattices is
discussed. In chapter 5, thermodynamic functions of [Co(3-RO-
SALEN) ] (R=CH3 and CyHs) -O, systems are directly determined, and

cooperativity and intramolecular motion in these systems are
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discussed. In chapter 6, results and discussions in this thesis

are summarized.

* The term "dioxygen" will be employed in this thesis in order

to distinguish molecular oxygen (0) from atomic oxygen.?2)
** The term "cooperativity" means the interaction which decrease
partial molar Gibbs energy or equilibrium pressure of a system

with increasing a parameter (for example, compositon) .
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Chapter 2. Materials, Apparatus and Experimental

procedures

2.1 Introduction

In this thesis; various experimental methods were applied to
study [Co(3-X-salen)] (X=H,MeO,EtO)-dioxygen(0;) systems and some
of them were devised especially for the study of such
nonstoichiometric systems which are unstable in atmosphere and at
room temperature. In this - chapter, all apparatuses and
experimental procedures common to chapter 3 and chapter 5 and the

preparation of materials are described.

2.2 Materials

The oxygen active [Co(SALEN)] derivatives studied in this
thesis were prepared according to literaturel).
a) N,N'-Ethylenebis(salicylideneimine) : HySALEN

A solution of salicylaldehyde (Wako, GR grade, 48 g) and
ethylenediamine (Wako, GR grade, 11.6 g) in 500 cm3 of ethanol
was prepared at 60 °C, and the mixture was cooled to room
temperature. Yellow precipitate of H;SALEN soon formed, was
filtered, washed with cold ethanol. The crude H,SALEN was
recrystalized from ethanol solution.

Analysis Calcd. : C:71.62%, N:10.44%, H:6.01%.

Found : C:71.77%, N:10.41%, H:6.00%.

b) [Co(SALEN)] dimer : [Co(SALEN)] 2
HoSALEN (40 g) was dissolved in 500 cm3 of boiling ethanol.

Cobaltous acetate tetrahydrate (36 g) was dissolved in boiling

water (250 cm3), and poured into the solution of H,SALEN under
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nitrogen stream. At first, red gelatinous product was
precipitated, which changed to fine red crystals by keeping the
mixture at 60 °C for 12 hours. After cooling, the crystals were
filtered, washed with water and ethanol under nitrogen stream,
and dried in a vacuum desiccator.

Analysis Calcd. : Co:18.12%, C:59.09%, N:8.61%, H:4.34%.

Found : Co:18.05%, C:59.15%, N:8.56%, H:4.38%.

c) [Co(SALEN)] pyridine adduct: [Co(SALEN)]py and oxygen active
form prepared from it

(the latter sample is abbreviated as "SP").

A solution of [Co(SALEN)], in pyridine (130 cm3) was refluxed
for 30 min. under nitrogen. After all precipitates had been
dissolved, the solution was kept at a temperature slightly lower
than 1ts boiling point, and then monopyridine adduct was
precipitated as needle crystals. After cooling the solution, the
crystals were filtered off and washed with water under nitrogen
stream. The crystals of [Co(SALEN)]py were dried in an oven 70 °C
in vacuo.

Analyéis Calcd. : Co0:14.58%, C:62.38%, N:10.39%, H:4.74%.
Found : Co:14.51%, C:62.44%, N:10.41%, H:4.75%.

Oxygen active [CO(SALEN)] (SP) was prepared by heating
[Co (SALEN) Ipy at 170 °C for 2 hours in vacuo. The completion of
removal of pyridine was confirmed by elemental analysis. The
ratio of carbon, nittogen and hydrogen was determined since it
was difficult to avoid oxygenation of the complex during the

elemental analysis.

Analysis : Calcd. : C:N:H 1:0.1457:0.0734

Found : C:N:H 1:0.1465:0.0734



d) [Co(SALEN)] chloroform adduct: [Co (SALEN) ]CHCl;, and oxygen
active form prepared from it

(the latter sample is abreviated as "sc").

Dissolution of [Co(SALEN)], (1 g) in boiling chloroform (200
cm3) gave dark purple needle crystals of [Co(SALEN) JCHCl; by
removing the solvent at 40 °C under reduced pressure. The
crystals were filtered, washed with a small amount of cold
chloroform, and dried in a desiccator.

Analysis Calcd.v: C:45.92%, N:6.31%, H:3.40%.
Found : C:46.36%, N:6.44%, H:3.47%.

Oxygen active form, [Co(SALEN)] (SC) was prepared by heating
[Co(SALEN) Jpy at 100 °C for 2 hours in vacuo.

Analysis Calcd. : C:N:H = 1:0.1457:0.0734

Found : C:N:H = 1:0.1459:0.0733

e) N,N'-Ethylenebis (3-methoxysalicylideneimine) : Hy (3 -MeO- SALEN)
To a solution of 3-methoxysalicylaldehyde (Tokyo Kasei, EP

grade, 50 g) in a 3:1 ethanol-water mixture, ethylenediamine

(10g) was added at 65 °C. Small yellow crystals precipitated

immediately, was seperated from the solution and was

recrystalized four times from ethanol solution.

Analysis Calcd. : C:65.84%, N:8.53%, H:6.14%,

Found : C:65.53%, N:8.42%, H:6.25%.

f) N,N'-Ethylenebis (3 -methoxysalicylideneiminato) Cobalt (II)
monohydrate : [Co(3-MeO-SALEN)]H,0
To a boiling solution of Hz(3-MeO-SALEN) (25 g) and sodium

acetate trihydrate (80 g) in a mixture of ethanol (700 cm3) and
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water (100 cm3), «cobaltous acetate tétrahydrate (19 g) was
dissolved in boiling water (250 cm3®) was added rapidly under
nitrogen stream. Yellow crystals precipitated after standing at
room temperature overnight, were filtered out under nitrogen
stream, washéd with aqueous ethanol and were dried in vacuo at
room temperature.’

Analysis Calcd. : Co:14.61%, C:53.60%, N:6.95%, H:5.00%

Found : Co:14.42%, C:53.56%, N:7.00%, H:5.00%

g) N,N'-Ethylenebis (3-methoxysalicylideneiminato) Cobalt (II)
form 1 (this sample is abbreviated as "ME").
Oxygen active [Co(3-MeO-SALEN)] (ME) was prepared by heating
[Co(3-MeO-SALEN) JH,0 at 150 °C for 2 hours in vacuo.
h) N,N'-Ethylenebis (3-methoxysalicylideneiminato) Cobalt(II)
form 2 (this sample is abbréviated as "MM").
[Co(3-MeO-SALEN) ] (MM) was prepared by keeping oxygenated
[Co(3-MeO-SALEN)] (ME) for 1 yéar at room temperature.
i) N,N'-Ethylenebis (3-ethoxysalicylideneimine) : H,(3-EtO-SALEN)
To a solution of 3-ethoxysalisylaldehyde (Tokyo Kaseli, EP,
25 g) in boiling ethanol (400 cm3), ethylenediamine (ld.l g) was
added. After Cooling the solution, fine needle crystals formed
were filtered off. After recrystallization from the solution in
1:1 mixture of ethanol and watér, long needle crystals were
obtained.
Analysis Calcd. : C:67.40,vN:7.86, H:6.79,

Found : C:67.47, N:7.76, H:6.87

j) N,N'-Ethylenebis(3-ethoxysalicylideneiminato) Cobalt (II)

monohydrate : [Co(3-EtO-SALEN)]H,0

_9-



To a solution of Hy(3-EtO-SALEN) (10 g) and sodium écetate
trihydrate (28g) in a mixture of ethanol (300 cm3) and water
(5 cm3), cobaltous acetate tetrahydrate (7.5 g) dissolved in
boiling water (100 cm3) was added under nitrogen stream. After
removing 160 cm3 of ethanol, red purple crystals were
precipitated, which were filtered off under nitrogen stream,
washed with aqueous ethanol, and dried in vacuo at room
temperature.

Analysis Calcd. :‘Co:l3.66%, C:55.69%, N:6.49%, H:5.61%

Found : Co:13.42%, C:55.45%, N:6.44%, H:5.55%

k) N,N'-Ethylehebis(3-ethoxysalicylideneiminato) Cobalt(II)
form 1 (this sample is abbreviated as HET")
Oxygen active [Co(3-EtO-SALEN)] (ET) was prepared by heating

[Co(3-EtO-SALEN) JH,0 at 150 °C for 2 hours in vacuo.

1) N,N'-Ethylenebis(3-ethoxysalicylideneiminato) Cobalt (IT)
form 2 (this sample is abbreviated as "EMY) .
[Co(3-EtO-SALEN)] (EM) was prepared by keeping oxygenated

[Co(3-EtO-SALEN)] (ET) for 1 year at room temperature.

m) N,N'-Ethylene-d4-bis(3-methoxysalicylideneiminato) Cobalt(II)
[CO(3-MeO-SALEN-d4)]

The deuterated ligand was prepared by condensation of 3-
methoxysalicylaldehyde and ethylenediamine with deuterated
methylene groups, and [Co(3-MeO-SALEN-ds)] was prepared in a
similar manner as in f). Preparation of deuterated

ethylenediamine is described.

_lo_



1,2-Dibromoethane-d,

Conc. sulfuric acid (30 g) was slowly added to a mixture of
ethylene glycol-dy (5 g), potassium bromide (22 g) and water (8
cm3) under cooling by crashed ice. The mixture was refluxed for
30 min, and distilled. Lower layer of the distillate at about
105°C was washed with 20 cm3 of conc. sulfuric acid, 10% NaOH and
water, and then dried over calcium chloride. Yield was 1.6 g. |

Ethylenediamine-d,

A mixture of 1,2-dibromoethane-d, (1.6 g), potassium °
phthalimide (1.9 g) and DMF (6 cm3) was kept at 90°C for 3 hours.
After cooling to 40 °C, 20 cm3 of 50% NaOH was added to it. The
mixture was stirred overnight, and distilled. The distillate
containing ethylenediamine-d4' was directly wused for the

‘preparation of Hy(3-MeO-SALEN-d,) .

2.3 Gas-Solid Reaction Calorimetry
.
2.3.1 Gas-Solid Reaction Calorimetry System?2)

A schematic diagram of the system is shown in Fig.2.1. This
system consists of a calorimetric section and a gas-manipulation
one.

Calorimetric section

In this section, a Tian-Calvet microcalorimeter3) (Setaram,
low temperature model, from 77 to 473 K) with a sensitivity of
about 60 pV;mW'l and two identical reaction vessels are included.
In the experiments, the temperature of the isothermal block of
the caloriméter was controlled by use of a proportional-integral
temperature controller (Setaram RT-3000), under cooling with

cold nitrogen gas flow (flow-mode) when required.
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Fig.2.2 Side and cross-sectional views of the teaction vessel: 1, stainless-steel tube;
2, lead wire; 3, cover; 4, thermocouple; 5, heater wire; 6, reaction vessel; 7, sample
container; 8, O-ring
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Cross-sectional and side views of the reaction vessel are
rshown in Fig.2.2. The vessel is connected to the gas-manipulation
section through a greaseless stop-cock on its top and a stainless
steel tube with internal diameter of 2 mm and length of 100 cm.
The reaction vessel proper (6) and the sample container (7) are
made of stainless steel. At the neck of the reaction vessel
proper, there are four small holes, through which gaslenters or
l leaves the vessel. The internal volume below the neck is about
6.7 cm3. The vessel is equipped with é calibration heater
(Nichrome V, about 500 ohm) wound around the external surface of
the reaction vessel propef, and a thermocouple junction (chromel
to constantan) for temperature measurement.

Output voltage from the calorimeter was measured with a 6.5
digits digital multimeter (Keithley 181) and, at the same time,
recorded on a strip-chart recorder. The digital data acquisition
and processing were carried out with a personal computer (NEC PC-
8001) . ‘

Gas-manipulation section

This section consists of a Pyrex glass tube ("line") (4 in
Fig.2.2) about 100 cm® in volume, vessel (5) (98.630%0.019) cm3
in volume, and pressure measurement facilities (6,7,8). The
section can be evacuated to 2x10°¢ Pa. The whole section, except
the mercury manometer (8), was placed in an air thermostat kept
within (301%0.05) K. Temperatures were measured at both sides of
the tube and the average of the two was adopted as the
temperature of gas in this section.

The pressure of gas in this section was “determined by
measuring the pressure difference between the line and ballast

tank (7) with a capacitance pressure gauge (MKS type 222A, 1.333
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kPa in full scale, *1.5% of reading in accuracy) and the preésure
in. the ballast tank with a mercury manometer (8). The capacitance
gauge was placed in the air-thermostat and calibrated against the
mercury manometer. By this procedure, the inaccuracy of the gauge
was decreased to 0.7% of the reading. By use of the mercury
manometer, pressures up to 66.6 kPa were measured with a
resolution of 1.3 Pa and those between 35 kPa and 160 kPa were
measured with a resolution of 13 Pa, which is the resolution of a
mercury barometer. The section is equipped with three auxiliary
strain-gauge-type pressure gauges in order to monitor the

pressure in each part, as shown in Fig.2.1.

2.3.2 Gas-Solid Reaction Calorimetry

The amount of gas reacted A;n(gas) was determined as the
decrease in the one of gas in the gas-manipulation line Arn(line)

minus the increase in the reaction vessel and the inlet tube

Arn(vessels)

A  n(gas)) = A n(line) - A n(vessels). (eg.2.1)

For the calculation of amount of gas the following equation of
state was employed

pV =nRT-Z(p,T), (eq.2.2)
where V is the volume of gas at temperature T and pressure p and
n is the amount of gas. Z(p,T) is the compressibility factor

defined as

9(o/p) -
Zp,N=1+—m|1+ [—[|, (eq.2.3)
128 (T/Tc) Te

where T. and p. are the critical temperature and pressure,

(Tc=154.6 K and p.=5.05 MPa for oxygen gas), respectively.
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The volume of the gas-manipulation line V; was determined to
be (93.033+0.070) cm3, by expansion of helium from the line to
the reference volume vessel. Since a temperature gradient is
present along the reaction vessels and inlet tubes, the sample
side volume shown in Fig.2.3 was divided into four sections (see
Fig.2.3), V(reaction vessels) (Vy = 13.4 cm3 - Vsample , at Tr¢),
V(reaction vessels to outside of calorimeter) (p=£f1.-% at
Ty= (T +Troom) /2) » V(at room temperature) (Va=£f5-Vx at Ty=Tyoom) and
V(within the air thermostat) (3=f3-Vx at T3=Ttherm), where
f1=0.2148, f£3=0.4629, £3=0.3223, and Vyx was determined by
expansion of helium from the line to the sample side at each
calorimeter temperature.

Gas-solid reaction calorimetry was carried out on six Co(II)
Schiff base complexes (SP, SC, ME, MM, ET and EM; see section
3.2) by similar proceduie, and the temperatures measurements were
conducted at 284.75 K and 293.15 K for SP and SC, 273.15K and
293.15K for ME and MM, and 293.15 K and 323.15 K for ET and EM.

Tablets (10 mm in diameter) of each saﬁple were charge into
the sample container, and it was sealed under nitrogen (Fig.2.4).
After weighing, the samplevcontainer was attached to the reaction
vessel and the vessel was kept at 130 °C in vacuo for 2 hours,
for ME and ET, followed by annealing at 100 °C in vacuo for 1
day. Then the vessel was attached to the sample side thermopile
of the calorimetric system, and another reaction vessel
containing stainless steel rods with a volume similar to the one
of the sample tablets4). Prior to calorimetry, the whole system

was evacuated to 2x10°4 Pa.
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Fig.2.3- Division of the sample side volume into four sections; V;., V{, Vo, and V3.
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Fig.Z.‘4 The sample container charged with sample pellets: 1, stainless-steel net; 2,
stainless-steel ring; 3, sample pellets; 4, sample container.

