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Chapter 1

INTRODUCTION

Molecular oxygen is a simple compound indispensable
for our daily 1life, for example, in the respiration and
combustion. From the physico-ghemical viewpoints, the
interaction of molecular oxygen with organic molecules
leads to a number of interesting physical and chemical
phenomena. For‘example, oxygen dissolved in organic substances
gives rise to the charge-transfer absorption bands and
enhances the triplet<«—singlet absorption bands. Molecular
oxygen also reversibly quenches both the excited singlet
and triplet states of organlc molecules in what appears to
be a simple physical process, that is, a process in which
no chemical reaction takes place. It has recently become
apparent that photosentitized oxidation reactions of organic
substances by oxygen involve singlet excited oxygen as an
intermediate. These interesting behaviors of molecular
oxygen can be ascribed to the following three characteristic
properties of oxygen: (1) relatively large electron
affinity, (2) paramagnetic( triplet ) in the ground state,

1A ang Ixt.

g g
The present work has been undertaken to make further studies

(3) having low-lying excited singlet states,



on the interaction of oxygen with organic molecules in
the ground and excited states.

The microporous surface structure of some solid
materials seems to have its fascinating characters for
the study on intermolecular interactions. Among many
spectral investigations of molecules adsorbed on the
surface of solids, the changes of the eléctronic absorption
spectra due to the physical or chemical adsorption have
been of particular interest. Until now, less attention
has been paid to the spectroscopic study on the molecular
interactions between adsorbed molecules. The large
surface area of porous materials allows adsorption of
large quantities of donor and acceptor molecules in a
limited volume, which facilitate the contact between donor
and acceptor molecules on the surface. This helps us to
measure the absorption spectra of complexes with small
extinction coefficlients or small equilibrium.constants
even in the absorption region of component molecules
(hereafter we call this new technique " adsorption technique").

With this adsorption technique, we have succeeded to
obtain further information on the nature of weak molecular
interactions which have never been obtained by the
conventional studies in solutions on account of experimental
difficulties. In the present work, we have extensi#ely |

examined the charge-transfer lnteractions between oxygen



and organic molecules in the ground and excited states
through the measurement of the absorption and emission
spectra by use of‘porous Vycor glass as an adsorbent.

As the results of studying the molecular interactions

on the surface, it might become possible to derive
important information for the understanding of the
characteristic properties of the catalytic reactlions on
the surface‘of solids. Furthermore, the study on the
molecular interaction by this technique might be extended
to the biologlcal systems involving molecular oxygen such
as hemoglobin and cytochrome.

In Chapter II, the charge-transfer absorption spectra
arising from the interaction of oxygen with simple organic
donor ‘molecules such as olefins, aliphatic amines, ether,
and aromatic hydrocarbons adsorbed on porous Vycor glass
at 77°K have been examined. In most cases, the charge-
transfer bands with clear maxima are newly observed, on the
basis of which the electronic structures of the complexes
are theoretically discussed. From the obtained spectral
results, the electron affinity of oxygen and a simple
expression for the energies of the charge-transfer states
and the lonization potentials of the donor molecules
have been derived. The oxygen-enhanced second triplet<—
singlet absorption of benzene has been detected together
with the two charge-transfer and the first tripiet<—singlet

absorption bands.



In Chapter III, the efficiencies of fluorescence
quenching by oxygen have been extensively examined for a
number of aromatic hydrocarbons adsorbed on porous Vycor
glass plates with and without the presence of liquid
oxygen at T7°K. By this technique, the intrinsic rate
constants of the oxygen-enhanced radiationless transitions
in the excited aromatic-oxygen pairs'have'beeﬁ directly
determined for the first time. These new observations
are reasonably interpreted based on the general theory
of radilationless transitlions. The results of the
phosphorescence quenching efficiencies for naphthalene
and benzophenone under the same condition are also discussed.

In Chapter 1V, the adsorption technique is extended
to the well-known typical charge-transfer complexes such
as iodine complexes with benzene and ether and tetracyano-
ethylene complex with naphthalene. On the basis of the
spectral results and those already obtained in both the
gas and liquid phases, the nature of the weak charge-
transfer interaction in solutions as well as the
characteristic molecular interaction on the surface are
discussed in terms of possible adsorbent and solvent
effects on the complexes.

In Chapter V, the charge-transfer interaction of

acetone with electron-donating and electron-accepting



olefins has been examined using the adsorption technique,
which provides important information for the stereospecifical
oxetane formation of aliphatic ketones with olefins and

the fluorescence quenching of ketones by olefins. The
charge—tranéfer states arising from the interaction of
acetone with tetramethylethylene and trans-dicyanoethylene
have been confirmed in the present work.

In the Appendix, the list of our papers on the
molecular interactions in the -adsorbed phase already
published is given, together with a collection of the
reprints of these papers, and some additional experimental

data.



Chapter 1II

Charge-Transfer Interaction of Oxygen with Olefins,

Aliphatic Amines and Aromatic Hydrocarbons at Low Temperature

SUMMARY

Electronic absorption spectra arising from the interactioh
of oxygen with simple organlic donor molecules such as olefins,
alphatic amines, ether, and aromatic hydrocarbons adsorbed on
porous Vycor glass plates at 77°K have been extensively
examined in the ultraviolet region. In most cases, the charge-
transfer absorption bands with c¢lear maxima are observed.
As previously pointed out by us for the charge-transfer bands
between aromatic amines and oxygen, the splitting of the
charge~transfer bands due to the two degenerate electron-
accepting orbitals of oxygen, is clearly observed in the cases
of olefins and aliphatic amines. The electronic structures of
the olefin-oxygen complex are theoretically investigated in
detall by considering the interactions ambng the ground
no-bond configuration, the locally excited configurations for
the olefinicec part, and two charge-transfer configurations.
As -the results, a reasonable explanation for the experimental

results was obtained. It has been found that energies of
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charge-transfer states( ECT ) as expressed by the well-known
equation by use of the ionizatlion potentials of the donors(Ip),
ECT = Ip - C1 + 02/(Ip-Cl), where Cl and 02 are constants, 1s
reasonably applicable to the olefiln-oxygen system with Cl

and C, equal to .4 eV and 1.6 (eV)% respectively. From the
observed charge-transfer absorption bands of methylated
ethylenes with oxygen and tetracyanoethylene, the electron
affinity of oxygen has been estimated to be 0.15 eV taking
that of tetracyanocethylene (2.35 eV) as a standard.