-18_



Calorimetry on oxygenation reaction of the Co(II)-Schiff base
complexes was carried out by step-by-step introduction of
dioxygen from the gas-manipulation line to the reaction vessel
(gas titration technique), that is, a sample was made to react
with a small amount of dioxygen to change its composition, the
heat evolved during the reaction being measured. Since the
reaction rate was slow and it took at least 1 day until a
significant heat effect was not observed, dioxygen’ pressure in
the vessel was decreased to accelerate establishment of
equilibrium after a prescribed amount of oxygen was reacted.
Gradual drift in' the pressure in the system was observed after
output voltage of the thermopile had returned to the initial
value, the pressure was further decreased until no pressure drift
was observed. It took 4 or 6 hours for calorimetry and another 20
hours to confirm equilibrium.

Calibration on the sample-side reaction vessel was carried out
after the first reaction step of every series by use of a built-
'in heater wound around the vessel (5 in Fig.3.2). In order to
correct the energy equivalent E,, thus obtained for systematic
error associated with it, heat effect Q during the reaction was
determined as follows; |

Q=-a.EpS , (eqg.2.4)
where S 1is the integrated voltage from the thermopile with
respect to time, and a is the correction factor, which was found
to be 0.97512) from .the comparison of E, with the equivalent
obtained by using an oil-immersed heater placed in the reaction
vessel. The latter had been shown to be accurate for the

reaction: NiCl,(cr)+ 6NHz(g) = Ni(NH3)gCls(cr) at 298.15 K5).
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2.4 Gas Titration System for Preparing Partially Oxygenated
Sample

A simple gas titration systeﬁ (Fig.2.5) was constructed to
prepare partially oxygenated Co2*-Schiff base complex  for
measuring magnetic susceptibilities, diffuse reflectance spectra,
infrared spectra, Raman spectra and X-ray diffraction patterns.
The system consists of a constant temperature water bath
controlled at = (293.15%0.02) K and a Pyrex glass tube
(33.989i0.041) cm3 equipped with a reference volume vessel
(47.779£0.026) cm3, a capacitance pressure gauge KMKS model 127A,
0 to 133 kPa, resolution 13 Pa), which are placed in an air
thermostat at (304.5%1.0) K. The volume of the glass tube and
reaction vessels was determined with helium based -on the
reference volume vessel. Procedure for the determination of the
amount of gas reacted was similar to that described in section

3.3.2.
2.5 Magnetic Susceptibility

2.5.1 Dioxygen Content Dependence df Magnetic Susceptibility
Dioxygen content dependence of molar magnetic susceptibiliﬁy
of the complexes at room temperature was measured by Gouy method.
A sample (about 0.3 g) was charge into a sealable quartz tube
(Fig.2.6 Cell 1). After reaction with a prescribed amount of
oxygen, the tube was sealed, and kept at 293.15K for more than 12
hours to homogenize the sample composition. Deionized water was
used as reference material of susceptibility measurement, and the

magnetic field strength was about 20 kGauss.
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Fig2.5 A gas-titration system for nonstoichiometric sample preparation: 1, Pyrex
glass tube; 2, reference volume vessel; 3, pressure gauge (MKS 127A); 4, reaction
vessel; 5, water thermostat.
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* Fig.2.6 Sealable quartz cells, Cell 1 and Cell 2, for dioxygen content and
temperature dependence  measurements of magnetic susceptibility of the
nonstoichiometric samples, respectively. Before the dioxygen content of the sample
is changed, the cells is opened by cutting the capillary A. B is the sample.
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Fig.2.7 A cell for diffuse reflectance spectral: 1, quartz window; 2, sample;
3, spring; 4, stop cock.
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2.5.2 Temperature Dependence of Magnetic Susceptibility
Temperature dependence of molar magnetic susceptibility was
measured from 4.2 K to 297 K by the Faraday method. A sample
(about 0.2g) was charged into a sealable quartz tube (Fig.2.6
Cell 2). Oxygenation was carried out as described in section
3.5.1. Molar susceptibility determined at room temperature was
used as reference. The susceptibilities determined for a variety
of amounts of [Co(3-EtO-SALEN) ] agreed with each other within 1%
above 17 K, in spite of the fact that the contribution of the
cell to the measured susceptibility was of considerable magnitude

(about 10 % at 200 K).

2.6 Diffuse Reflectance Spectra

An air-tight cell with a quartz window and a stop cock
(Fig.2.7) was used for diffuse reflectance spectroscopic
measurement for the cobalt complex samples with various oxygen
contents. Oxygenation of samples were carried out as described in
section 3.5.1. Spectra from 400 nm to 1500 nm were recorded at

295K by use of a HITACHI model 330 spectrometer.

2.7 Infrared and Raman Spectrum

Infrared spectra of the samples with various dioxygen contents
were measured as nujol mull. Spectra from 400 cm'l to 1800 cm‘i
were recorded by a NIHON BUNKOU model DS-402G spectrometer and
those frem 30 cml to 400 em! by a HITACHI model FIS-1
spectrometer, both spectrometers being equipped with facilities

for temperature variation.
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Raman spectra were recorded for KBr pellet of the samples on a
glass plate which was sealed in a glass tube. Excitation at

514.5 nm was made by an Ar ion laser (100 mW).

2.8 X-ray Diffraction

X-ray diffraction experiment by Cu-Kgq radiation for the
samples with at various dioxygen content were carried’out‘by use
of a RIGAKU X-ray diffraction system (RAD-B and Rotaflex RH-200)
equipped with an air-tight goniometer and a temperature
controller. Diffraction patterns were recorded at every 0.02°

from 3° to 53°.
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Chapter 3 Physico-chemical Studies on [Co(SALEN)]-0,

Systems.

3.1 Introduction

[Co(SALEN)] (Fig.3.la) was reported at the first time by
Tumakil) in 1938 to be a solid state oxygen carrier. This complex
forms adducts by recrystallization from solutions in pyridine,
chloroform, benzene and so on2). Calvin et al.2) and Aymes et
al.3) reported that its oxygen active forms prepared by thermal
decomposition of the pyridine adduct and benzene adduct reacted
with dioxygen in the ratio: Co:0,=2:1, although Tsumakil) reported
that [Co(SALEN)] prepared by decomposition of its chloroform
adduct reacts with dioxygen in the ratio: Co:03=3:1. Calvin et
al. also found a nonstoichiometric phase in the system,
[CO(SALEN)]-OZ, for the complex prepared from its pyridine
adduct4) . Many studies on the complex in the solid state have
been perfomed on the unoXygenated form and the fully oxygenated
form, and it has been shown that two [Co(SALEN)] molecules react
with an Oy molecule to form a Oj;-bridged dimer (Fig.3.1b) in many
diamagnetic oxygenated crystals of the complex5:6). However, the
behavior of the [Co(SALEN)]-0, system, especially in the
nonstoichiometric phase, has not been studied in detail, and the
origin of the difference in the ratios, Co0:02, depending on
sample preparation also has not been clarified.

In the present study, this system was studied by the
‘thermodynamic (reaction-calorimetric and equilibrium) method and
also studied by magnetic and spectroscopic methods to interpret
the thermodynamic findings. The samples prepared from pyridine

and chloroform adducts, "SP" and "SC", respectively, were used in
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Fig.3.1b [Co(SALEN)]O,[Co(SALEN)]
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this study in order to clarify the difference in the maximum

ratios of 0, molecules to cobalt ions . Details of materials and

experimental technques were described in chapter 2.
3.2 Experimental and Results

3.2.1 Gas-Solid Reaction Calorimetry on the Systems; O, and Two
Types of [Co(SALEN)] (SP and sC)

Thermodynamic measurements on the systems were conducted for
absorption run at 284.75 K and ‘293.15 K. The results are
summarized in Table 3.1, where the diqugen content, x, is
indicated by the molar ratio of dioxygen moiety to [Co(SALEN)] in
the oxygenated crystal. x. indicates the dioxygen content at
which equilibrium pressure has /been determined, and x5 is the
mean of initial and final dioxygen contents for a calorimetric
run. Partial molar entropy at x, were calculated from partial
molar enthalpy and Gibbs energy at xy determined by interpolation
of experimental values. Standard state pressure is 100 kPa in
this study. The equilibrium pressures, partial molar enthalpies
and entropies of the systems are shown in Fig.3.2, Fig.3.3 and
Fig.3.4, respectively.

As shown in Fig.3.2, each the SP-0,; and SC-0O, systems consists
of a two-phase region characterized by a plateau reagion below
about x=0.2, and a nonstoichiometric one-phase region where the
equilibrium pressure increases monotonously with x. The phase
boundaries were graphically determined as x=0.20 for the SP-0y
system and x=0.25 for SC-O, at 293.15 K, and x=0.23 for SP-0O, and
x=0.26 for SC-0O, at 284.75 K. The equilibrium pressure in the

plateau of the SC-0O, system was about 15% higher than that of SP-
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Oz, but that in the one-phase region was lower above x=0.3 at
293.15 K and x=0.4 at 284.75 K.

Partial molar enthalpies in both the systems (Fig.3.3) were
independent of x, while small discontinuity was found at their
phase boundaries. As a result, partial molar entropies in the
nonstoichiometric region decreases with increasing X. Thus( the
variation of equilibrium pressure in both the systems results
from the dioxygen content dependence of the entropy term. Mean
value of the equilibrium pressure in their plateau and partial
molar enthalpy in their plateau regions and the nonstoichiometric

regions are summarized in Table 3.2. Partial molar entropies of

the SP-O, system were by about 1 kdmol-l higher than those of the

SC-05 system.
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Fig.3.2 Bquilibrium pressure of the SP-O; (circles) and SC-Oy (triangles) systems at

284.75K (open marks) and 293.15K (filled marks).
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Table 3.2 Composition at phase boundaries in the SP-0O; and SC-Oj
systems, and mean equilibrium pressure and partial molar enthalpy
in their two-phase region and averaged partial molar enthalpy
in the nonstoichiometric phase.

two-phase region Nonstoichiometric
Phase Peq AI?;° AI7§°
boundary -
X kPa kJmol -1 kJmol-1
SP-0O, system
at 284.75 K 0.23 1.489 -81.46 -81.20
+0.011 +0.11 - %0.12
at 293.15 K 0.20 3.570 -82.04 -82.21
+0.042 +£0.12 +£0.12
SC-0, system
at 284.75 K 0.26 1.769 -80.35 -81.06
+0.026 +0.09 *0.11
at 293.15 K 0.23 4.107 -81.42 -80.25
+0.009 +0.09 +0.16

3.2.2 Magnetic Properties

Dioxygen content (x) dependence of molar magnetic
. susceptibility (xy) of the SP-0, and SC-0O, systems were measured
at (285.0%+1.6) K and (287.9%2.5) K, respectively. The results are
shown in Fig.3.5 together with molar susceptibilities of the
paramagnetic species, Xp/(1-2x), which corresponds to those of
unoxygenated cobalt ions because of diamagnetism of oxygenated
[Co(SALEN)]17). In the SP-O; system, Xm decreased linearly as>

reported by Calvin et al.?”), and Xp/(1-2x) was independent of x,
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with the wvalue: (2.463i0.039)x10'3 emu-mol (Co) 1. On the other
hand, the plots of X with respect to x for the SC-0, system
shown in Fig.3.5 indicated a bend at about x=0.25 which agrees
with the phase boundary between the one-phase and two-phase
regions. The X/ (1-2x) vs. x plots for the system also shows a
bend at the same dioxygeﬁ content (x) and a constant value
[(3.026%0.054)x10°3 emu-mol(Co)-1] for x>0.25 which is larger than
the value at x=0, (2.478%0.077)x10°3 emu-mol(Co) 1. The oxygenated
complex molecules for both the SP-0, and SC-0, systems are
diamagnetic, because those Xp/(1-2x) vs. x plots is possible to
be extrapolated to Xp=0 at full oxygenation (x=0.5).

Temperature dependence of magnetic susceptibility at wvarious
dioxygen contents was measured using the susceptibility at room
temperature as a reference. The effective magnetic moments of an
unoxygenated cobalt ion are shown in Fig.3.6. It is noticeable in
Fig.3.6 that the effective magnetic moments for partially
oxygenated sample of both SP and SC behave similarly with respect
to temperature, and that the magnetic moments for the same sample
show no dioxygen content dependence above 180K for both the SP-0O,
and SC-O, systems. Decrease inkthe magnetic moment in the lower
temperatures may suggest the existence of diamagnetic interaction

between cobalt ions.
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Fig.3.5 Dioxygen content dependence of molar magnetic susceptibility of the whole
(open circles) and paramagnetic (filled circles) for cobalt ions in the complex: a,
SP-Op system at (284.9£1.0)K; and b, SC-Op system at (287.9+2.5)K. Solid lines

indicate the values without formation of the species with higher susceptibility.
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3.2.3 X-ray Diffraction

Powder X-ray diffraction patterns of the SP-0, and SC-0o
systems were recorded at 293 K for unoxygenated samples, the
samples in two-phase region and the fully oxygenated samples. The
fully oxygenated samples were prepared by leaving unoxygenatéd
samples for 2 days in dry air at 293 K, and the dioxygen content
which were gravimetrically determined were x=0.45 and x=0.46 for
the SP-O; and SC-O; systems, respectively. The samples in the
two-phase region were obtained by placing the fully oxygenated
samples in the sample chamber filled with nitrogen for 24 hours
at 293 K. The unoxygenated samples were prepared by keeping
partially oxygenated samples at 373 K in vacuo for 2 hours.

Diffraction patterns were shown in Fig.3.7 (SP-0, system) and
Fig.3.8 (8C-0, system). In Fig.3.7b and Fig.3.8b, diffractions
from both unoxygenated and fully oxygenated crystals are
observed. Hence, the patterns are attributable to those of the
samples in the two-phase regiori. The diffraction patterns were
indexed as an orthorhombic system, and the lattice parameters and
the lattice volume are shown in Table 3.3. The lattice of the sc-
Oz system was slightly smaller than that of the SP-0O, system.
Difference in intensity of diffractions’between the systems was
also observed below 12° and at about 18° and 26° in 20.

Since the shifts of strong diffractions, 020 and 210, were
negligible in the nonstoichiometric region , the volume changes
in the region was determined from the shiftl of 004 diffraction
which are shown in Table 3.4. Although the changes in the spacing
of the 004 plane in both the systems were less than 0.25%, those
values can be regarded as significant, because the 004

diffraction was sharp and the values at the same composition
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agreed with each other in successive measurements, moreover

- composition was varied without removing a sample holder.

Table 3.3 Lattice parameters and cell volume at 293 K of the SP-
Oz and SC-0O; systems in the unoxygenated and oxygenated states.
All diffraction patterns were indexed as an othorhombic system.

System and Latticd parameters Cell volume
Dioxygen a b c Veell

content x

nm nm nm nm3
SP-0> x=0 0.8021 2.617 0.6774 1.414
x=0.45 1.569 2.646 1.450 6.021
SC-0, x=0 0.8000 2.610 0.6773 ’ 1.414
X=0.46 1.553 2.604 1.444 5.840

Table 3.4 Volume changes in nonstoichiometric phase of the SP-0,
and SC-O; systems at 293 K between the phase boundary and fully
oxygenated state. Veeii(av.) is a mean cell volume between the
phase boundary and the observed highest dioxygen content.

System Dioxygen content x 100AVee11
Phase Fully —_—
boundary oxygenated Veel1 (av.)