In the case of benzene, two distinct charge-transfer bands
have been detected in the absorption region of benzene together
with the first and the second triplet<—singlet absorption
bands enhanced by oxygen. A weak absorption band ascribable
to the simultaneous transition between oxygen and naphthalene
has also been confirmed in the present work on the long
wavelength side of the charge-transfer band. Spectral
characteristics of the charge-transfer bands are qualitatively
discussed with reference to those in the solutions by use of
the concept of the contact charge-transfer interaction. The
nonfluorescent behavior of the charge-transfer states is

also discussed from the energy-level aspects.
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INTRODUCTION
We have shown recently that the adsorption technique is
of great use for the studies of weak intermolecular
interactions such as the contact charge-transfer interaction

1,2

of oxygen with organic molecules and the charge-transfer

interaction of aromatic hydrocarbons with amines(so-called
exciplex system) in the ground state? For the donor-acceptor
‘systems in the liquid phase, which has been so far studiled
most frequently, either donor or acceptor must inevitably
exist in great excess because of the very weak interaction
in the ground state. Consequently, the absorption spectra
arising from the molecular interactions are obscured by the
>overlap of the absorption of the component molecules.

By use of our adsorption technique, we can easily measure
the absorption spectra of weakly interacting,systéms at various
temperatures even in the absorption region of component
molecules, since the adsorption of a lot of donor and acceptor
molecules on the large surface of porous solids facilitates
the contact between them. The porous Vycor glass, which is
transparent in the region above 210 nm, shows none of the
specific Interactions with the adsorbates and is therefore
a suitable adsorbent for our purpose.‘Among many spéctroscopic
studies on adsorbed molecules, the interactions‘of adsorbed

molecules with the surface of adsorbents have been of particular

interest( i.e., physical or chemical adsorption)? Until now,
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insufficient attention has been paid to the spectroscopic
study of the interactions between adsorbed molecules on the
surface, which would provide important information for the
understanding of the characteristic behaviors of the catalytic
reactions on the surface of solids.

As described in the previous paper% we have obtalined the
charge-transfer absorption bands between aromatic amines and
oxygen with a certain number of clear maxima, and interpreted
them to represent separate charge-transfer excited states:
corresponding to the electron transfers from the donor to the
two degenerate electron-accepting orbitals of oxygen. In order
to confirm these interesting interpretations of the charge-
transfer excited states and to elucidate the electronic
structures of the contact charge-transfer systems, simple
organic donor molecules such as olefins, aliphatic amines and
ether are used in the present work. The charge-transfer
absorption bands between olefins and tetracyanoethylene are also
examined in the adsorbed state to estimate the electron affinity
of oxygen from the observed charge-transfer bands with
tetracyanoethylene as a standard. Absorption spectra arising
from the interaction of oxygen with aromatic hydrocarbons
such as benzene, naphthalene and anthracene, which are ot
interest in view of the fluorescence and phosphorescence
quenching phenomena by oxygen, are also investigated in

detall at 77°K.
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EXPERIMENTAL

Materials.—The purifications of oxygen, naphthalene and
anthracene were described in the previous paper:.L’2 Thiophene~free
benzene was dried with phosphorous pentoxide and repeatedly
distilled. Tri-n-propylamine and triethylamine were dried
over pellets of potasium hydroxide and fractionally distilled.
Triethylenediamine was purified by recrystallization from ether
and by sublimation under vacuum. n-Propyl ether was dried with
calcium chloride and distilled. Commerciglly available tetramethyl-
ethylene, trimethylethylene, 2-methyl-l-butene, pentene-2, |
and cyclohexene were purified by distillation. The preparation
of tetrakis-(dimethylamino)-ethylene(TMAE), and 1,1!3,31—

42,2!

tetramethyl- —bi(imidazolidene), (TMBI), were described

elsewhere? Being very unstable in the presence of oxygen, both
TMAE and TMBI were preserved under vacuum. Tetracyanoethylene
(TCNE) was recrystallized, followed by sublimation under vacuum.

The porous Vycor glass(PVG) of Corning Glass Works was
supplied in the form of plate.Small pieces of the PVG plates
were firsrly washed with ethanol and after washing with water
treated with 46 % hydrofluoric acid for 30 sec, followed by
extraction with water for deveral days. After drying, the glass
plates were treated in air at U400°C for two days. In this way,
transparent colorless glass plates were obtained.

Procedure.—The PVG plate( 40x10x0.8mm ) pretreated in the

above mentioned way was placed in a thin quartz cell(l.5mm),
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and evacuated at 400°C for 5-8 hr, and the vapor of organic
molecules which was previously degassed was exposed to the PVG
at room temperature% The amount of adsorbed organic molecule
was determined from the volume change of liquid in a capillary
tube. In the case of naphthalene and anthracene, a known amount
of the crystalline material was adsorbed. After the adsorption,
the glass was cooled down to 77°K and purified oxygen gas(®20mmHg)
was introduced into the system at T77°K. The amount of adsorbed
oxygen was measured with an ordinary mercury manometer. In the
case of TCNE complexes, firstly TCNE vapor and then the olefin
vapor were exposed to the PVG at room temperature.

The absorption spectra of the PVG-adsorbates were measured
at 77°K before and after the introduction of oxygen with a
Shimadzu Multi-Purpose recording spectrophotometer, Model SQL.
The emission spectra were measured with an Aminco-Bowman
spectrophotofluorometer.

In our present study, oxygen was always adsorbed in a
large excess so that most of the adsorbed organic donor
molecules are in the form of the complexes with oxygen. We
have tentatively estimated the molar extinction coefficients
of the charge-transfer bands and triplet<—singlet absorption
bands based on the concentrations of donors in the bulk of the
PVG, whlch are determined from both the volume of the PVG plate
and the amounts of adsorbed organic donors. The thickness of

the PVG plate, taken as the path length, is 0.08 cm. It was
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confirmed using benzene, iodine and chrysene that the molar
extinetion coefficients of the adsorbed molecules determined
by the present method, are in good agreement with the known
values. Wong and Allen6 have recently determined the G-values

of radical production from organic molecules adsorbed on PVG

plates under Y-ray irradiations in the similar way.

RESULTS

Charge-Transfer Absorption Spectra with Olefins.—When

oxygen was adsorbed on the o0lefin-PVG adsorbates at T77°K,
absorption spectra with clear maxima were observed as shown in
Fig.l and 2, where the absorption before the adsorption of
oxygen is subtracted. With increasing the sample temperature,
the intensity of the observed absorption band reversibly
decreased owing to the desorption of oxygen. This confirms that
the observed absorption bands are caused by the charge-transfer
interaction, not by the reaction products.

The observed charge-transfer absorption spectra for
methylated ethylenes are reasonably interpreted as the
superposition of two bands as shown in the case of tetramethyl-
ethylene in Fig. 1(1). It was also found that the band at the
lower energy side 1s always stronger than the other band at
the higher energy side and the energy difference between the

two bands ranges in the region from 2.5 to 3.0 kK for the



~-16-
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| I | l |
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Fig.l. Charge-transfer absorption spectra between
oxygen and methylated ethylenes adsorbed on porous Vycor
glass(PVG) at T7T7°K: (1) tetramethylethylene, (2) trimethyl-
ethylene, (3) cyclohexene, (4) pentene-2. |
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methylated ethylenes regardless of the donors. The similar
splitting of the first charge-transfer band has been observed
for aromatic amines as described in the previous paper% The
tentatively determined molar extinction coefficient of the
charge-transfer band was about 100 IVI"lcm_l for tetramethyl-
ethylene. The absorption bands due to the triplet<—singlet
transitions as observed for ethylene under high oxygen pressuresz
have not been detected clearly for the methylated ethylenes.
Itoh and Mulliken8 recently measured the absorption spectra of
methylated ethylenes such as tetfamethylethylene and trimethyl-
ethylene with oxygen under high pressures in the gas phase.
They also observed strong absorption bands attributable to

the contact charge-~transfer transitions from the ethylenes

to oxygen, which in our results correspond to the absorption
tails of the charge-transfer bands in the longer wavelength
region. We attempted to detect the fluorescence spectra by
exciting the observed charge-transfer bands. However, no
detectable emission was obtalned for the used olefins.

In the case of TMAE and TMBI, which show chemiluminescence
as a result of the reaction with oxygen at higher temperatures?
we could easily detect the charge-transfer bands with oxygen
by our present method at 77°K as shown in Fig.2. When the
samples were warmed up from 77°K, yellow-green chemiluminescence

was also observed with the simultaneous disappearance of the

charge-transfer bands. The reactive character of TMAE and TMBI
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Fig.2. Charge-transfer absorption spectra between

oxygen and tetraaminoethylenes adsorbed on PVG plétes

at T7°K.
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Fig.3. Charge-transfer absorption spectra of the
TCNE complexes of methylated ethylenes adsorbed on PVG
plates at 77°K: (1) tetramethylethylene, (2)

trimethylethylene.
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toward the ground-state oxygen molecule9 seems to be due to the
low energy levels of the charge-transfer states, as predicted
from the extremely low lonization potentials of TMAE and TMBI?
In order to estimate the electron affinity of oxygen
from the clearly obtained charge-transfer bands between oxygen
and olefins, the absorption spectra of the TCNE complexes of
tetramethylethlene and trimethylethylene adsorbed on the PVG
plates were measured at 77°K, that is, under the same condition
as the oxygen complexes. When the vapor of olefins was exposed
to the TCNE-PVG adsorbate, symmetrical broad absorption bands
were observed in the visibie region. With decreasing the
temperature, the intensities of these bands increased reversibly
and the bands showed a slight red shift, which seems to be due
to the increased charge-transfer interaction at 1ow‘temperature.
The absorption spectra of the TCNE complexes at 77°K are shown
in Fig.3. When the vapor of triethylamine was exposed to the
TCNE-PVG adsorbate, the characteristic absorption of TCNE
anion radical was observed instead of thevexpected charge-

transfer band.

Charge-Transfer Absorption Spectra with Aliphatic Amines

and Ether.— When aliphatic amines such as triethylamine,
tri-n-propylamine and triethylenediamine, and n-propyl ether
were used as donors, absorption bands ascfibable td the charge-

transfer absorption bands from the amines or ether to oxygen
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Fig.l4. Charge-transfer absorption spectra arising
from the interaction of oxygen with aliphatic amines and
ether adsorbed on PVG plates at 77°K: (1) triethylamine,

(2) tri-n-propylamine, (3) triethylenediamine, (%)
n-propyl ether.
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were also detected at 77°K as shown in Fig.4. In the studies on
the contact charge-transfer absorption spectra of the amines
carried out so far in the solutions],'O the band maxima have

been obscured by the strong absorption of the amines themselves.
In the present system, the charge-transfer absorption bands
with clear maxima have been detected. As found out in the case
of olefins, the observed charge-transfer absorption seems to
consist of two bands( see 1 in Fig.4 ). It was also found that
the band at the lower energy side is considerably stronger than
that at the higher energy side and the energy difference
between the two bands is also in the range from 2.5 to 3.0 kK,
almost the same as those of olefins. The molar extinction
coefficient of the charge-transfer band was about 180 M_lcmhl

for triethylamine. In these cases also, no charge-transfer

fluorescence could be detected at T7T7°K.