SP-0g 0.20 0.45 0.12%

SC-0, 0.23 0.46 0.24%
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Fig.3.7 X-ray c}iffraction patterns of the SP-Oy system at various dioxygen contents
~ at 293K; a: unoxygenated sample, b: the sample in two phase region, ¢: x=0.45.
Triangles in b indicate unique diffractions from the nonstoichiometric phase. The
diffractions from the sample holder are indicated by asterisk(x).
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Fig.3.8 X-ray diffraction patterns of the SC-O; system at various dioxygen contents

at 293K; a: unoxygenated sample, b: the sample in two phase region, c: x=0.46.
Triangles in b indicate unique diffractions from the nonstoichiometric phase. The
diffractions from the sample holder are indicated by asterisk(x).
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3.2.4 Infrared Spectfa

Infrared spectra in the 30-700 cm™! and 1100-1300 cm™l regions
at various dioxygen contents at 298 K are shown in Fig.3.9 (SP-0O,
system) and Fig.3.10 (SC-O, system). In the one-phase region
(x>0.25), it was noticeable that the intensity and wave number of
most of absorption bands were unchanged by a change in the -
dioxygen content (x). In the far-infrared region, the spectra
éhow no dependence on x in the nonstoichiometric samples of both
the systems. Spectra in the 400-700 cml and 1100-1300 cm™!
regions for the dimer, [Co(SALEN)],; and the five-coordinated
pyridine adduct, [Co(SALEN)]lpy at 298 K are shown in Fig.3.1lla

and Fig.3.11lb, respectively.

3.2.5 Diffuse Reflectance Spectra

Diffuse reflectance spectra recorded from 2000 nm to 500 nm at
295K at various dioxygen contents are shown in Fig.3.12. Spectra
and their depéndence on x were similar for the SP-0, and SC-0,
systems. The spectra of unoxygenated samplés of the both systems
were similar to that of [Co(SALEN)] dissolved in chloroforms) . By
increasing the dioxygen content, a new band appeared at about 730
nm, but its intensity was decreased in the one-phase region. This
fact suggests that the electronic state of the unoxygenated

cobalt ions in the nonstoichiometric region are influenced.
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Fig.3.9a Dioxygen content dependence of infrared spectrum (350-700cmr! and
1100-1300cm-l) of the SP-O) system at 298K. Filled triangles indicate the C-O

stretching bands.
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Fig.3.9b Dioxygen content dependence of far infrared spectrum (30-400cm-1) of the
SP-Op system at 298K. Triangles indicate the peaks which showed a change in

transmittance in the nonstoichiometric phase.
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Fig.3.10a Dioxygen content dependence of infrared spectrum (3.5077000m‘1 and
1100-1300cnr!l) of the SC-Oy system at 298K. Filled triangles indicate the C-O

stretching-bands.
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'Fig.3.10b Dioxygen content dependence of far infrared spectrum (30-400cm1) of
the SC-O; system at 298K. Triangles indicate the peaks which showed a change in

transmittance in the nonstoichiometric phase.
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Fig.3.12 Diffuse reflectance spectra of the SP-Oy (a) and SC-Oy (b) systems at
various. dioxygen contents at 298K. '
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3.3 Discussion
3.3.1 Structure and Distribution of Dioxygens in the
Nonstoichiometric Phase.

In the nonstoichiometric regions of both the SP-0, and SC-0,
systems, magnetic susceptibilities of the unoxygenated cobalt
ions, Xn/(1-2x) (Fig.3.6), are independent of dioxygen content x,
and temperature dependences of Xp/(1-2x) (x>0.25) above 180K
agreed well between the samples with different x, though the
temperature dependence is steeper than those of corresponding
unexygenated samples; These facts show that cobalt ions in the
nonstoichiometric crystals are more strongly perturbed than
cobalt ions in the unoxygenated ~crystal. This conclusion 1is
supported by the results of the visible and near-infrared spectra
as described in section 3.2.5. Antiferromagnetic interaction
between cobalt ions stronger than that of the unoxygenated phase
would suggest Co-Co interaction between adjacent complex
molecules similar to that in [Co(SALEN)], dimer crystal where
cobalt ions are coordinated with an oxygen atom of the ligand of
the adjacent complex molecule (Fig.3.13a)9) and enhancement of
antiferromagnetic interaction between the two cobalt ions was
reportealo).

Existence of perturbed [Co(SALEN)] in the nonstoichiometric
phase 1is also supported /by infrared spectra in the region
assigned to metal-ligand bond stretching and chelate skeleton
vibrations11:12) | As described in section 3.2.4, intensities and
wave numbers of most of bands from 400 cml to 700 cml were
almost independent of x in the phase, and similar to those of

[Co(SALEN) ], dimer.
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The C-O bonds of the [Co(SALEN)] moiety of the dimer molecule
(Fig.3.13a) are not equivalent crystallographically owing to the
coordination of the adjacent [Co (SALEN)] td the cobalt ion?!,
while those of the pyridine adduct (Fig.3.13b) are equivalentl3).
Corresponding to the difference in their C-O bond charactor, the
band at 1150 cml of [Co(SALEN)]lpy splits into two bands at
1140 cm'l and 1152 cm'l for the dimer, [Co(SALEN)],. Since these
bands at about 1140 cm™1l are assigned to the C-O stretching bands
according to the assignment on a derivative of [Co(SALEN)], N,N'-
bis(salicylidene) -1,1- (dimethyl)ethylenediammine cobaltl2), the
éplitting of the band at about 1140cm'l shows nonequivalent C-O
bonds due to dimerization of the [Co(SALEN)] molecules.

A C-O stretching band of the complex molecules in the
unoxygenated crystal for both the SP-0, ans SC-Og systems was
observed at 1142 cm'l as s’hown in Fig.3.9a (x=0). This is
consistent with the square planer structure of the unperturbed
molecule in the unoxygenated crystal which was suggested by
Nishikawa et al.® according to its near-infrared diffuse
reflectance spectrum. On'the other hand, the C-0 stretch band
splitted into two bands at 1138 cml and 1150 cm'l for the
nonstoichiometric region of both the systems. Comparing this
result and infrared spectra of [Co(SALEN)], and [Co(SALEN)]py,
the phenolic oxygen atoms of the complex molecules in the
nonstoichiometric region are not equivalent 1like those in

[Co(SALEN)],.
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Fig.3.13 [Co(SALEN)], (a) and [Co(SALEN)]py (b). The oxygen atoms with a open artow
coordinate to a cobalt ion. On the other hand, those with a filled artow coordinate
to two cobalt ions. '
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Fig.3.14 A structural model for [Co(SALEN)](O,)x

-54-



Considering the antiferomagnetic interaction between cobalt
" ions and the nonequivalence of the phenolic C-0 Ibonds of the
complex molecules, it is concluded that the unoxygenated complex
molecules in the nonstoichiometric phase have a dimeiic structure‘
similar to the [Co(SALEN)], dimer.

Since 2 mol of active form [Co(SALEN)] reacts with 1 mol of
dioxygen and [Co(SALEN)] molecules in the nonstoichiometric phase
interact with each other as discussed above, dioxygens are
considered to be distributed over the sites formed by dimerized
[Co(SALEN)] molecules (Fig.3.14), where the number of sites is
half of the number of complex molecules. The discussion to be
given in chapter 5 suggests}that deviation from complete random

distribution of dioxygens is negligible.

3.3.2 Cooperativity in [Co(SALEN)] -0, System

From the discuséion in the previous section, one can employ a
model in which n dioxygen are randomly distributed over (N/2)
sites, where N is the number of [Co(SALEN)] complex molecules.
According to this model, partial molar entropy of distribution is

expressed as follows:

5 2x
A, Sdis=-Rln(T:2—x], - (ea3.1)

where dioxygen content (x) is defined as n/N. If one can neglect
the dioxygen content dependence of partial molar enthalpy and
entropy except the contribution from eq.3.1, partial molar Gibbs

energy can be written as follows:

- 2x
A, G°=const.+FlTIn[m] : (eq.3.2)
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Since cooperativity in a system is defined as an intéraction
which decreases partial molar Gibbs energy from the value given
by eqg.3.2 when dioxygen content 1is increased, magnitude of
cooperativity will be shown by that of decrease in excess partial

molar Gibbs energy:

-E 2x

A, G =A,é°-RT|n[@]. (eq.3.3)

r

Excess partial molar Gibbs energies for the SP-O, and SC-0O,
systems in their nonstoichiometric phases shown in Fig.3.15 and
Table 3.1 indicate cooperativity in the both systems. Since no
appreciable composition dependence as observed in the partial
molar enthalpies as shown in Fig.3.3, the cooperativity in the
systems ‘is attributable to the entropy term of their Gibbs
energy. Indeed deviations from eq.3.1, excess partial molar
entropies increased linealy with x as shown in Fig.3.16 with
parameters given in Table 3.5. The increase results in decrease
in partial molar Gibbs energy.

Large composition dependence of the excess partial molar
entropy may result from change in the density of state of low-
frequency vibrations such as lattice vibration. Since no
appreciable shift of any infrared absorption band was observed,
the contribution from low-frequency intramolecular vibrations is
considered to be small.

There are two additional possible entropy terms related to the
lattice vibration in this gas-soiid reaction system, (1) partial
molar entropy change arising from the volume expansion associated
with insertion of dioxygens as analogy of hydrogen-metal

systems14:15) and (2) the one arising from the linkage of adjacent
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~ Fig.3.15 Excess partial molar Gibbs energy of the SP-O9 (a) and SC-Oy (b) systems
at 274.75K (open marks) and 293.15K (filled marks).
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Fig.3.16a Excess partial molar entropy of the SP-Oy system at 284.75K (open
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Fig.3.16b Excess partial molar entropy of the SC-Oy system ‘at 284.75K (open

triangles) and 293.15K (filled triangles). The solid line shows the slope estimated
from the volume expansion of the sample (see text).
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Table 3.5 Patameters for AI?;E fitted by AI:§E=aX+b.

SP-0O, system SC-0y system
at 284.75 K at 293.15 K at 284.75 K at 293.15 K

a
_ 41 .6 39.4 48.6 61.8
JK lmol-1

b ‘ :
S -260.5 -262.6 -259.9 -265.6
JK lmol-1

Table 3.6 (0S/0V)r of some organic and inorganic materials.

(9s/oV) T
material _

JK lem-3
benzoic acid 1.85
naphthalene 1.94
anthracene 1.73
anthraquinon 1.50
sodium chloride 2.9
copper 2.33
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two complex molecules by a dioxygen bridge described in chapter
4.

At room temperature, volume dependences of internal energy U
and entropy (S) arising from lattice vibration can be expressed
with an accuracy of up to 10-20% for most of organic crystals by

the following equationsl6) :

Ny aln(aD
(av)r=-6RT| v |r- (ed.3.42)
and
one
aS D '
(.6—‘7)7.=-63 —v I (eq.3.4b)

respectively, where R is the gas constant and ©p is the Debye
temperature of the crystal. Since these equations include the
same term with respect to volume, the enthalpy and entropy would
contribute to free energy by similar magnitudes and their
composition dependences WOuld be similar. This estimation is in
conflict with the experimental findings that the partial molar
enthalpy was almost independent of x, while the partial molar
entropy increased with increasing x.

Quantitative estimation of the volume expansion term in
partial molar entropy also shows that this term is a minor
contribution to the partial molar entropy. The partial molar

entropy term can be written as follows:14,15,16)

(eq.3.5)
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where a is the volume thermal expansion coefficient, and f is the

isothermal compressibility. oa/f values for some organic crystals

fall in a narrow range around 2 JK lcm3 as summarized in Table
35616J7). Even for inorganic crystals (ionic and metallic), the
values are not so much different from those of organic crystals.
" Thus the average value for organic crystals in Table 3.6,
(1.8%0.3) JKlcm3 was adopted in this estimation. For the
estimation of the contribution from this causé, the molar volume
at about x=0.45, volume change by reaction given in Table 3.3 and
Table 3.4 and x at the phase boundaries written in section 3.2.1
were used. The estimated volume expansion terms of partial molar
entropy were (1.8%0.3) JK lmoll and (4.0%0.7) JK lmol-l for the
SP-O; and SC-O, systems, respectively, at about 293 K, if the
term is independent of X; If the term has a first-order
dependence on x like experimental results of excess partial molar
entropy, the dioxygen content dependence can be shown as solid
lines in Fig.3.16a and b, where it is assumed that the cell
volume increases quadratically with respect to x and 9V/dx=0 at
the phase boundary. The slope of the experimental results is
twice or three times steeper than the estimated volume expansion
term. Furthermore smaller slope than the estimated one may be
expected, because volume expansion in their nonstoichiometric
phase is very small and deviation from Vegard's rule would not be
so large. Therefore the volume expansion is considered to be a
minér contribution to dioxygen content dependence of the excess
partial molar entropy.

Although quantitative estimation on the effect of linkage
formation between complex molecules by dioxygen moieties has not

been carried out, the prerequisite in the calculation to be given

-61-



in the next chapter 4 (model A') that the lattice is made of
dimerized atoms, is satisfied in the SP-0, and SC-O; system as
discussed in section 3.3.1. As will be shown in Fig.4.8b and
Fig.4.9b, the dioxygen content dependence in partial molar
enthalpy and excess entropy agrees qualitatively with the results
of the calculation on model A'. Therefore the linking by
dioxygens in a dimer lattice can be proposed as a major paft of
the dioxygen content dependence of/excess partial molar entropy

which leads to cooperativity in the SP-O; and SC-0, system.

3.3.3 Differences between the SP-O, and SC-0, Systems

Different 0;/Co ratios for the full oxygenation of SP and sC
had been reported by Caivhn et al.?) (Co:02=2:1 for the SP-O,
system) and by Tsumakil) (Co:02=3:1 for the SC-O; system).
However, in the present study, the isotherms of both the systems
resemble each other as shown in Fig.3.2. Furthermore,
extrapolation of magnetic susceptibility to the dioxygen content
for Co0:02=2:1 (x=0.5) indicated disappearance of paramagnetic
complex molecules at x=0.5, which shows that all complex
molecules form [Co (SALEN)]O,[Co(SALEN)] dimers shown in Fig.3.1b.
Thus, it is concluded that the maximum dioxygen content for both
the systems is ’X=0.5 or Co;02=2:1. The above-mentioned ratio,
Co:02=3:1, for the SC-0; system would be attributed to the
neglect of the existence of the nonstoichiometric phase.

Although similar vibrational and electronic spectra were
observed for both the SP-O, and SC-0O, systems (Figs.3.9, 3.10 and
3.12), those systems indicated slightly different behavior in
thermodynamic values (Figs.3.2, 3.3, 3.4, 3.15 and 3.16) and the

magnetic susceptibility (Figs.3.5 and 3.6) in  their
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nonstoichiometric regions. The similarity in vibrational spectra
shows that the molecular structure of thej complex is scarcely
different between them. Considering a few differences observed
for X-ray diffraction pattern as described in section 3.2.3, a
slight difference in molecular‘packing in the crystals would be
envisaged. This would affect interaction between the complex
molecules forming a dimer in the nonstoichiometric regions, and
change in the electronic state of the cobalt ions which lead to a
different magnetic behavior between the systems. The steeper
slope in the dioxygen content dependence of excess partial molar
entropy for the SC-0, system (Table 3.5) than that of\the SP-0,
system would also arise from the slight difference in their
crystai structure, because the dioxygen content dependence is
attributable to a change in the lattice vibration by oxygenation

as described in the previous section.
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Chapter 4 Cooperativity i1in Disordered ILattices Modeled
after the [Co(SALEN)]-O, System.

4.1 Introduction

Interatomic interactions in the nohstoichiometric oxygen-
metall) and hydrogen-metal systems2) are dominated by long range
forces, for example, Coulomb, electronic and elaétic
interactions, which cause appreciable composition dependence of
partial molar enthalpy and entropy.3:4) Since [Co(SALEN)] is a
molecular crystal, Coulomb and electronic interactions would be a
minor contribution to the interaction in the [Co(SALEN) ] -0,
system. Thus the system is characterized by the formation of a
linkage between the cobalt atoms by a dioxygen bridge, 1like
[Co(SALEN)] -Oy- [CO(SALEN)], which would affect its 1attice
vibration cohsiderably. In this chapter, effects of the linkage
formation on lattice vibration spectrum and derived thermodynamic
quantities in finite cubic lattiées of monoatomic molecules in
which some interatomic bonds are randomly strengthened will be
calculated and discussed as a model system for the [Co(SALEN)]-Oz
system.

Lattice dynamic calculation for lattices disordered in atomic
mass, force constant and/or orientation of bonds has difficulties
from absence of structural periodicity. One of them is that we
cannot use familiar concepts associated with regularity, for
example, unit cell and phonon. Direct numerical approach for
calculation of vibrational spectra of finite disordered harmonic
lattices was developed in 1960's5) by Dean et al.. They used
"negative eigen-value theorem"®) which decreases the amount of

computation to determine lattice spectrum from a proper equation
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of large order. The method developed by Dean was employed in this

chapter.

4.2 Models and Calculation of Lattice Spectra and Thermodynamic

Properties

[Co(SALEN)] 1is a large plane molecule, and crystals containing
such flat molecules are likely to have a column structure Qf the
molecules in which the ligand planes are faced each other.7-11) 2
similar crystal structure (Fig.4.1) may be expected to take place
in the crystals of the oxygen-active and oxygenated forms of the
complex. This supposition was eupported by the analysis of powder
X-ray diffraction pattern of the crystal?) and the structure
analysis of a parent compound of the active forml® and an
oxygenated derivative.ll) Thus, for the present lattice spectrum
calculation, we used a simple cubic lattice consisting of point
masses connected to»theifjnearest neighbors by springs in stead
of the real molecules. Dioxygen (Oz) moieties bonded to cebalt
ions of adjacent complex molecuies were approximated simply as
stronger bonds than other ones, since mass of a dioxygen is at
least ten times smaller than that of the complex. It was assumed
that all the strengthened bonds are directed along the same axis,
and they never neighbor each other in the bond direction because
two dioxygen moieties cannot form a bond with one and the same
cobalt ion simultaneously (Fig.4.2). Here we define "dioxygen
content, x", as the ratio of number of the strengthened bonds to

that of all the available bondé parallel to the strengthened one.
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Fig.4.1 An expected column structure in oxygen active [Co(SALEN)].
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Fig.42 A distribution of dioxygen bonds (bold line)
on a simple cubic lattice. All dioxygen bonds
are directed along the same axis, and never
adjacent to each other in the bond direction.
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Fig.4.3 Schematic figures of the distribution of dioxygen bonds (bold line) directed
along the s vector. In the models A and A’, dioxygen bonds are fixed at the sites
shown by artows. On the other hand, dioxygen bonds are placed everywhere except
at their neighbor in the models B and B'. In the model A/, atoms ate dimerized by
moderately strengthened interatomic bonds (broken line). In the Model B/, the bonds
adjacent to dioxygen bonds (broken line) are strengthened.
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Fig4.4b {H,0[Co(3-FSALEN)]O,[Co(3-FSALEN)]},
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Disordered model lattices were constructed according to two
types of arrangement of strengthened bonds; fixed site model
(Fig.4.3 model A) and unfixed site model (Fig.4.3 model B). In
model A, the formation of strengthened bonds are allowed only to
eVery second bond, while this restriction is removed in model B.
Coordination to a cobalt ion by a salicylic oxygen atom of a
neighboring [Co(SALEN)] molecule were found in oxygen-inactive
[Co(SALEN)] crystalé,9) and {H20 [Co (3-FSALEN) ] O, [Co (3 -
FSALEN) I}, (CHCl3) ;py  crystalll) (Fig.4.4). Thus we calculated
1atticé spectra for additional two models in which interaction
between complex molecules are incorporated. One (Fig.4.3 model
A') 1is ar model in which force constants for every gap never
oxygenated in modei A are moderately strengthened, while the
other (Fig.4.3 model B') is a model in which force constants for
pairs adjacent to oxygenated ones in model B were moderately
strengthened. We used a model for force constantle) in which an
atom in the lattice is connected to their nearest neighbors by
two types of springs with force constants r and r' as shown in
Fig.4.5, where r' is a force‘constant for the net displacements
along Z-axis between a particle and one of the neighbors on the
same X-Y plane. In a three-dimensional simple cubic lattice, this
model results in the simplification that the motions in each
Cartesian coordinate direction are independent, and reduces the
number of coupled variables of a three-dimensional lattice of N
atoms from 3N to N.

The equation of motion for an atom in ~the mxmxn"lattice

(Fig.4.6) is, in harmonic approximation,
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Fig4.6  The model simple cubic (m,m,n) lattice used
for the lattice vibration spectra calculation.
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MU = P (Uit - U) + Pl (Ui - u)
* Pipeme(Uism = U) + i (U-m - 1)) (eq.4.1)
* Mi+m2 (Uji+m2 - U)) + Fim2-(Uim2- Uj)
where M is the mass of the atoms, uj is the displacement of the
ith atom froﬁ an equilibrium position in a direction parallel to
one of the cube edges as shown in‘ Fig.4.5. Inserting
uj=Agexp(iwt) into eq.2.1 and dividing by M1/2, the equation of

motion for the whole atoms in the lattice is, in matrix notation,

Mg -0 llu=0, | (eq.4.2)

where Ms is the dynamical matrix of the three-dimensional simple

cubic lattice and its right upper half block can be written as

follows:

ap b 0 O cm1 0 0 dp2u 0O 0 o0 0 O
as . ) . . 0
° . . . 0
. . . dl : 0
. . . . 0
. . . . 0

- < Ci dn
Ms o . . 0
D) . . 0

* b Crnen
a; ¢ 0
. . 0

* bmn

am2n ,
(eqg.4.3)

where ai=(r'ij-1+I'iia1*0'ii-m¥T 1em*Tii-n2+Tiiem2) /M, Dbi=-T'ij41/M,
Ci=-T'ii+m/M, di=-T'ijsm2, Iij=Tji, r'ij=r'ji, and rjx/M=rki/M=0 for
k=0 and k>m?n

In eq.4.3, we employed regid wall boundary condition in the 2

direction of the lattice and a toroidal boundary condition in the

X and Y directionsl3) (for example, the atoms c-m and c-m2 have
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noncentral interaction with the atoms c-.m+1 and c.m2+1,
respectively, where ¢ is an integer).

Using the negative eigenvalue theorem to eq.4.2 for a given
dioxygen content xy, the number of modes blow ®;2, G(xy,®12), is
obtained for the vibration in the z direction. The density of
state (DOS) between ®31.12 and @12, g(xgx,®12), or wj.; and ],
g(xk,®1) can be obtained by eq.4.4 and eq.4.5,

T

2 1
g(Xk,m|2)=N > 2 , (eq.4.4)
: o - 09

and ‘
2
GO0 - GOXG011)

2 2
o - 9

, | (eq.4.5)

glxy.@p ) = |
G(Xk,wlz) - G(Xk,(x)|2_1 )

T
where 12=(wj.12+®12) /2, ©w1=(01-1+®1) /2 and N is the number of
atoms. The thermodynamic functions, entropy S(xy,®g)/R and
internal energy function U(xg,wg)/RT, were calculated by
assigning an Einstein partition function with the degrée of
freedom, NA-g(xk,a)l), as follows :

St.og) @) /g

TR =Lalkg.a) - In{1-exp(-@ /og)} |, (eq.4.6)
RN exp (@) fog) -1 e

and
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Ubx.) @) TR

- 1
Tﬂzg(xk’“’l) 5 —+ - ; - (eq.4.7)
oy  exp(a / ag) - 1

where T is the temperature of the system, wo=kT/h, and N is
Avogadoro's constant. The partial molar functions for S{xx,mq) /R
and U(xyk,wq) /RT were determined as the slope of the straight line
calculated from the values for five points from xy., to Xysz. In
the models for the [Co(SALEN)]-0O, system, the strengthened bonds
vare directed to the same direction. Thus we carried out
calculations on both the lattices in which the direction of the
bonds 1is parallel to the Z-axis of the lattice (s//Z type
distribution), and is perpendicular to the Z-axis (elZ type
distribution); in the latter case, the strengthened bonds are
directed to the X-axis in this calculation. In order to avoid
abrupt change in the spectrum, we did not ehange the strength of
the force constants (r and r') associated with the atoms on the
first and nth layer in the Z-axis and the force constants (r') of
the edge of the layers. According to -Dean5), the spectra for
lattices of 6x6x25 atoms disordered in their mass are scarcely
different from those for larger lattices and they should
represent well the generalyfeatures of the spectrum of larger
three-dimensional disordered lattice. Therefore we employed
5x5X35 and 5x5x43 lattices for the calculation of the s//Z type
distribution and 5x5x43 and 5x5x53 ones for the slZ type lattice.

M=2 for the mass of the atom and r=r'=0.25 for the original
force constants of the lattice were used in our calculation. Four
times stronger force constant was employed as the dioxygen

bridge, and twice stronger one for the strengthened complex-
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complex interaction. Dioxygen content (x) was varied by every
0.025 from 0 to 0.5.

The calculation of lattice spectra was executed on a NEC
PC9801RA personal computer (CPU 80386 20MHz) with a numeric data
processor (80387), wutilizing a source program written in C
language. The calculational time required for a lattice of 5x5x43
atoms was about 8 sec for one ;. Programs for preparation of the
matrix Ms and calculation of thermodynamic functions were written

in BASIC.

4.3 Results and Discussion

Some calculated spectra for model A, A', B and B' are shown in
Fig.4.7. Generally, an incrase in dioxygen coﬁtent (x) resulted
in the reinforcement of diffuse nature of the spectrum. The

spectra for the slz type lattice of model A' and B' are

characterized by roadbdouble lump structure and the disappearance

of a central peak (at about 3=1) above x=0.3, whilst the

features of the spectra for other type of lattices at the same
dioxygen content was not appreciably different from each other.
The DOS of the lowest frequency region became considerably large
with increase 1in dioxygen content. Since this effect was
outstanding in the case of the lattices with bigger dioxygén '
content as shown in Fig.4.7, it would be caused by the vibration

of atoms dimerized by dioxygen bonds with mass, 2M.

The thermodynamic functions were calculated at @g=1.5
(wg2=2.25) . Since Debye temperature of most of organic crystals
(about 100K and about 250K in case of crystals involving

intermolecular hydrogen bondsl4)) is considered to be lower than

room temperature, g=1.5 may correspond to room temperature for
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the calculated spectra of which the maximum of density of state
is located at about ®g=1. The dioxygen content dependences in
entropy,’ S/R and internal energy function, U/RT are shown in
Fig.4.8, where the thermodynamic functions of the s//z type
lattice and the slz one are denoted by subscript z and x,
respectively. 7

All thermodynamic functions, S;/R, Sx/R, U,/RT and Uyx/RT, were
found to decreased monotonously with increase in dioxygen content
(%) . For models A (Fig.4.8a) and B (Fig.4.8c) in which only the
dioxygen bond was considered, S,/R decreased more steeply in
bigger dioxygen content, while Sy/R, U,/RT and Ux/RT changed
linealy with dioxygen content. This variation in Syz/R results in
a more enhanced increase in free energy in larger dioxygen
content. On’the other hand, for models A' (Fig.4.8b) and B’
(Fig.4.8d) in which the strengthened interatomic bond other than
the dioxygen bond was included, only Sx/R decreased less steeply
at bigger dioxygen content, while Uy, Ux and S; changed li'nealy
with dioxygen content. This variation results in a monotonous
increase in derived partial molar quantities as shown in Fig.4.9.
These tendencies are independent of their lattice size and random

numbers used in the calculations.

From the relation, A U - TS, increase in partial molar
entropy results in decrease in partial molar free energy. Thus
the trend of the partial molar entropy observed in models A' and
B' shows that cooperativity exists in the system described by
those models, that is, partial molar free energy of the systems
will be additionally lowered or the system is more remarkably

stabilized with increasing dioxygen content than expected from

the trend in the low dioxygen content region. On the other hand,
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plots of internal energy for the models A' and B' with respect to
dioxygen content increases linealy with dioxygen content. This
shows that the partial molar quantity is independent of dioxygen
content, that is, the internal energy term did not participate in
cooperativity in the system. In the systems described by models A
and B, internal energy functions also formed straight lines with
respect to dioxygen content, while in contrast to models A' and
B', dioxygen content dependence of the partial molar entropy for
the 8//Z lattice decreased in larger dioxygen content. Therefore
the models A and B give an increase in the partiai moiar free
energy in larger dioxygen content, whiéh shows "negative®
cooperativity.

Consequently, cooperativity from entropy term with respect to
dioxygen content (x) results from the models A' and B' in which
bonds adjacent to dioxygen bonds are strengthened or atoms are
dimerized by stronger bonds than original one. On the other hand,
the models A and B in which effect of the dioxygen bonds to‘the
adjacent interatomic bonds are not incorporated gives “negative®
cooperativity. In the nonstoichiometric phases of SP-O, system
and SC-O; one, volume expansion in the phases was very small, and
U=H is considered to be a good approximation in solid phases.
Therefore discussion in this chapter can be applied to
cooperativity in the SP-O; and SC-0O, systems. Since model A' well
reflects the situation in the nonstoichiometric phase in those
systems discussed in Chapter 3 and cooperativity in the systems
arising not from the enthalpy term but from the entropy term) the
cooperativity is attributable to effect of 1linking complex
molecules with dioxygens in the phase consisting of dimerized

complex molecules.
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Fig.4.7a Lattice spectra for Model A at various content of dioxygen bonds, x.
The left column shows the spectra in case of § /[ Z, and the right column, s1Z.
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Fig.4.7b Lattice spectra for Model A’ at various content of dioxygen bonds, x.
The left column shows the spectra in case of s /[ Z, and the right column, s1.Z. -
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Fig.4.8a Calculated lattice entropy (top) and internal energy function (bottom) at
various X based on the Model A. Circles indicate the values for the lattice, s [[ Z

axis, and triangles the values for s L Z axis (see Fig.4.3). The values based on

different random number series are shown by open and filled marks. Solid lines are
drawn for the eye. ‘
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Fig.4.8b Calculated lattice entropy (top) and internal energy function (bottom) at
various contents of dioxygen bonds (x) based on the model A’. Circles indicate the

values for the lattice, S /| Z axis, triangles the values for s L. Z axis (see Fig.4.3), and

squares (S [/ Z) and inverted triangles (s L Z ) indicate the values for lattices larger
than the former two cases. The values based on different random number series are
shown by open and filled marks. Solid lines are drawn for the eye.
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Fig.4.8c Calculated lattice entropy (top) and internal energy function (bottom) at
various X based on the Model B. Circles indicate the values for the lattice, s [/ Z

axis, and triangles the values for s L Z axis (see Fig.4.3). The values based on
different random number series are shown by open and filled marks. Solid lines are
drawn for the eye.
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Fig.4.8d Calculated lattice entropy (top) and internal energy function (bottom) at
various contents of dioxygen bonds (X) based on the model B'. Circles indicate the

values for the lattice, s // Z axis, and triangles the values for s 1. Z axis (see Fig.4.3),

and squarés (s //Z) an inverted triangles (s L Z ) indicate the values for lattices
larger than the former two cases. The values based on different random number
seties are shown by open and filled marks. Solid lines are drawn for the eye.
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Fig.4.9a Calculated partial molar entropy (top) and partial molar internal energy

function (bottom) at various X based on the s // Z lattice (left) and s L Z one (right)
of the Model A. Meaning of marks are same in Fig.4.8a.
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Chapter 5 Physico-chemical Studies on [Co(3-RO-SALEN)]

(R=CH3, CxHs) — O, Systems

5.1 Introduction

In 1946, Calvin et al.l) reported that the [Co(3-RO-SALEN) ] -0y
systems (R=CHz or CyHs, Fig.5.1) gave isotherms without a two-
phase region different from that of the [Co(SALEN)]-O, system.
The isotherms suggest that the systems consist of a single
nonstoichiometric phase, although they attributed them to
insufficient attainment of ’equilibrium. They also reported that
van't Hoff plots over different temperature ranges for the [Co(3-
'EtO-SALEN)]-Oz system gave different partial molar enthalpies.
Unfortunately, nature of such behavior of the nonstoichiometric

phases has not been studied in detail since then.