Absorption Spectra Arising from the Interaction of Oxygen

with Aromatic Hydrocarbons.—Though the charge-transfer and

triplete—singlet absorption bands of naphthalene were already
examined in the previous work} the absorption spectrum at
shorter wavelengths was obscured by the absorption and light
scattering due to the porous glass used in the form of a tube.
By use of the PVG plates, it has become possible to measure

the absorption spectra arising from the interaction with oxygen

into the shorter wavelength region. The results for the case
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Fig.5. Absorption spectra arising from the interaction
between benzene and oxygen adsorbed on PVG plate at 77°K:
(a) benzene alone, (b) after the adsorption of oxygen,

(¢) a curve obtalned by subtracting a from b.
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of benzene and naphthalene at 77°K are shown in Fig.5 and 6,

respectively.
In the case of benzene, remarkable changes in the absorption

were observed by the adsorption of oxygen at 77°K%1 The observed

weak first triplet4—singlet(3B1u4—lA1g) absorption bands at
the longer wavelengths are in good agreement with those detected
for pure benzene liquid and oxygen under high pressuresj.“2 By
subtracting the absorption spectrum of benzene alone from
that of benzene-oxygen system, the absorption attributable to
the charge-transfer interaction with oxygen can be obtained

( see curve ¢ in Fig.5 ). As seen from the spectrum, there
exist two charge-transfer bands'with maxima at 265 and 230 nm.
The energy difference between the two bands is found to be

5.7 kK. Furthermore, a weak absorption band, which‘is however
relatively strong compared to the first triplet<—singlet
absorption bands, was observed only in the presence of oxygen
at 270 nm on the longer wavelength side of the . first charge-
transfer band as shown by an arrow in Fig.5.

Colson and Bernstein13 have examined the absorption
spectrum of a benzene-oxygen mixture deposited on a quartz
window cooled to 4.2°K by a spectrographic method and observed
a weak oxygen-enhanced band at 273 nm. They have concluded
that this band, relatively stronger than the first triplet<—
singlet band, is due to the second triplet<—singlet(3Elu<—;Alg)

transition. The possibllity of the simultaneous transition
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3
g g

and 32; indicate the singlet excited state and ground state

between benzene and oxygen, [3BlulAgJ4—{lAl Zé], where TA

of oxygen, respectively, was eliminated. The 270 nm band

1

observed in our present case is at least 600 em — lower than

the predicted position of the simultaneous transition.
Pariser~Parr theorylu also predicts the second triplet state
of benzene(3E1u) to lie between the first excited singlet(leu)
and lowest triplet state(3Blu). It seems quite reasonable to
conclude from these results that the weak vand at 270 nm is
due to the second triplet<—singlet transition of benzene
and the band due to the simultaneous transition is obscured
by the relatively strong charge-transfer band and absorption
of benzene itéelf.

In the case of naphthalene, the absorption bands due. to

first triplet-(——singlet(3B2u<—lAlg) transition, which are also

in good agreement with those obtained by Evans%2

were observed
at the longer wavelengths. The absorption band which appears
to have the maximum at about 320 nm can be assigned to the
charge-transfer band. A shoulder, which is relatively weak
compared to the first triplet<—singlet absorption bands as
shown by an arrow in Fig.6, was found at about 345 nm on the
long wavelength side of the charge-transfer band. Robinson |

15

and Hanson have examined the absorption spectrum of
crystalline naphthalene at 4.2°K and found the second

triplet<—singlet(3B3u4~;Ag) absorption band at ca. 320 nm
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Fig.6. Absorption spectra arising from the interaction
between naphthalene and oxygen adsorbed on PVG plate at
77°K: (a) naphthalene alone, (b) after the adsorption of

oxygen.
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which is by a factor of 10v100 stronger than the bands due to
the first triplet<—singlet transition. The electron impact
spectrum of naphthalene vapor16 also predicts the second
triplet state of free naphthalene to lie at nearly the same
energy as the first excited singlet state. In the present
system, the absorption band ascribable to th2 second triplet<—
singlet transition seems to be obscured by the charge-
transfer band and absorption of naphthalene itself. The weak
shoulder observed 1n the present system agrees energetically

well with that detected by Hoijtink et all’

inAthe solution
with oxygen under high pressures, though from thelr experiments
no information could be obtained concerning the charge-transfer
state. Therefore, our results support their assignment that

the pronounced shoulder at 345 nm is due to the simultaneous
2u1Ag4";Ag3zél'
In the case of anthracene, a weak charge-transfer

transition between naphthalene and oxygen, [3B
absorption band monotonically increasing from ca. 440 nm
toward the shorter wavelength was observed on the longer

wavelength side of the first absorption band of anthracene.

DISCUSSION

Relationship between the Tonization Potentials of Organic

Molecules and the Energies of the Charge-Transfer States.—

It is of interest that each of the charge-transfer spectra
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with simple organic donors such as olefins and aliphatic amines
consists of two bands with nearly constant energy differences
regardless of the donors. This seems to support strongly our
previous interpretation that the splitting of the first charge-
transfer bands between aromatic amines and oxygen is due to

the originally degenerate electron-accepting orbitals of oxygen%
On this basis, the relatively strong band at the longer.
wavelengths is denoted by CTx and the other by CTy as done in
the previous paper. The accurate lonization potentials of
olefins, amines and aromatic hydrocarbons afe well known as
summarized in Table 1 together with the bvand maxima of the

CTx bands. The energies of the CTx bands and the first charge-
transfer bands for benzene and naphthalene are plotted versus
the ionization potentials of the organic donors in Fig.7.

For reference, a few previous results for aromatic amines are
shown together.

It was concluded from spectroscopic results that in the
solutions there exists no specific interaction betwéen organic
molecules and oxygen, in other words, that the association
constants K are nearly zero in the ground state:.LO’18 We have
suggested that the attractive intéractions of" adsorbent with
adsorbed molecules might favorable for the weak interaction
between oxygen and organic molecules and might enhance the
tendency for them to take more fixed geometrical configurations

than in the solutions. In addition, a stronger interaction is



-29-

Table 1
Maxima of the Charge-Transfer Absorption Bands and

the Ionization Potentials of Organic Molecules.