OR : RQ

‘ O\C /O
VAN

Fig5.1 [Co(3-RO-SALEN)]

Gas-solid reaction calorimetry is a useful technique for the
systems which show unusual temperature and composition dependence
of thermodynamic values, because the technique enables us to
obtain partial molar enthalpy and entropy at a given temperature
without difficulties in pressure measurement in nonstoichiometric

phase, such as drift of compoition during the measurement. In
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this chapter, gas-solid reaction calorimetry was applied to
[Co(3-RO;SALEN)]-dioxygen (O2) system (R=CH3 or CyHs) and their
thermodynamic properties were discussed together with results
from magnetic, spectroscopic, and powder X-ray diffraction
measurement.

In the preliminaly experiment for the [Co(3-EtO-SALEN)]-0O,
system, shift in pressure and partial molar enthalpy was observed
in every «cycle when oxygenation-deoxygenation cycles were
repeated without annealing after deoxygenation prior to every
oxygenation run, and the partial moler enthalpy converged into
the value much more negative than the original value. After
storing fresh [Co(3-EtO-SALEN)] for about 1 year’ in the
oxygenated form, equilibrium pressure and partial molar enthalpy
fot the sample also agreed with ‘the converged values in the
preliminary experiment. The [Co(3-MeO-SALEN)]-O; system for the
sample stored for about 1 year in the oxygenated form also showed
thermodynamic quantities quite different from those for the fresh
sample. On the other hand, thermodynamic quantities for the
systems of the fresh samples were reproducible when the samples
were annealed for 24 hours at 373 K in vacuo after deoxygenation
prior to every oxygenation run. However, the stored samples never
showed thermodynamic properties of the fresh ones, even if they
were annealed. Since the samples stored in the oxygenated form
were found to be thermoaynamically different from the» fresh
samples, experiments were conducted for both samples of each
complex. In the fellowing sections, [Co(3-RO-SALEN)] (R=CH3 or
CzHs) 1s abbreviated to "ME" for R=CH3z and "ET" for R=CyHs, the
"ME" and "“ET" samples stored in their oxygenated forms are

written as "MM" and "EM", respectively.
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5.2 Experimental Results

5.2.1 Gas-Solid Reaction Calorimetry on the Systems; O, and Two
Types of [Co(3-MeO-SALEN)] (ME and MM) and [Co(3-EtO-
SALEN)] (ET and EM)

Thermodynamic measurements on the syétems were carried out’for
absorption run at 274.75 K and 293.15 K for the ME-O; and MM-Oo
systems, and at 293.15 K and 323.15 K for both ET-O, and EM-O,.
For the ME-O; and ET-O; systems, the fresh samples prepared from
[Co(3-RO-SALEN) ]JH,O0 (R = CHi, CyHs) were used, and they were
annealed for 24 hours at 373K in vacuo after deoxygenation prior
to every oxygenation run.

After every dose of dioxygen gas, the output voltage of
calorimeter returned to the initial voltage within 5 hours, and
it took about 1 day to find the equilibrium pressure by the
method described in chapter 2. The experimental results are
summarized in Table 5.1 and 5.2, where definition of dioxygen
content, Xe and xp, and the evaluation method of partial molar
thermodynamic functions are identical with those in chapter 3.
The equilibrium pressures, partial molar enthalpies and entropies
of the systems are shown in Fig.5.2, Fig.5.3 and Fig.5.4,
respectively.

All of the isotherms in‘Fig.S.z show monotonous increaserwith
increase in dioxygen content (x), which indicatés that all the
systems in this chapter consist of a single nonstoichiometric
phaser. Shape of isotherms of the ME-0O, and ET-O, systems was
similar to those reported by Calvin et al.l). Isotherms of the MM-

O, and EM-O, systems were appreciably different from those of the
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ME-O, and ET-O, systems. For the samples stored under their

oxygenated form for 1 year, equilibrium pressure was higher in

the MM-O; system than that of ME-O,, while it was lower in the ET-
O, system than that of the EM-0O, éystem. In addition, oxygenation
measurement was not possible beyond about x=0.25 (MM-0,) and
x=0.4 (EM-Oz) due to slowing down in the reaction rate, though
isotherms seemed to be extended toward higher composition.

It is noticeable that the ME-O; and EM-0, systems exhibit
considerable composition and tempera/ture depéndences of partial
moiar enthalpy and entropy as shown in Fig.5.3 and 5.4, which
span about - 20 kJmol-l for enthalpy and about 60 JK lmol-l for
entropy. Although the ET-0O, and MM-O; systems did not show such
dependences in paftial molar quantities, the values were -quite

different from those of the ‘ME-O; and EM-0O, systems.
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5.2.2 X-ray Diffraction

Powder X-ray diffraction patterns of the ME-O, and MM-O,
systems were recorded at 293 K, those of the ET-0, and EM-0,
systems were at 293 K and 321 K. The samples with
nonstoichiometric compositions were prepared at 293K by use bi
the preparative gas-titration system described in chapter 2.
Those and unoxygenated samples were mixed with silicon powder as
reference, and charged in the sample holder.

Recorded diffraction patterns are shown in Fig.5.5 and
Fig.5.6. For all nonstoichiometric systems, samples with
different dioxygen contents indicated similar patterns. This is
consistent with their isotherms which showed that those systems
consist of a single nonstoichiometric phase. Diffractions for the
EM-0y system became appreciably broaden with increasing
temperature from 293 K to 323 K, although similar shape of
diffraction péaks were observed for the EM-O, system at 293K,
and for the ET-02 systém at both 293 K‘and 323 K. The patterns
for the MM-0, system at 293 K were also very broad except for a
few strong diffractions.

All rpatterns were indexed as an orthorhombic system. The
latticé parameters for the sample with x=0.31 in the MM-0O,; system
were tentatively determined because of the limited number of
diffractions and the serious broadness of peaks. Broadness of the
peaks for the MM-O, system at 293 K and the EM-O, system at 321 K
would also suffer from large uncertainty owing to broadness of
peaks. The parameters are summarized in Table.5.3, and the
variations in the cell volume are shown in Fig.5.7 and 5.8. The
cell volumes at x=0 at 293K of the MM-O, and EM-0O, system were

2.7% and 1.3% larger than those of the ME-0O; and ET-0,
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respectively. The cell volume at x=0 at 321 K of the EM-0O, system
was 10% larger than that at 293 K, while that of the ET-0O, system

at 321 K was 1.4% larger than that at 293 K. The changes in the

cell volumes were less than 2% except the sample of the MM-0O,

system at x=0.31.
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Fig.5.7 Dioxygen content dependence of the cell volume for the ME-O; (a)
and the MM-O, (b) systems at 293K.
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Fig.5.8 Dioxygen content dependence of the cell volume for the ET-O9 (a)
and EM-0, (b) systems at 293K (filled circles) and 321K (open citcles).
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Table 5.3 Lattice parameters and cell volume of the systems, ME-
O, MM-Oz, ET-O; and EM-O, at various dioxygen contents. All
diffraction patterns were indexed as an orthorhombic system.

System and Latticd parameters Cell volume
Dioxygen a b c Veell
content x — —_ —
nm nm nm nm3
ME-O; at 293 K
x= 0 2.120 2.374 1.346 6.774
0.10 2.122 2.374 1.346 6.779
0.33 2.141 2.375 1.350 6.865
0.42 2.146 2.391 1.349 6.922
MM-O, at 293 K ,
x= 0 2.178 2.370 1.349 6.964
0.075 2.171 2.350 1.362 6.950
0.165 2.161 2.343 1.366 6.917
0.27 2.220 2.357 1.347 7.046
ET-0, at 293 K
x= 0 1.955 2.112 1.679 6.933
0.065 1.949 2.115 1.678 6.918
0.311 1.952 2.098 1.684 6.895
0.48 1.944 2.098 1.683 6.863
ET-O, at 321 K
x=0 4 1.963 2.119 1.689 7.027
0.065 1.962 2.096 1.693 6.961
0.311 1.953 2.103 1.688 6.933
0.48 1.944 2.095 1.684 6.860
EM-0O, at 293 K
x=0 1.954 2.096 1.671 6.841
0.10 1.946 2.093 1.679 6.839
0.24 1.951 2.091 1.681 6.859
. 0.38 1.948 2.100 1.682 6.877
EM-0O, at 321 K
x= 0 1.942 2.202 1.766 7 .550
0.10 1.950 2.214 1.728 7.458
0.24 1.955 2.201 1.729 7.440
1.951 2.216 1.734 7.498

0.38
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5.2.3 Dioxyg.en Content and Temperature Dependence of Magnetic
Susceptibility

Dioxygen content, X, and temperature dependencies of molar
magnetic susceptibility of the ME, MM, ET and EM-0, systems were
measured as described in section 2.5 and section 3.2.2.

Dioxygen content dependence was obtained at (291.1+2.5) K for
the ME-O; system, (285.0%1.6) K for MM-O,, (288.8:':2.0) K for ET-0O,
and (284.9+1.0) K for EM-O,. Molar magnetic susceptibility of the
samples, Xp, and that of paramagnetic species, Xp/(1-2x), are
shown in Fig.5.9 and Fig.5.10. Diamagnetic nature of the
oxygenated species in the ME-O; and ET-O, systems is suggested
from dioxygen content dependences of Xy in Fig.5.9a and Fig.5.10a
that converge on 2zero at x=0.5 at which all of the complex
molecules form dimeric oxygenated species. Although X, for the
MM-O; and EM-O; systems (Fig.5.9b and Fig.5.10b) could not be
extrapolated to x=0.5 owing to the lack of data at high dioxygen
contents, the similarity in infrared spectra between the MM-O,
and EM-O; systems and the ME-O, and ET-O, systeme, respectively,
as shown in the following section, shows that the nature of the
cobalt-dioxygen bonds in the MM-O, and EM-O, system should be
similar to that of the ME-O; and ET-O,, respectively. Thus, the
oxygenated species in the EM-O; and ET-O, systems are considered
to be diamagnetic. As shown in those figures, magnetic
susceptibility of paramagnetic species, Xp/(1-x), increases with
x. Order of the rate of increase was MM-O; = EM-O, > ET-02 > ME-

Oz, and the slope of susceptibility at a given x became steeper

at larger x.
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103X,, femu molco)!

103X, femu mol(co)-!

Fig.5.9 Dioxygen content dependence of molar magnetic susceptibiliéy of the whole
(open circles) and the paramagnetic (filled circles) for cobalt ions in the complex: a,
ME-O; system at (291.1£2.5)K; and b, MM-O7 system at (288.5+1.1)K. Solid lines
indicate the values without formation of the species with higher magnetic
susceptibility.
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103X, femu mol(co)!

103X, Jemu mol(co)!

Fig.5.10 Dioxygen content dependence of molar maguetic susceptibility of the
whole (open circles) and paramagnetic (filled citcles) for cobalt ions in the complex:
a, ET-O7 system at (288.8+2.0)K; and b, EM-O; system at (286.7+0.7)K. Solid lines

indicate the values without formation of the species with higher magnetic
susceptibility.
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Since planer [Co(3-RO-SALEN)] molecules are considered to form
a column structure in which complex molecﬁles are arranged face
to face with each other as discussed in chapter 4. A model shown
in Fig.5.11 is considered, where the complex molecules for which
both of two adjacent complex molecules are oxygenated possess
higher magnetic susceptibility, Xy, than other kinds of complex
molecules. In a sample which consists of N complex molecules and
xN dioxygen moieties, the number of oxygenated and unoxygenated
complexes are xN and (1-2x)N, respectively. Therefore according
to this model, the probability with which a complex molecules
pcssesses the higherrmagnetic susceptibility Xy is {x/(1-x)1}2 at
a given dioxygen content x. Plots of susceptibility of
paramagnetic species with respect to {x/(1-x)}2 form a straight
line as shown in Fig.5.12 and Fig.5.13, respecti\)ely. Thus, an
equation for interpolation of susceptibility of the systems is -

written as follows;

m  (x)2 X )2 ‘
Tz %" {1 Kmo *[1‘ & J'XH ! (eq.5.1)

where Xpo 1is the susceptibility at x=0. Parameters in eq.5.1
fitted to the measured systems are summarized in Table 5.4.

The magnetic susceptibilities evaluated according to the
parameters given in Table 5.4 were used as reference values for
temperature dependence measurements. Temperature dependences of
the effective magnetic moment at various dioxygen contents are

shown in Fig.5.14 and Fig.5.15. Temperature dependences of the

magnetic moment of species with Xy are also shown in the figures.
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Since Xy turns negative value in the lower temperature region,

eq.5.1 is invalid in this region.

Table 5.4 Xp(x=0), Xy, and py for 1 mole of cobalt ion in the ME-
Oz, MM-Oz, ET-O, and EM-O, systems which are determined by X/ (1-
2x) vs. {x/(1-x)} plots at room temperature. Tyy is the average
temperature at which the measurements were carried out.

system - ’

K emu-mol(co)’l  emu-mol(co) 1 iy
ME-Og5 291.1+2.5 2.51%0.13 3.76x0.21 2.96+0.17
MM-Oop 288.5x1.1 3.88%0.20 5.89%0.21 5.21%0.19
ET-05 288.8*x2.0 2.56%0.13 6.84x0.55 3.98%0.32
EM-05 286 .3+£0.7 3.84%0.20 12.85%0.39 5.43%0.17
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b)
Co0,C0 Co Co Co
XL
c)

Co Co Co Co Co

|

XL

Fig.5.11 Dependence of magnetic susceptibility of a Co(I) complex molecule on its
environment, Only the molecule for which both adjacent ones are oxygenated (as

shown in a) shows higher susceptibility Xy than the value for the unoxygenated

molecule in the unoxygenated crystal, Xy .
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103X,, Jemu molco)!
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Fig.5.12 Plots of molar magnetic susceptibility of paramagnetic cobalt ions vs.
{x/(1-x)}2: a, ME-Oy system at (291.1£2.5)K; and b, MM-O; system at
(22;81.5i1. DK. Solid lines indicate the value calculated by eq.5.1 with patameters in
Table 5.4. ' :
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103X, Jemu molco)!

103X;, femu mol(co)!

ET-O2 system
2 -
r ! 1 1 l 1 1 ! 1 1
0 02 04 Giﬁz 06 0.8 1
1-x
0.5
EM-O9 system
3 -
i I 1 1 L ! ! 1 1
0. 02 0.4 quz 0-6 0.8 -1

1-x

Fig.5.13 Plots of molar magnetic susceptibility of paramagnetic cobalt ions vs.
{x/(1-0)}3; a, ET-O3 system at (288.8+2.0)K; and b, EM-O; system at (286.7+0.7)K.
Solid lines indicate the value calculated by eq.5.1 with parametets in Table 5.4.
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5.2.4 Infrared Spectra

Infrared spectra for the ME-O; and MM-O, systems were recorded
at 203 K, 273 K and 296 K, those for ET-0; and EM-O, at 203K, 296K
and 323 K. The spectra from 400 cm'l to 700 cm'! and from 900 cm?
to 1300 cm'l of unoxygenated and oxygenated samples at various
temperatures are shown in Figs.5.16 and 5.17. The spectra of the
ME-O, system and the MM-O, system resemble each other for both
unoxygenated and oxygenated state, except in the degree of
broadness of the absorption peaks. Those of the ET-0O; and EM-0O,
systems also resemble with each other. Since the absorption bands
in the range 400-700 cml of [Co(SALEN)] and its derivatives have
been assigned to metal-ligand vibrations2:3:4), similar assignment
can be given to those of the present samples in this region. It
is likely that they also involve contribution of the ethylene
bridge of the complex molecules, because the bands indicated by
ndr exhibited isotope shift by deuterating at thevethylene bridge
(Fig.5.16c) . The deuterization also resulted in isotope effects
for the bands of ME-O, (x=0.45) near 850, 940, 970, 990, 1040,
1165 and 1390 cm'! as shown in Fig.5.16c. Thus these band are
attributable to deformation modes of the ethylene bridge.

Far infrared spectra from 30 cm'! to 400 cm ! were recorded at
296 K for unoxygenated and oxygenated samples of ME, MM, ET and
EM, which are shown in Fig.5.18 (unoxygenated samples) and
Fig.5.19 (oxygenated samples). Several bands with trianglesb(open
and filled) in Fig.5.19 from 200 cm'l to 400 cm 1l of [Co(3-MeO-
SALEN-d4)] (02)p.45 indicated isqtope shifts. Therefore the
vibration of the ethylene bridge contributes to these bands.
Although the complex molecules have the same chelate skeleton,

spectra of the systems both at unoxygenated and oxygenated state
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(Fig.5.18 and Fig.5.19, respectively) were slightly different

from each other.

5.2.5 Raman Spectra

The recorded Raman spectra from 1300 cm 1 to 1500 cm ! for the
ME-O; system, the MM-O, system, [Co(3-MeO-SALEN)]H,O and [Co(3-
MeO-SALEN-dy) JHy;O deuterated at the ethylene bridge are shown in
Fig.5.20, and those for the ET-O; and EM-O; systems in Fig.5.21.
Peaks indicated by circles show isotope shifts by deuteration at
the ethylene bridge of [Co(3-MeO-SALEN)]Hy0, thus these peaks are
assigned to vibrations of its methylene groups.

The intensity of those peaks was found to depend on
‘temperature. The ratios of Raman intensity at 1360 cml to that at
1440 cm't! for the ME-02, MM-02, ET-02 and EM-02 systems and [Co(3-

MeO-SALEN) ]H,O are shown in Table 5.5 and Table 5.6.

5.2.6 Diffuse Reflectance Spectra

Diffuse reflectance spectra at various dioxygen contents were
recorded'from 1500 nm to 500 nm at 296K as shown in Fig.5.22 and‘
Fig.5.23. Dioxygen content dependences of the spectra were
similar with each other. Increasing dioxygen content, a new band
appeared at about 730nm, but it disappeared at higher dioxygen
content. This composition dependence shows existence of the
unoxygenated complex molecules subject to interaction from their
environment. In the case of MM and EM (x=0), absorbance of the
band at about 700 nm was found to increase relative to those of
ME and ET as shown in Fig.5.24a and 5.25a. The spectra of MM and

EM minus those of ME and ET, respectively, are shown in Fig.5.24b
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and Fig.5.25b. Absorption bands are observed at about 720 nm for

MM and at about 600 and 670 nm for EM.

Table 5.5 Ratio of Raman intensity of the peak at about 1360 cm™1
to that at about 1440 cm ! for the ME-O;, MM-O; systems and
[Co (3-MeQ-SALEN) ] H,0.

System and I(1360cm™ 1)
Dioxygen
content x _ I(1440cm™1)
at 202 K at 296 K
ME-Oq
x=0 1.27 1.48
x=0.45 0.93 1.02
MM-0Oop
x=0 0.83 0.97
x=0.24 0.76 0.920
[Co (3-MeO-SALEN) ]H,0 0.76 1.34

Table 5.6 Ratio of Raman intensity of the peak at about 1360 cm™t
to that at about 1440 cm'l for the ET-O; and EM-O systems.

System and I(1360 cm™1)
Dioxygen \
content x I(1440 cm™1)
at 202 K at 296 K at 323 K
ET-0,
x=0 1.75 1.82 1.80
x=0.48 0.56 0.69 0.76
EM-O5
x=0 1.56 1.71 1.73
x=0.38 0.83 0.85 0.86
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Fig.5.16a Infrared spectra (350-700cm-! and 900-1300cm1) of
the ME-Op system with x=0 at 203K, 273K and 296K.
Triangles on the spectra at 296K and 203K indicate the peaks
with shapes siguificantly different from the one at 273K. The
peaks with "0” marks ate also observed in the spectra of the
ME-02 system with x=0.45, and those with "d” marks showed
isotope shift in the ME-O2 system with x=0.45.

ME-Op x=0.45

700 ' 600

v femt 500 4

‘Fig.5.16a’ Infrared spectra (350-700ctr! and 900-1300cnr) of
the ME-Oy system with x=0.45 at 203K, 273K and 296K,

Triangles on the spectra at 296K and 203K indicate the peaks
with shapes significantly different from the one at 273K. The

peaks with “d” matks showed isotope shift in the ME-O2
system with x=0.45.

-123 -




Transmittance

A

L 1 1 1 L

MM-0p x=0

|

Transmittance

2

1100
v /cm-1

900

Transmittance

! | s 1 1 1

MM - Op x =0.24

Transmittance

i

1100
v [em-

900

MM-0Op x=0

700 600

500 ' 400
v [em-1 :

Fig.5.16b Infrared spectra (350-700cm-! and 900-1300cm-1) of
the MM-Op system with x=0 at 203K, 273K and 296K.

Triangles on the spectra at 296K and 203K indicate the peaks
with shapes significantly different from the one at 273K. The
peaks with “0” marks are also observed in the spectra of the
ME-O2 system with x=0.45, and those with “d" marks showed
isotope shift in the ME-O2 system with x=0.45,

700 600

, 500 ' 400
v /cm-‘l

Fig.5.16b’ Infrared spectra (350-700cm! and 900-1300cmrl) of
the MM-O, system with x=0.24. at 203K, 273K and 296K.

- Triangles on the spectra at 296K and 203K indicate the peaks

with shapes significantly different from the one at 273K. The
peaks with “0” marks are also obsetved in the spectra of the

- ME-O2 system with x=0.45, and those with “d” marks showed

isotope shift in the ME-O2 system with x=0.45 by deuterizing -
at the ethylene bridge of the complex.
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| Fig.5.16d Infrared spectra

296K
A
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c
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) i ’ i ' f
700 600 500 '
V/cm-1 | - 400

(350-700cml)  of
[Co(3-MeO-SALEN)IH,0 at 77K, 203K and 296K. The peaks

indicated by triangles showed outstanding temperature
dependence of their shape.
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Fig.5.17a Infrared spectra (350-700cm-! and 900-1300cm-1) of
the ET-O9 system with x=0 at 203K, 296K and 323K. Triangles

on the spectra at 323K and 203K indicate the peaks with shapes

ET-0p x=0 significantly different from the one at 296K. The peaks with “0”
Ly e , marks are also observed in the spectra of the ME-O2 system
1300 1100 900 . With x=0.45, and those with “d” marks showed isotope shift in
v [ em-1 * the ME-O2 system with x=0.45.
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Fig.5.17a’ Infrared spectra (350-700cm-! and 900-1300cm-1) of
the ET-Op system with x=0.48 at 203K, 296K and 323K.

Triangles and the marks “0” and “d” have the same meanings as
in Fig.5.17a.
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Fig.5.17b Infrared spectra (350-700cm! and 900-1300cm-1) of
the EM-Op system with x=0 at 203K, 296K and 323K.

Triangles and the marks “0” and “d" have the same meanings as
in Fig.5.17a,

Transmittance
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Transmittance
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'Fig.5.17b’ Infrared spectra (350-700cm! and 900-1300cm-!) of
the EM-Op system with x=0.38 at 203K, 296K and 323K.

Triangles and the marks “0” and “d” have the same meanings as
in Fig.5.17a.
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Fig.5.20a Temperatute dependence of Raman spectra (1300-1500cm-1) of the
ME-O; system. Left side : x=0, and right : x=0.45. The peaks with circles indicated
isotope shift by deuteration at the ethylene bridge as shown in Fig5.20c.
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Fig.5.20b Temperature dependence of Raman spectra (1300-1500cm-
MM-O, system. Left side : x=0, and right : x=0.24. The meanin

1) of the
g of the circles in this
figure is the same as in Fig.5.20a. :
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[Co(3-MeO-SALEN)]*H20O
at 295K<

[Co(3-MeO-SALEN)]*H20
at 200K

Intensity

v
' [Co(3-MeO-SALEN-dg)]*H20 at 295K
1 1 1 1 ) I A 1 1 | 1 J
1500 1400 - 1300
v /[om

Fig.5.20c Temperature dependence of Raman spectra (1300-1500cml) of
[Co(3-MeO-SALEN)JH,O and spectrum of [C0(3-MeO-SALEN-d4)]H20 at 296K.
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Fig.5.21a Temperature dependence of Raman spectra (1300-1500cml) of the
ET-O system. Left side : x=0, and right : x=0.48. The meaning of the circles in this
figure is the same as in Fig.5.20a.

.Intensity
Intensity

1 4 L 1 1 1 l | (| 1 1
1500 1400 1300 - 1500 1400 1300 .
v [em- v [ em-t

Fig.5.21b Temperatute dependence of Raman spectra (1300-1500cm-l) of the
EM-O; system. Left side : x=0, and tight : x=0.38. The meaning of the circles

in this
figure is the same as in Fig.5.20a. ' '
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Fig.5.22 Diffuse reflectance spectra of the ME-Op (a) and MM-Oy (b) systems at
various dooxygen contents at 296K.
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Fig.5.23 Diffuse reflectance spectra of the ET-0; (a) and EM-O; (b) systems at

various dioxygen contents at 296K.
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Fig.5.24 a: Compatison of diffuse reflectance spectta of ME and MM. b: the

difference spectrum between MM and ME.,
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Fig.5.25 a: Compatison of diffuse reflectance spectra of ET and EM. b: the

difference spectrum between EM and ET.
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5.3 Discussion

5.3.1 Distribution of Dioxygens

As described in section 5.2.3, the magnetic susceptibility of
paramagnetic species, Xm/(1-2x), in the ME-0;, MM-0,, ET-Oz and
EM-O, systems linearly increases as a function of {x/(1-x)}2 which
is the probability with which both of two complexes adjacent to a
unoxygenated complex in a column are oxygenated (Fig.5.11) and
its magnetic moment is increased by interaction from both sides.
Furthermore, the magnetic moments of an unoxygenated complex
molecule located between the oxygenated ones with different x
values, puyg, agreed well each other above 200 K as shown in
Fig.5.14 and 5.15. pg for the samples with different x values
would show different temperature dependence and then py vs. T
plots would not «coincide with each other over a finite
temperature range, if the sample did not obey the model described
here and in section 5.2.3 where pg at a given temperature is
independent of x. Therefore the4 model is considered to be wvalid
for the systems of interest. This also means that unoxygenated
complexes and dimerized complex molecules with a dioxygen bridge
shéuld ‘be uniformly distributed in ‘the systems, because the
linearity in Xp/(1-2x) vs. {x/(1-x)}2 plots is based on the
assuming of random arrangement. The present model also states
that dioxygen moieties are distributed over intermolecular gaps
formed by complex molecules arranged like a column. Therefore the
linearity in the real systems seen in Fig.5.12 and 5.13 suggests
the random distribution of dioxygen moieties over their sites in

the systems.
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5.3.2 Cooperativity in [Co(3-RO-SALEN)] (R=CH3, CyHsg) -O, Systems

To start with, partial molar entropy of distribution based on
the model given in the last section are derived. A system which
consists of N complex molecules and 2xN with dioxygen moieties
bonded to them is considered, where x is the dioxygen content or
the ratio of number of dioxygen moieties to that of complex
molecules and a dioxygen bonds to a couple of the complex
molecules. In the system, there are (1-2xN) unoxygenated complex
kmolecules and xN of the oxygenated species which have the
complex-05-complex structure, - and the total number of molecules
of both species is (1-x)N. Therefore entropy of distribution of
the system are calculated as the entropy of mixing of the two

kinds of species, which is given by eqg.5.2:

. =kN In {0} Y (eq.5.2)
s Ivi{a-2on) . .5

where k is the Boltzmann constant. Using Stirling's relation,

the entropy is written approximately as follows:
Siis =kN{(1-¥)In(1-x) - xinx - (1-2x)in(1-2x)} . (eq.5.3)
The partial molar entropy of distribution of dioxygen moieties
in the present system is derived from eq.5.3 as follows:

(1-20°

Sgis =R Iny Ax) (eq.5.4)

where R is the gas constant.

Since the distribution of dioxygen moieties in»all the systems
under study is described -“well by the random mixing of
unoxygenated and oxygenated complex molecules as shown in the

previous section, excess partial molar Gibbs energies, A;GE, are
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Fig.5.26 Excess partial molar Gibbs energy of the ME-O; (circles) and MM-O

(triangles) systems at 274.75K (open marks) and 293.15K (filled marks). Broken
lines are drawn for the eye. '
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obtained by subtracting partial molar Gibbs energy, édis: of
distribution (eq.5.5) from partial molar Gibbs energy of
oxygenation, and shown in Fig.5.26 and 5.27.

_ (t-29° |

Gdis'_"RT'")T—(T-})' . (eq.5.5)
Excess partial molar entropy, AI.-SE, is also calculated by
subtracting eq.5.4 from partial molar entropy of oxygenation
(Fig.5.4) as shown in Fig.5.28 and 5.29. These figures show the
existence of cooperativity in the systems of interest, beéause
all of the excess partial molar Gibbs energies decrease with the
increase in dioxygen content x.

As a next step, cooperativity. in the ET-Op system 1is
considered. The fact that the partial molar enthalpy for the
system is independent of dioxygen content for the system with
x>0.1 shows that the cooperativity arises from an entropy term of
the Gibbs energy. In fact, since excess partial molar entropy of
the system (Fig.5.29) increased with increase in x, the partial
molar Gibbs energy will be deéreased by increasing x.

Partial molar enthalpy and ' entropy arising from volume
expansion results in a similar contribution to the partial molar
Gibbs energy at room temperature as discussed in chapter 3, while
appreciable dioxygen content dependéhce was observed only for the
excess partial molar entropy. Thus cooperativity in the entropy
term of the ET-O, system is also attrributable to the effect of
linkage formation between an adjacent couple of compiex molecules
by a dioxygen moiety to the lattice spectrum as discussed in
chapter 3 and 4. In addition, the distribution of dioxygen for

this system would correspond to model B' in chapter 4, because

-142-



cooperativity was observed in the model. In this model, an
interaction between oxygenated complex molecules and the
neighboring one is required. Such interaction is suggested by the
facts that high spin species are formed with increasing x
(Figs.5.9 and 5.10), and that an appreciable increase in the
absorbance at about 720nm are attributable to unoxygenated
complexes interacting with the enviromment was found by adding a
small amount of dioxygen gas (x<0.2) as shown in Fig.5.22 and
5.23 and section 5.2.6. |

The ME-O,, MM-O,, ET-O; and EM-O, systems indicated similar
composition dependence of excess partial molar Gibbs energy as
shown in Figs.5.26 and 5.27, aithough partial molar enthalpies
(Fig.5.3) and entropies (Fig.5.4) ~of those systems exhibited
various composition dependence. This fact suggests that dioxygen
content dependences of enthalpy and entropy compensate each
other, and that only the cooperative interaction is observed. In
analogy with the ET-0O; system, the cooperativity in the ME-O,, MM-

Oz and EM-0O; systems would result from the dimerization of complex

molecules by dioxygens.