I E.n ( CT.)

Donor molecule (eV§ (nm) CT (eV)x
1 n-Propyl ether 9.28% 235 5.28
2 Pentene~2 2u5 5.04
3 Cyclohexene 8.952 255 .86
Yy 2-Methyl-l-butene 260 477
5 Trimethylethylene 8.68% 260 4,77
6 Tetramethylethylene 8.302 273 4.53
7  Triethylamine 7.50° 296 .19
8  Tri-n-propylamine 7.23P 294 4,22
9 Triethylenediamine 7.2¢ 290 4,28
10 TMBI 5.419 450 2.76
11 TMAE 5.36% 455 2.73
12 Benzene 9.25% 265 4.68
13 Naphthalene 8.132 320 3.87

14 Anthracene 7.388 |

a) F.I.Vilesov, USP.Fiz.Nauk, 81, 669(1963).

b) k.Watanabe and J.R.Mottle, J.Chem.Phys., 26, 1773(1957).

d)

c) Ref. 30. Ref. 5.
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Fig.T7. Relationship between the energies(ECT) of
the charge-transfer states and the ionization potentials
: (Ip) of organic donors. The numbers for the donors are
identical with those given in Table 1, except for the
aromatic amines: (15) N,N-dimethylaniline, (16) N,N=-
dimethyl-p-phenylenediamine( see ref.l). The solid
curve shows the equation (1) with C1 and C2 equal to

.4 eV and 1.6 (eV)z, respectively.



-31-

expected in the present system because of the measurement
at low temperature.

As evident from FPig.7, the relationship between the
ionization potentials and the charge-transfer bands can't be
represented by a single curve, that is to say, the 2liphatic
amines, which are expected to interact strongly with oxygen,
do not fit in the curve applied to olefins and ether. It is
also found that the charge-transfer states for the aromatic
donors die at relatively lower energies than predicted from
the lonization potentials compared to those of others. As can
be seen from the structural formulae of TMAE and TMBI in Fig.2,
the steric hindrance of TMAE is expected to be less favorable
for the charge-transfer interaction with oxygen compared to
TMBI. On the contrary, the positions of the observed charge-
transfer bands for TMAE and TMBI with almost identical
ionization potentials are nearly equal to each other as
predicted from the general charge-transfer theory. This indicates
that TMAE or TMBI and oxygen have geometrical configurations
probably with less steric hindrance, for example, those with
oxygen above the carbon-carbon double bond.

When the second-order perturbation theory is applied to
the charge-transfer interaction, the energy of the charge-
transfer transition, ECT’ is given by the equationl9

E m = Ip ~ Cq +.02/( Ip - CA1> (1)

CT

where Ip represents the ionization potential of the donor and
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and C., and C, are approximately constant for a series of similar

1 2
donors with‘the same acceptor. Cl is approximately the sum

of the Coulombic attraction energy and the electron affinity

of the acceptor, and 02 reflects the charge-transfer interaction,
that is, the interaction between the dative( ionic ) and

no-bond configurations. The solid curve in Fig.7 is obtained
from the equation(l) with Cy and Cé equal to 4.4 eV and

1.6 (eV)2, respectively. It is clear from the curve that the
expression (1) gives good agreement with the experimental

results for the olefins and ether. It is the first time that

such a clear reliable relation has been obtained for the
charge~transfer bands involving oxygen as an acceptor. It is

of interest to compare the C2 value with those for iodine

and TCNE complexes in the solutions. For the iodine complexes

of olefins, ether and alcohols, 02 is 3.4 (eV)2 at room

temperature?o The 02 value determined for the relatively

weak TCNE complexes of methylated benzenes is 1.25v1.30 (eV)2

in the solutions at room temperature?l

From these results,

it can be seeh that the charge-transfer interaction of oxygen
with the olefins and ether in the present system at T7°K is
comparable with that between TCNE and methylated benzenes

in the solutions at room temperature and considerably weak
compared to that of the iodine complexes. These results seem
to encourage us in attempting to determine the electron

affinity of oxygen by using the charge-transfer bands of oxygen

and TCNE complexes with olefins.
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Electronic Structures of the Charge-Transfer States.—

As pointed out in the preceding section, the charge-transfer
interaction of oxygen with olefins or amines in the ground
state can't be neglected in the present system. The appearance
of the charge-transfer bands with clear maxima also seems to
suggest the formation of the complexes having the relatively
strong binding and fixed geometrical configurations. For
simplicity, we will discuss in detail the electronic states
arising in the olefin(D) and oxygen 1l:1 pair in order to clarify
the interpretation of the intensities and structures of the
observed charge-transfer bands.

For <he methylated ethylene as a donor, the following
three orbitals are taken into account22: the 2pw bonding
molecular orbital( ¢l ), the 2pw antibonding molecuiar
orbital( ¢2 ) and the 3so bonding-type Rydberg orbitél( ¢R).

We shall use two real molecular orbitals of oxygen( T

aéd ﬂy)

as the electron accepting orbitals, each of which are originally
occupied by one unpaired electron. These two orbitals are
schematically illustrated in Fig.8 together with the assumed
geometrical configuration between the olefin and oxygen. As the
electron-accepting orbitals of oxygen are 2pm antibonding
molecular orbitals, the probable configuration with oxygen-oxygen
double bond just above the carbon-carbon double bond is

unfavorable for the ground-state stabilization due to the

charge—transfer interaction because of the negligible overlap
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between the ¢l and T, or Wy orbitals. For simplicity, we here
tentatively assume the geometrical configuration giving rise
to a considerable overlap between the ¢l and ﬂy orbitals as
shown in Fig.8. In the stereospecific 1,2-addition of singlet
excited oxygen to diethoxyethylene, an oxygen complex With a
similar geometrical configuration has been proposed as an
intermediate by Bartlett and Schaap%3
Strictly speaking, the excited states of oxygen, for
example, 3254—32é transition in the wvacuum ultraviolet region,
must be taken into account. For simplicity, however, only the
exclted states of the donor part are taken into account here.
It i1s well known that the olefin has two typical =xcited states
due to V4~N(¢2<—¢l) and R4—N(¢R4n¢l) ’c:c*amsitions?z‘l Thé wave
functions for the electronic éonfigurations of the olefin and

triplet-state oxygen pair, which are either symmetric or

antlsymmetric with respect to the center of symmetry, are

given by Slator determinants].‘0
antisymmetric
¥y =]¢1$1ﬂxwyl Ground no-bond configuration
e = 1//§{|¢1$wany - [551¢wany} Ryfclt?erg(R) configu-
v o 7 ration
CTy Wxy"y Charge—transfer(CTy) configuration
symmetric