5.3.3 An Estimation of Excess Partial Molér Entropy of
Oxygenation for [Co(3-RO-SALEN)] (R=CH3, CzHs)-Oz Systems
Generally the majority of excess partial molar entropy for a
gas-Solid reaction system results from loss of translational and
rotational entropy of the gas phase; Strans and Srot (>0). Other
minor contributions in the [Co(3-RO-SALEN)] (R=CHj, Csz)-Oz
reaction systems can be divided into the following terms:

disappearance of entropy of electronic spin multiplicity of

dioxygens and unoxygenated cobalt ions, Co2*, by oxygenation;
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Ar-sspin, change in entropy of lattice wvibration; AI.-Slattice, and
that of intramolecular vibrational modes; Ar'_svib-

Strans and Spor can be calculated by statistical mechanics as

follows5) :
5 2tmkT\3/2 V
Strans=R -2—+ln 5 — . (eq.5.6)
h NA
and
81t2IkT
Siot =R{1+In 5 [ (eq.5.7)
oh

where T is the temperature of the system, R is the gas constant,
k is the Boltzmann constant, h is the Plank constant, Np is the
Avogadoro constant, m is the mass of dioxygen (5.315x10°26 kg), V
is the molar volume of dioxygen gas (0.0224x7/273 m3), I 1is the
moment of inertia of an dioxygen (1.936x10-46 kgrmz)' and o0=2 1is
the number of rotational degree of freedom.

In the present reaction ‘systems, the reaction product of the
systems is diamagnetic (see section 5.2.3 and reference 5, while
the spin state of an dioxygen is triplet and that of a low-spin
Co2* ion of the unoxygenated complex is doublet.5/6) Since an
dioxygen reacts with two Co2* ions, the entropy change by
'oxygenation is evaluated as -(Rln3. + 2R1ln2). In addition, since
the species with higher magnetic susceptibility, XHk, are formed
in the’ systems as described in section 5.2.3, the contribution
from formation and disappearance of the species with Xy to
Ar.-Sspin, AIE;HL, should be taken into account. Since the
probability of forming the species with Xy is {x/(1-x)}2, the

mole fraction of complex molecules with Xy is given by
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(1-2x) {x/(1-x)}2. Assuming quartet spin state for the species for

simplicity, the contribution is expressed as follows:

A Sy = %{(1-&)[—1—%]2(mn4-mn2) }

/ .  (eq.5.8)

) eagifme

The magnetic moment of the species with Xy for the ME-O,; system

at 291.1K shown in Table 5.4, 2.96ug, is close to the value for
triplet spin state, 2.83pp. However eq.5.8 was used for AléhL of

the system, because triplet and quartet spin states have similar
entropies, 9.1 JKImoll and 11.5 JK Imol-1l, respectively. Thus,
for simplicity, the partial molar entropy related to change in

spin multiplicity is given as follows:

A S

rSspin =-R(N3+2In2) +A Sy . (eq.5.9)

Assignments of intramolecular vibrational modes below 7QOcm‘1

of which shifts significantly contribute to the entropy are not

clear. However, no temperature dependence of wave numbers of the

peaks in the region was observed for the unoxygenated and
oxygenated samples of thé ME-O, (Figs.5.16a and a') and EM-O,
(Figs.5.17b and b') systems, although those systems exhibited
considerable temperature and dioxygen content dependences of the
thermodynamic quantities as shown in Figs.5.3 and 5.4. No
considerable difference in wave numbers of infrared vibrations
between the ME-O; and MM-O, systems, and between the ET-0O, and EM-
O, systems, as shown in Figs.5.16, 5.17, 5.18 and 5.19. Therefore
wide shift of the low frequency modes would not contribute to the

thermodynamic quantities for the [Co(3-RO-SALEN)]-0, systéms
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significantly. Only three vibrational modes related to a dioxygen

in the oxygenated [Co(SALEN)] have been reported as follows7);

v(03)= 1011 cm 1, v(CoO,sym.)= 533 cm'1l and v(CoO,asym.)= 370 cm1.
And the 00 stretching mode of dioxygen gas is known as v(0, gas)=
1580 cm'l 8,9), Tentatively, entropy due to these modes, Aré'vib:
was evaluated as Einstein oscillators as follows:

A S'yip =S (v(Oy)) + S (v(CoO,sym.)) + S (v(CoO,asym.)) - S(v(Oé,gas),

(eq.5.10)
where
S(v(x))=R{%(%(% Sin (1-exp (-u))} , (eq.5.11)

and u = hcv/kT.

The partial molar entropy arising from the change of the
lattice wvibration, Arékmtkm: is unknown, but may be considered
to be a large negative value due to linkage formation between two
complex molecules with a dioxygen in the oxygenation reaction.
Since both of the [Co(SALEN)]-O, systems did not show appreciable
shift of absorption bands in the infrared spectra in their
nonstéichiometric regions as described in section 3.2.4, the
contribution from intramclecular vibrational modes is expected to
be minor. Thus eq.5.12 is the least negative estimation of the

magnitude of Aré'laujce for the [Co(3-RO-SALEN)]-0O, systems:

-E -
ArS'attice =Ar S ([CO(SALEN)L, x~0.5) - {A, 8"y -R(IN3 +21n2)},  (eq.5.12)

where AréE([Co(SALEN)],x~»0.5), -238 JK'1mol-1, 1is the excess
partial molar entropies of the [Co(SALEN)]-0, (SP-O; and SC-03)
systems extrapolated to x=0.5, the first term in the braces is
the change in the entropy arising frdm streching vibration

related to dioxygen moieties given by eq.5.10, and the second
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term in the braces arises from the loss of spin multiplicity of
two cobalt ions (S=1/2) and an dioxygen (S=1). This lattice term,
AI.-S"lattice, includes the minor contribution from change in the
frequency of the intramolecular vibrations of [Co(SALEN)] by
oxygenation effectively, according to the estimationk.

An estimation of excess partial molar entropy of oxygenation

for 1 mol of dioxygen, AI.-SE', may be given by eqg.5.13:

o El | ol 3
Ar ST =(Syrans ~Srot) * Ar S'vib * Ar S'lattice * Ar S

spin (eq.5.13)

Eg.5.13 is considered to be an estimation of the least negative
value of magnitude of the whole excess partial molar entropy,
because the term, AI.-S'lattice, is the least negative estimation.
Eq.5.13 is valid, if the case where excitations of new
intramolecular motions do not take place.

The excess partial molar entropies at 274.75 K and at 2§3.15 K
estimated by eq.5.13 are shown by solid curves in Fig.5.28 and
Fig.5.29, respectively. The components of the estimated values at
x=0.3 and the experimental values in Fig.5.28 and Fig.5.29 at
x=0.3 are shown in Fig.5.30. The estimated values are lower in
magnitude than the experimental one for the ET-Oz(at 293.15 K and
323.15 K) and ME-O0, (at 274.75 K) systems. This fact is in
conflict with eg.5.13 as the estimation of the most negative
whole partial molar entropy. Therefore positive contributions to
the partial molar entropy must be taken into account. Since the
[Co(3-RO-SALEN)] (R=CHz; or CyHs) molecule has many degrees of
freedom of intramolecular motion such as out-of-plane vibration
of the chlate skeleton and hindered 1lotation of the alkoxy
groups, excitation of those intramolecular motions is expected as

a possible origin. Disordered structure for the ethylene bridge
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in [Co(3-MeO-SALEN)]H2010) suggests possility of contribution from
such intramolecular motions for the present reaction systems.

- In the following sections, intramolecular motions of the
complex molecules and contribution from them to partial molar

thermodynamic quantities are discussed.

ET-0, at 293.15K

. ME-O, at 274.75K
~ EM-0, at 293.15K
~— MM-O0, at 293.15K

\ EM-O, at 323.15K

trans. rot. vib. spin spin lattice Total ) 315K
0, 0, 00 0, (2 ‘ ME-Q, at 293.15
Co-O

Fig.5.30  Total excess partial molar entropy at 293.15K and x=0.3 (white bar) and
contributions to it. The bars with the terms, “trans. O 2” and “rot. O2”, show the contributions
from the traslational and rotational motions of dioxygens given by eq.5.6 and eq.5.7,
respectively. The bar with the term, “vib. O-O Co-O”, shows that from the vibrations of the 0-O
and Co-O bonds given by eq.5.10. The bars with the terms, “spin O 2" and “spin Co2*”, show

those from spin multiplicities of dioxygens and Co 2* ions. The spin contributions is given by
€q.5.9. The bar with the term, “lattice”, shows that from the lattice vibration at 293.15K and
x=0.5 estimated by eq.5.12. The arrows on the right hand of this figure indicated the
experimental total excess partial molar entropies of the ME-O 5 (274.75K, 293.15K), MM-
02 (293.15K), ET-O2 (293.15K) and EM-O7 (293.15K, 323.15K) with x=0.3.
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5.3.4 Thermodynamic Properties and Intramolecular Motion in

[Co(3-RO-SALEN)] (R=CH3, C,Hs)-O, Systems

5.3.4.1 Outline of Thermodynamic Properties of the Present
Systems.

As shown in Fig.5.3 and 5.4, partial molar enthalpy and
entropy of the ME, MM, ET and EM-O, systems were significantly
dependent on temperature T, dioxygen content x énd materials. For
example, the difference between minimum and maximum values in
partial molar quantities for the ME-O, system at 274.75 K and the
EM-Oy system at 293.15 K is about 20 kdmol-l in enthalpy and about
60 JK'lmol-l in entropy, while enthalpies at 293.15 K (ME-05) and
at 323.15 K (EM-Oz) were approximately independent of dioxygen
. content at about -98 kJmol-l. On the other hand, the ME-O,; system
at 293.15 K, MM-Op, ET-O, and EM-O, at 323.15 K ha'y‘e a wide
plateau region as shown in Fig.5.3 and 5.4, while their partial
molar quantities were considerabiy different.

In spite of such variety in change of thermodynamic functions,
their changes were similar in magnitude between the ME-O, and EM-
Oz systems as seen in Fig.5.3 and 5.4.. In addition, similar
differences in enthalpy and entropy were observed between the
plateau regions of the ME-0, system (at 274.75 K and 293.15 K)
and the ET-0; and EM;OZ systems at 323.15 K. These facts suggest
that the variety should be attributed to a mechanism in common
with both systems of 3-methoxy and 3-ethoxy derivatives. However,
the contribution from motional excitation of alkoxy groups would

be excluded, because it would depend on the alkyl chain length.
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5.3.4.2 Temperature Dependence in Vibrational Spectra
and Intramolecular Motion
Temperature dependence of the infrared spectra of the present
systems correspond to the changes in the partial molar enthalpies
and entropies. In this section, relationship between
intramolecular motions and temperature dependence of their
vibrational spectra and thermodynamic quantities will Dbe

discussed.

ME-O, system

Thé ME-O, system showed quite different composition dependence
of the partial molar enthalpy between 274.75 K and 293.15 K. For
the unoxygenated sample, decrease in temperature from 293K to
273 K Lkrought about the splitting of a broad band at about
570 cm™1 (assigned to chelate ring deformations) and the change in
transmittance for ©bands from 900 cml to 1000 cm? (CHy
deformations of the ethylene bridge) as shown in Fig.5.16a
corresponding to the enthalpy change, while minor change in the
spectrum between 273 K and 203 K was observed. On the other hand,
sharpening of the several bands of the oxygenated sample of it
was observed between 273 K énd 203 K, although outstanding change
was not observed between 293 K and 273 K. Since some peaks
indicating temperature dependence of their line shape showed
isotope shift by deuteration at the ethylene bridge, these
changes 1is considered to be related to motions of the chelate
skeleton involving the ethylene bridge. |

Corresponding to those changes in the infrared spectra, the
ratios of the Raman intensity at 1360 cm'l to that at 1440 cm'l

were found to decrease by lowering temperature from 295 K to
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202 K in béth the unoxygenated and oxygenated samples (Table
5.5) . For the monohydrate [Co(3-MeO-SALEN)]H,0, the ratio between
the Raman intensity at 1360 cml to that at 1440 cm™l also varied
with temperature (Table 5.5). Furthermore, the infrared spectrum
also exhibited splitting and sharpening in its several bands by
lowering temperature from 296 K to 203 K as shown in Fig.5.16d.
Since Calligaris et al. reported statistically disordered
structure of the ethylene bridge at room temperaturel®, the
change in intensities of the Raman and infrared spectra 1is
attributable to a change in the motional state of dynamic
puckering of the ethylene bridge.

Considering these facts, motions of the chelate skeleton
including the ethylene bridge is considered to be excited in the
unoxygenated crystal at least above 296 K and in the oxygenated
one above 273 K. Hence, at 273 K, the intramolecular motioné are
more excited for the oxygenated sample than for unoxygenated
sample. This means that the motions are excited with adding
dioxygen to the unoxygenated sample, because the partial molar
quantities for the ME-0O; system varied with dioxygen content
smoothly as shown in Figs.5.2, 5.3 and 5.4. On the other hand, at
293K, the motions are considered to be excited over whole
dioxygen content range (0£x<0.5).

The ratio of the Raman intensity at 1360 cm'l to 1440 cm ! of
the oxygenated sample was smaller than that of the unoxygenated
sample even at 203 K, though opposite relation in it was expected
according to above discussion because the motions of the chelate‘
skeleton of the unoxygenated sample would not be excited. This
contradiction would arise from variety in the environment of the

complexes in the oxygenated sample owing to its nonstoichiometry.
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MM-0, system

For the unoxygenated and oxygenated samples of the MM-0O,
system, minor temperature dependence of the absorption bands
between 350 cm™! and 700 cml and between 900 cm'l and 1100 cm'?
(Fig.5.16b and b') were observed between 273 K and 203 K,
although the spectra between 350 cm-1 and 700 cm-1 were broad.
According to the discussion on the ME-O, system, the motions of
the chelate skeleton seems to be somewhat excited above 203K for
the unoxygenated and oxygenated samples. However, since
outstanding difference in temperature dependence of the spectra
was not observed, it is difficalt to discuss the levels of

excitation of the intramoclecular motions for both samples.

EM-0O, system

For an unoxygenated sample of EM-O, system, the absorption
bands in the metal-ligand vibration region became outstanding on
decreasing temperature from 323 K to 296 K, andv a band in
CH, (ethylene bridge) deformation region appeared at 932 cm'!, and
the band at 1107 cm ! at 323 K split into two bands as shown in
Fig.5.17b. On cooling from 296 K to 203 K, several bands in the
region also become eharp. On the other hand, outstanding changes
in the spectra of the oxygenated sample were observed between
296 K and 203 K as shown in Fig.5.17b', and spectra at 323 K and
296 K were broad and had similar shapes and transmittances.
Therefore motions related to the chelate skeleton are appreciably
excited between 2964K and 323 K in the unoxygenated state, and
similar excitation also takes place below 296K. On the other

hand, such motions are sufficiently excited above 296 K in the
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oxygenated state, while they may not be excited at 203 K. Similar
to the ME-O, system, the motions are excited with adding dioxygen
to the unoxygenated sample at 296 K, while excited over whole
dioxygen‘content range (0<x<£0.5) at 323 K.

Decrease in the ratio of the Raman intensity at 1360 cm ! to
that at 1440 cm™l and sharpening of the peak at 1470 cm'! with a
filled circle were observed for the unoxygenated sample by
lowering temperature from 293 K to 2063 K as shown in Table 5.6
and Fig.5.21b. These observation also suggest the change in
motional state of the ethylene bridge. The discrepancy in
temperature range between the Raman result and other observations

is considered to be due to heating of the sample by laser beam.

ET-Og system

For the oxygenated sample, new bands appeared and some peaks
became sharp in the range 350-700 cm ! on cooling from 296 K to
203 K, and géve spectra (Fig.5.17a') similar to the oxygenated
sample of the EM-0O, system (Fig.5.17b'). The spectra of this
. region at 296 K and 323 K resemble each other, and also resemble
to those of the oxygenated sample of the EM-Oz‘system at the same
temperature. In the region from 900-1300 cm 1, appreciable change
in spectra was found for the oxygenated sample on cooling from
296 K to 203 K (Fig.5.17a'), while slight changes in the spectrum
were observed for the unoxygenated sample (Fig.5.17a). Therefore,
in the ET-0; system, motions of the chelate skeleton of the
complex molecules in the oxygenated sample are considered to be
excited on heating from 203 K to 293 K.