WCTX=I¢1“x“x"yI Charge-transfer(CT,) configuration
Y, = 1/V2{|d1dam w | - |F1¢am m_|}
v Y Yy configuration
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Fig.8. Schematic representations of the geometrical
configuration of the oxygen complex with an olefin and
the two electron-accepting orbitals of oxygen. Shaded
and unshaded volumes in the orbitals indicate negative

and positive region, respectively.
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As -the bond lengths of the carbon-carbon and oxygen-
oxygen double bonds are 1.34 and 1.21 K, respectively, the
line linking the carbon and oxygen atoms becomes Just
perpendicular to the oxygen-oxygen aouble bond, if we take
the angle 6 shown in Fig.8 to be 27? As pointed out in the
previous paper% the two charge-transfer configurations split
in energy from each other with ECT higher than ECTx.owing
to the difference in the electrostatic interaction between D+
and 05. At the intermolecular distance(R) of 3 K, which is

probable from the van der Waals radii, the splitting is about

- E.m = 1.5 kK) as shown in ‘Fig.9, where the levels

C'I‘y CTx

of the charge-transfer configurations are estimated for the

1.5 kK( E

case of tetramethylethylene from the ionization potential(8.30
eV), the energies of the electrostatic interactionl and the
electron affinity of oxygen(0.15 eV)%5 The energy of the 'V!
configuration was taken from the edge of the absorption
spectrum of tetramethylethylene in the low-temperature

26

matrixt~ The R<«-N absorption band is observed only in the

vapor phase at longer wavelength than the V<N absorption band?7
However, the Rydberg absorption band generally shows a large
blue shift in a condensed medium{ solution or low-temperature
matrix) because the large-size Rydberg orbital would be strangly
perturbed by closely neighboring molecules%6 Hence, the energy
of the R configuration should be taken appreciably above that

of the 'V' configuration also in the present system.
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By application of the second-order perturbation theory,
the CTX configuration will be stabilized by the interaction
with the 'V' configuration, because they belong to the same-

2 =
symmetry, by an amount Bl /AE__, where B . _<WCTLHIWV> and

. As the matrix element, B__, is represented

AEX = Ev - E

v CTX XV

approximately by the core reasonance integral between the ¢2

and T croitals, we can evaluate the matrix element semiempirically
va = —KS(ﬂx¢2), where S(ﬂx¢2)=<wx¢2> and K is taken to be

constant as experimental parameters?BFor the present Slator-

type orbitals, K can be set equal to -3Ow35?8’29 The overleap
integral was calculated for the assumed geometrical configuration

( 6 =27° and R = 3 X in Fig.8 ) from Mulliken's table?o

Thus, the stabilization of the CTx configuration due to the
interaction with the 'V' configuration is calculated to be
about 900 cm_l, leading to the additional splitting of the two
charge-transfer states. As the result of the interaction of

the CTy configuration with the ground configuration, the ground
state is stabilized by about 100 cm_l. It was found that the
interaction of the C'I‘y configuration with the R configuration

is negligible due to the negligible overlap between ¢R and

ﬂy orbitals. The energy level diagram after the configuration
interaction is.also shown in Fig.9. The resulting energy
difference between the CTy and CTx states becomes about 2.5 kK
which is in good agreement with the observed values, 2.5®3.0 kXK.

The intensity of the CTx band can be borrowed almost from
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Fig.9.‘Energy level diagram of the various electronic
configurations and states for tetramethylethylene-oxygen.
complex with the assumed geometry indicated in Fig.8.

The letters s(symmetric) and a(antisymmetric) represent
the symmetry properties with respect to the center of -
symmetry(Cz). The vertical arrows show the two charge-

transfer transitions.
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the strong V<N transition of the olefin, which also seems to
be consistent with the experimental fact that the CTx band 1is
relatively stronger compared to the CTy band.

Similar treatments are possible for the aliphatic amine
complexes. For example, triethylamine has a strong absorption
band at about 200 nm due to 3p<n Rydberg transition( of
nitrogen atom)?l In this case, the CTx configuration can strongly
interact with the ground no-bond and the Rydberg configurations
under the most probable geometrical configuration of the
complex% giving rise to more intense charge-transfer band
compared to those of olefins.

In the case of benzene, we have found two distinct charge-
transfer bands with a large energy difference of 5.7 kK. As the
donor molecular orbitals of benzene is spread over the benzene
ring and are much larger in size than those of olefins and amines,
the splitting of the charge-transfer band due to the two
degenerate orbitals of oxygen 1s expected to be small from
our theoretical viewpoint mentioned above. It seems, therefore,
reasonable that the observed two charge~transfer bands
correspond to the two charge~transfer states resulting from
the two degenerate donor orbltals of benzene. Generally
speaking, several charge-transfer states can be expected to
exist in the cases of aromatic donors by the presence of many
closely lying donor orbitals and the interactions with the

several locally-excited states of the donors should be considered.
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Consequently, the first charge-transfer bands for the case of
aromatic donors will be much stabillized compared to those of
olefins and amines. As Fig.7 shows, our observation seems to
give an experimental evidence for this expectation.
In Table 2 the apparent molar extinction coefficients of
the charge-transfer and triplet<—-singlet absorption bands for
aromatic hydrocarbons and triethylamine are summarized together
with the values obtained from the measurements of the liquid
donors containing oxygen. As evident from Table 2, the intensity
of the charge-transfer band decreases with increasing the size
of the aromatlic hydrocarbon. In the complexes between oxygen
and the hydrocarbons, we can expect that the overlap between
the donor and acceptor orbitals will generally decrease with
increasing the size of the hydrocarbon, since the donor orbitals
are presumably spread over the whole aromatic ring. Similar
behavior of the intensitlies of the charge-transfer bands
has been found for the iodine complexes of aromatic hydrocarbons?2
It is also of interest that the charge-transfer bands in
the liquids are always stronger than those in the present
system, where relatively strong interactions are expected as
shown 1In the cases of olefins and amines. As the oxygen molecules
in the solution are considered to be weakly interacting with
the surrounding solvent donor molecules with random orientations,
there would exist special orientations which give less stable

complexes and more intense charge-transfer bands, that is,
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Table 2

Molar Extinction Coefficients of the Charge-Transfer

and Triplet¢«—Singlet Absorption Bands

Donor molecule eCT €S---’I‘
(M-lcm—l) (M—lcm—l)
Benzene 90 : 1.8
a at 265nm a at 337nm
[250] [1.0]
Naphthalene 50 at 320nm 0.4 at 475nm
Anthracene 20 at 385 nm
Triethylamine 170
] a at 296nm
L550 ]
a)

Molar extinction coefficients based on the
concentrations of dissolved oxygen in the liquids. For
benzene; see ref.18 and D.F.Evans, Proc.Roy.Soc., A255,
55(1960). For triethylamine; a result obtained in the
present work by assuming the solubility of oxygen in

triethylamine equal to that in aniline(see ref.10).
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the orientations favorable for the interaction of the charge-
transfer states with the donor excited states but not with

the ground state. On the other hand, the organic donor
molecules and oxygen adsorbed on the PVG plates gt‘77°K are
considered to be interacting strongly in the ground state with
fixed geometrical configurations which are favorable for the
interaction of the charge-transfer states with the ground state
but not with the donor excited states, leading to the formatilon
of the stable complexes giving weaker charge-transfer bands.

It has also been found that the charge-transfer band between
iodine and benzene adsorbed on the PVG plate is extremely

weak compared to that obtalined in thé liquid phase33

Generally speaking, the relative behavior of the intensity of
the charge-transfer band and the stablility in the weak complex
wuold depend on the difference in energy betweeh thé most
stable configuration and the configuration giving the most

intense charge-transfer band under varilous conditions?u

Electron Affinity of Oxygen Determined from the Charge-

Transfer Bands.—By using the observed charge-transfer bands

of methylated ethylenes with oxygen and TCNE, let us estimate
the electron affinity of oxygen with that of TCNE as a standard.
If we assume the electrostatic terms and other terms due to
the charge-transfer interaction( that is, the second term

in the equation 1 ) to be constant for both the oxygen and
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TCNE complexes, the following equation is approximately given;
ECT(OE) - ECT(TCNE) = EA(TCNE) - EA(O2) (2)

where E,(0,) and E,(TCNE) indicate the electron affinities of
oxygen and TCNE, respectively, and Ey-(0,) and Eyp(TCNE) are
the energies of the charge-transfer bands of oxygen(CTx) and
TCNE complexes, respectively. The electron affinity of TCNE
has been estimated to be 2.30 eV3? or 2.55 ev3® from the
energies of the charge-transfer states in the gas phase,
and 2.56 eV from the half-wave reduction potential?5 By use
of the charge-transfer bands of TCNE and benzoquinone complexes
with various donors in the solutions, the value of 2.31n2.37 eV
has been determined for TCNE with the absolute value of
benzoquinone(1l.40 eV) as a standard?5 From these results, the
electron affinity of TCNE seems to be in the range from 2.30
to 2.50 eV. Therefore, we tentatively use the value of 2.35 eV
as the electron affirity of TCNE for the present purpose.

As summarized in Table 3, 0.15 eV has been obtained as
the electron affinity of oxygen by using the equation(2).
Jortner and Sokolov37 have also estimated the electron affinity
of oxygen(0.74 eV) from the charge-transfer bands of the oxygen
and iOdiﬁe cdmplexes of benzene and alcohol in the solutions.
However, as they chose the energies of the charge-transfer
states arbitarily from the continuous absorption bands
with oxygen, the estimated value seems to be less reliable

than the present value based on the dlstinct charge-transfer
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Table 3

Determination of the Electron Affinity of Oxygen

from the Charge-Transfer Bands

Donor molecule ECT(O2) ECT(OZ) Ei(o2)
(eV) (eV) (eV)
Tetramethylethylene 4,525 2.290 0.115
Trimethylethylene 4,769 2.610 0.191
average 0.15

*EA(TCNE) = 2.35eV
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bands with clear maxima. It 1s worth noting that the obtained
value is in good agreement with the value(0.15 eV) which has
been determined from the threshold energy in the photodetachment

—

of 02 and supported in terms of molecular orbital theory by
Mulliken?5 Relatively large values are reported as the electron
affinity of oxygen by various other methods: 0.95 eV by lattice

energies§8 0.7 ev3? and 20.58 eVu0

by electron attachmént.

As described in the previous section, the Cl value of
4,4 eV has been obtained for the oxygen complexes of olefins
in the equation(1l), where Cl can be approximated by the sum
of the electrostatic term and the electron affinity of oxygen.
The electrostatic energy calculated for the geometrical
configuration assumed for the complex between an olefin and
oxygen is 4.3 eV, Therefore, the electron affinity of oxygen
obtained can well satisfy the relation of Cl‘ Though there exist
some ambiguities in the present procedure, the obtained

value(o.1l5 eV) seems to be highly probable as the vertical

electron affinity of oxygen.