Change in the vibrational spectrum of the unoxygenated sample

of the ET-0, system (Fig.5.17a) was not appreciable compared to
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that of the oxygenated sample (Fig.5.17a'), while only a few
minor change in the spectrum on cooling to 203K were obserbed. In
addition, the Raman scattering peak at 1470 cm'l related to CHz
deformation of the unoxygenated sample (Fig.5.2l1a) was sharper at
323 K and 293 K than that of the EM-0, system in which .the
motions are excited at 323 K. Thus, according to the discussion
for the other systems, the motions of the chelate skeleton seems
to be excited scarecely within measured temperature range.
Consequently, the motions of the chelate ringe skeleton at
296 K and 323 K are more excited for the oxygenated sample than
for the unoxygenated one. Therefore, the motions of the chelate
ringe skeleton are considered to be excited with adding dioxygen

to the unoxygenated sample at both 296 K and 323 K.

5.3.4.3 Temperature and Dioxygen Content Dependence of Partial
Molar Enthalpy and Entropy

As shown in the foregoing section, temperature dependence of
the partialkmolar enthalpy and entropy of the studied systems
corresponds to change in the motional state of the chelaﬁe
skeleton. Excitation of such motions with increasing dioxygen
content will result in appreciable positive contribution to both
partial molar entropy and enthalpy. According to discusion in
section 5.3.4.2, the enthalpies and entropies owing to the
intramolecular motions for the unoxygenated and oxygenated (at
the highest dioxygen content) samples are expected as shown in
Figs.5.31a-f. In addition, schematic figures on the partial molar
quantities of the corresponding systems are also shown in
Figs.5.31a'-f'. Although intramolecular motions should be

discussed according to excess entropy described in section 5.3.2,
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ME-O2 (293.15K)

a) a')
%)
—~ 3
2 - :
= A %
(i
unoxygenated oxygenated o X 0.5
sample sample
ME-O2 (274.75K)
b)
D
I
}
unoxygenated oxygenated 0 X 05
sample sample
MM-O2 (274.75K, 293.15K)
c) c')
2
= T
-B
!
unoxygenated oxygenated - o X 0.5
sample - sample ,

Fig.5.31 a)-f) : Schematic diagtams of enthalpy and entropy of the unoxygenated,
and oxygenated samples for the ME-0;, MM-0,, ET-0; and EM-O,. The shaded

regions (B) show additional enthalpy and entropy of the oxygenated samples relative
to the unoxygenated samples (A). (fo next page) ,
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ET-O2 (293.15K, 323.15K)
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a’)-f) : Schematic figures of the experimental pattial molar enthalpy and entropy of
the systems corresponding to a)-f), respectively. The broken lines show the estimated
partial molar quantities without contributon from intramolecular motions of the
complex molecules. The areas of the shaded regions show enthalpy and entropy
gains by oxygenation upto the highest dioxygen content from the unoxygenated
state. These areas correspond to the areas of the region B in a)-f).
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differences in partial molar entropy between the present systems
are not easily understood because of the significant dioxyge
content dependence of the excess partial molar entropies arising
from change in the lattice vibration. Since the same distribution
of dioxygen in the complex crystal cén bé employed for the
present systems as described in section 5.3.1, partial molar
entropies instead of the excess quantities are used in order to
discuss intramolecular motions. Moreover, since the partial molar
enthalpies and entropies exhibited similar dioxygen content
dependences as shown in Fig.5.3 and Fig.5.4, the two quantities
are shown by the same lines for convenience.

For the ME-0O, system at 296 K, both the unoxygenated and
oxygenated samples are considered to possess much enthalpy and
entropy (Fig.5.31a) because of the excited nature of the
intramolecular motions at the temperature. Although the motions
for the oxygenated sample at 273 K 1s excited similar to those at
296 K, the motions fof the unoxygenated sample at 273 K is not
excited as much as those at the higher temperature. Thereforé the
unoxygenated sample at the lower temperature is considered to
possess‘ much smaller than those at’ the higher ‘temperature
(Fig.5.31b) . Because of the partially excited nature of the
motions at'the lower temperature, the unoxygenated sample would
possess somewhat motional enthalpy and entropy; As described in
section 5.3.4.2, the EM-O; system also showed similar change in
the level of excitation of the intramolecular motions for the
unoxygenated sample between 296K and 323K. Hence the diagram on
enthalpy and entropy of the unoxygenated and oxygenated samples
for the EM-02 system is expected to be similar to that for the

ME-02 system as shown in Figs.5.31e and f.
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According to above discussion, the unoxygena'téd samples of the
ME-O, and EM-OZV systems at the lower temperatures must gain much
additional enthalpy and entropy (the shaded region in Figs.5.31b
and f) through their oxygenation. Since enthalpy and entropy for
the oxygenated sample with the dioxygen content are given by
integration of the partial molar quantities from the unoxygenated
state to the highest dioxygen content, the positive additional
enthalpy and entropy for the oxygenated sample mean positive
sifts in the corresponding partial molar quantities. Thus wide

shifts in the partial molar enthalpy and entropy for the lower

temperatures (ME-Op: 274.75 K and EM-Oy: 293.15 K) and narrow
ones for the higher temperatures (ME-Oz: 293.15 K and EM-O3:
323.15 K) are expected. | |

Since the small dioxygen content dependences of the partial
molar quantities at the lower temperatures (Figs.5.31la' and e')
would result from slight higher enthalpy and entropy of the
oxygenated sample relative to the unoxygenated one (the shaded
regions in Figs.5.31a and e, ‘the values determined | by
extrapolation to the unoxygenated state are employed as the
values wi’thout contributions from intramolecular motions (broken
line) because of significant uncertainty at about the
unoxygenated state and the highest dioxygen content. Thus,
approximately, the shaded regions in the Figs.5.31a', b', e' and
f' are considered to correspond to the additicnal enthalpy and
entropy shown by the shaded regions in Figs.5.31a, b, e and £,
respectively. One can find that the expected trends of the
partial molar quantities agree well with the trends of the
positive shifts and the areas of the shaded’ regions shown in

Figs.5.31a', b', e' and f'.
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Additibnal enthalpy and entropy for the oxygenated sample of
the ET-O, system are also expected at both 293.15 K and 323.15 K
as shown in Fig.5.31d, because of the excited nature of the
intramolecular motions for the oxygenated sample and the less
excited nature of those for the unoxygenated one as described -in
section 5.3.4.2. This expectation is consistent with the wide
positive shift (Fig.5.31d') in the partial molar quantities from
the values (broken 1line) without contribution from the
intermolecular motions which is determined for the EM-O, system
at 323.15 K. Since the shaded region in Fig.5.31d' is the largest
among the [Co(3-RO-SALEN)] (R=CHz, CyHs)-O, systems, the largest
additonal enthalpy and entropy are expected fbr the oxygenated
sample of the ET-02 system (Fig.5.31d).

.For the MM-0O, system, the thermodynamic quantities could not
estimated according to the spectral results as described in
section 5.3.4.2. However, excitation of the intramolecular
motions are expected for the unoxygenated and oxygenated samples
at 296K and 273K. If difference between the experiméntal‘curve
and the broken line in Fig.5.31c' arises from the excitation of
the intramolecular motions, appreciable additional enthalpy and
entropy would be expected as shown in Fig.5.31c.

Consequently, for the ME-Oz, EM-O; and ET-O; systems, it is
qualitatively suggested that the variety of the partial molar
quantities result from defference in the‘excitation level of the
motions of the chelate skeleton of the complex molecules. For the
MM-0Oo systwm, similar excitaion would be involved in the
thermodynamic quantities. However, at the present stage, it is

ambiguous what mechanism controlls the dioxygen content
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dependence of the partial molar quantities for the ME-0O, system

at 274.75 K and the EM-O, at 293.15 K.

5.3.5 Differences between the fresh (ME and ET)
and stored (MM and EM) samples

The fresh 3,3'-dialkoxy derivatives of [Co(SALEN)], ME and ET,
were significantly different from the samples stored for 1 year
under dioxygen (MM and EM). The stored samples exhibited changes
in tefnperature and dioxygen content dependence of their
thermodynamic values caused by excitation of vibration of the
chelate skeleton (Fig.5.2, 5.3 and 5.4). They also exhibited
their crystallographic features different froin their fresh
samples (powder diffraction patterns shown in Fig.5.5 and 5.6,
and cell volumes shown in Fig.5.7 and 5.8), increasé in molar
magnetic susceptibility (Fig.5.9 and 5.10) and new absorption
bands in diffuse reflectance spectra of their unoxygenated state
(Fig.5.24 and 5.25). Although the infrared spectra of the MM-O;
and EM-O, systems resemble to those of the ME-O; and ET-Oz
systems, respectively, shifts in wave number of some bands, and a
few new bands were observed in far infrared region (Fig.5.18 and
5.19).

The difference between their ‘electronic spectra and that
between magnetic properties reflects change in the environment of
the cobalt ion. However, the unoxygenated samples of MM and EM
did not indicate exchange interaction between cobalt ions as
found in [Co(SALEN)]zllA) (Fig.5.32). This fact excludes the
possibility of coordinative interaction to a cobalt ion by the
salicylic oxygen atom of the adjacent complex molecule for MM and

EM, which is also supported by the minor change in vibrational
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spectra between the fresh and stored samples to that between the

[Co(SALEN) ], dimer and its monomer.

Fig.5.32 [Co(SALEN)], dimer

Another possible origin of the differences is distortion of
the chelate skeleton. The far infrared spectra of the methoxy and
ethoxy derivative were different each other in the wave number of
the chelate skeleton vibration band which indicated isotope shift
by deuterating the ethylene bridge of the methoxy derivative as
shown in Fig.5.18 and Fig.5.19, although they have a similar
ligand which is only different from their alkoxy groups on their
aromatic ring. This obs‘ervation indicates that their alkoxy
groups should affect the vibration of the chelate skeleton.
Structural difference 1is suggested from the difference in the
powdef X-ray diffraction patterns ,v‘and cell volumes between the
fresh and stored samples. Therefore‘ change in crystal packing
around their alkoxy groups is considered to c;ause distortion of
their chelate skeleton, and consequently, the vibrational modes
of the chelate skeleton and the electronic structure of the

cobalt ion would be perturbed.
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Chapter 6  Summary

Physico-chemical studies were carried out on the gas-solid
reaction systems between dioxygen and a series of solid-state'
synthetic oxygen carriers; [Co(SALEN)], [Co(3-RO-SALEN)] (R=CHj
and CyHs), which form dimeric oxygenated species having a Co-O-
O-Co 1linkage. Special attention was paid to cooperativity in
their nonstoichiometric phases and intramolecular motion in the
[Co(3-RO-SALEN)] -0, systems. |

The partial molar Gibbs energy, enthalpy and entropy of
oxygenation were determined by means of equilibrium pressure
measurement and gas-solid reaction calorimetry. Magnetic and
spectroscopic properties and powder X-ray diffractions as a
function of dioxygen content and temperature were measured in
order to clarify the ’situation of the complex molecules and the
distribution of dioxygen in their crystals. Lattice dynamics
calculation was performed on finite random lattices which are
models of the present systems in order to study the effect of
Co-0-0-Co 1linkages on their thermodynamic functions of and
cooperativity in these systems.

In chapter 3, two kinds of [Co(SALEN)] which were prepared
from its pyridine and chloroform - adducts, were studied. They
reacted with dioxygen up to Co:0,=2:1, and gave similar phase
relation, a two-phase region in low dioxygen contents and a one-
phase nonstoichiometric region in high dioxygen contents, though
small differences were found in their thermodynamic and magnetic
properties which would be attributable to a slight difference in
molecular packing. In their nonstoichiometric regions, their

partial molar enthalpy was independent of dioxygen content, while
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cooperativity in those systems was observed. On the other hand,
since increase in their partial molar entropy with increasing
dioxygen content results in decrease in their partial molar
Gibbs energy, the dioxygen content dependence of the entropy term
was found to be an origin of their cooperativity. These
variations in thermodynamic functions were explained as
contribution from change in lattice spectrum due to linkage
‘formation between two adjacent complex moleculesvby a dioxygen
moiety, through the lattice dynamic calculation described in
chapter 4. |

In chapter 5, studies on two types each of [Co(3-MeO-SALEN)]
("ME" and "MM") and of [Co(3-EtO-SALEN)] ("ET" and "EM") are
described, where ME and ET are the fresh samples annealed prior
to every oxygenation run, while MM and EM are the samples stored
for 1 vyear in their oxygenated forms. The systems Dbetween
dioxygen and those samples consist of a nonstoichiometric phase
for which random mixing of oxygenated and unoxygenated complex
molecules was suggested from dioxygen content dependence of
magnetic susceptibility. However, the systems indicated
appreciable difference in thermodynamic quantities, magnetic
susceptibility, vibrational and electronic spectra, and X-ray
diffraction patterns. The difference between those fresh sample
(ME and ET)Vand stored sample (MM and EM) would be attributable
to difference in packing of the alkoxy groups. The ME-O; system
exhibited considerable temperature dependence of the partial
enthalpy and entropy between 274.75 K and 293.15 K. At 293.15 K,
these thermodynamic values were almost independent of dioxygen
content, while those increased about 20 kJmol'1 (in enthalpy) and

60 kJmol-1K-1 (in entropy) with increasing dioxygen content.
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However, the MM-O; system did not indicate appreciable
temperature and dioxygen content dependence between 274.75 K and
293.15 K. The ET-O, system did not show dioxygen content
dependence at both 293.15 K and 323.15 K. However, the EM-O,
system showed quite different dioxygen content dependence of
thermodynamic values between 293.15 K and 323.15 K, which is
similar to those for the ME-0O, system. |

The ET-0O; system gave partial molar enthalpy independent of
dioxygen content. Thus the cooperativity observed.in the system
was attributed to contribution from the entropy term resulted
from the dimerization of the complex molecules by dioxygens, as
suggested from the lattice dynamics described in chapter 4. Since
the partial molar Gibbs energies of the ME-O;, MM-O, and EM-O,
systems showed dioxygen content dependence similar to the ET-OZ
systems, the dioxygen content dependences of partial vmolar
enthalpies and entropies of the systems compensate each other,‘
and cooperative interaction by dioxygen binding would be also
suggested for the systems. For the ET-O; system and the ME-O;
system (at 293.15 K), estimation of the partial molar ‘entropy
excluding the statistical entropy of random distribution of
dioxygen suggested positive shift in the partial molar entropy
with increasing dioxygen content.

Temperature of vibrational spectra for the unoxygenated' and
oxygenated samples of the systems showed that the positive
contribution to partial molar' enthalpy and entropy was
attributable to excitation of intramolecnlar motions of the
chelate skeleton of the complex molecules. For the ME-Oy, ET-Op
and EM-O, systems, the experimental results agreed well with

trends of the positive shift of the partial molar quantities
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expected from the temperature dependence of vibrational spectra
for the unoXygenated and oxygenated samples of the systems. For
the MM-O, system, the motions would contribute té the partial
molar quantities. However, at the present stage, it is ambiguous
what mechahism controlls the dioxygen content dependence of the
partial molar quantities for the ME-O, system at 274.75 K and the
- EM-0y at 293.15 K.

Consequently, cooperativity arising from linkage of a pair of
complex molecules by a dioxygen was found in the systems between
dioxygen and [Co(3-X-SALEN)] (X=H, OCH3 and OCpHs). In addition,
it was suggested that intramolecular motions also contributed to
the thermodynamic property of the systems involving the alkoxy
derivatives. These phenomena would contribute to oxygenation
reaction of solid-state oxygeﬁ carriers, such as iron(II) picket

fence porphyrins.
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