Nonfluorescent Behavior of the Charge—Transfer'States.—f
We could not detect the fluorescence corresponding to the
charge-transfer absorption bands fdr olefins and aliphatic
amines. Previously, we have reported the charge-transfer
fluorescence for the aromatic amines-oxygen complexes, where

the first charge-transfer states lie sufficiently below the
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lowest triplet states of donor molecules} The energies of the
lowest triplet states of methylated ethylenes have recently
been determined by use of the external heavy atom effect or
oxygen enhancement?’27 Figure 10 shows the possible potentiai
energy curves of the electronic states of tetramethylethylene
as a function of the angle of twist about the double bond?6
The presently detected charge-transfer state between oxygen
and tetramethylethylene lies fairly above the lowest triplet
(T<«-N) state of the donor. Under such a condition, the lowest
triplet state of the donor seems to play an important role in
the quenching of the charge-transier fluorescencz, since the
charge-transfer state has the same spin multiplicity as the
electronic state(triplet) formed between the triplet ground-

state oxygen and the excited triplet—state»donor%o

The angular
dependence of the energy of the charge-transfer state seens

to be determined mostly by the angular dependence of the
energy of the ethylene catidn, which 1s opposite to that of
the excited states of the ethylene according to the theoretical

41 as shown in Fig.10.

computations
When the oxygen-olefin pair is excited in the charge-
transfer band, a rapid radiationless transition might occur to
the low-lying triplet state of olefin, leading to the quenching
of the charge-transfer fluorescence and in some cases to the
subsequent isomerization of olefin. As can be evaluated from

1

the small molar extinction coefficients(v100M~ cm_l) of the
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eV —

Fig.10. Schematic potential energy curves of the
electronic states of tetramethylethylene and the
charge-transfer state of the oxygen complex as a
function of the angle of twist about the double bond.
The vertical arrow represents the lowest charge-

transfer transition.
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charge-transfer bands observed for the olefins at 77°K, the
radiative process from the charge-transfer state seems to be
extremely slow compared to the above radiationless process.
In practice, in the case of aromatic amines having the first
charge-transfer states below the lowest triplet states of
donor amines, we could detect the weak charge-transfer
fluorescence having relatively long lifetime only at 77°K}
On the other hand, in the case of aromatic hydrocarbons having
the first charge-transfeir states above the lowest triplet
states, no charge-transfer fluorescence has been detected.

In the case of aliphatic amines; though the accurate
energles of the triplet states are not known at the
present time, our observations of no any charge-transfer
fluorescence seem to indicate the presence of the lowest triplet
states of the aliphatic amines below the observed charge—
transfer states. Our expectation is highly probable according
to a recent experimental result that even the lowest triplet
state of water is surprisingly low,~4 eV above the ground state,
from both the low-energy electron impact spectroscopy in the |
gas phaseu2 and the thermoluminesceﬁce of ice using electron--
reflection spectroscopy?3 The othef possible explanation i1s
that the charge-transfer state, where the aliphatic amine seems
to have an electronic structure almost similar to the cation,
is less stable to the reactions such as dissociation. However,
in the case of tertiary amines as electron donors and aromatic
hydrocarbons as electron acceptors, charge-transfer

flourescence has recently been observed in the solutionsl.lu
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Chapter III

Radiationless Transitions in the Excited Aromatics-

Oxygen Systems at Low Temperature

SUMMARY

The efficiencies of fluorescence quenching by oxygen have
been extensively examined for a number of aromatic hydrocarbons
adsorbed on porous Vycor glass plates immersed in liquid oxygzen
at 77°K. Surprisingly, the fluorescence spectra of aromatic
hydrocarbons are detected in most cases even 1n the presence of
liquild oxygen. It has been found that the oxygen-enhanced
radiationless transitions in the excited arcmatic-oxygen pairs
are so fast as to compete with the fluorescence dscays under the
present condition, and the intrinsic rate constants for the former
depend to a large extent on the nature of the electronic states
inherent in each aromatic hydrocarbon. By assuming the oxygen-
enhanced intersystem crossing, these new interesting observations
are reasonably interpreted in terms of Franck-Condon factors, the
location of the second triplet states, and the symmetries of the
related electronic states based on the general theory of
radiationless transitions. Surprisingly, a relatively strong

phosphorescence of benzophenone has been observed even in the
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presence of liquid oxygen. The results of the phosphorescence
quenching efficiencies for benzophenone and naphthalene by
oxygen are also discussed in comparison with those of fluorescence

quenching efficiencies.

INTRODUCTION

It is well known that molecular oxygen quenches the execlted
singlet and triplet states of aromatic molecules almost at a
diffusion-controlled rate in the solutionsl_3. Recent
theoreticalu and experimenta15’6 results of the oxygen quenching
of triplet-state molecules have established that the quenching
is due dominantly to the energy transfer process to singlet

7

exclted oxygen. Ottolenghi and co-workers' recently showed by
use of a pulsed nitrogen laser that the conversion to the
triplet state is the major path for the fluorescence quenching
of aromatic hydrocarbons by oxygen( i.e., enhanced intersystem
crossing process), analogous to the typical charge-transfer
quenching of the fluorescence of aromatic hydrocarbons by
diethylaniline7.

As can be seen from the experimental observations of the
diffusion-controlled quenching by oxygen in the solutions, the

1ose -1

absolute rate of quenching must be higher than 10 c

>

the reciprocal of the possible lifetime of a collision complex

between an excited aromatic molecules and oxygen in the solutions?’

7



-54-

Kearns et al? theoretically predicted an absolute quenching

rate of 101¥~1012 sec"l for the oxygen quenching of the excited
triplet state. Because of the experimental restriction mentioned
above, it has ever been impossible to derive any reliable
intrinsic quenching rate experimentally for a D*...O2 pair,
where D¥* denotes an excited aromatic molecule. The purpose of
the present work is to obtain the intrinsic quenching rate
constants for several aromatic donor molecules, which is
considered to be of great importance for understanding th=
mechanism and nature of the enhanced intermolecular radiationless
transitions as well as the nature of the effective quenching
interaction.

In a previous paper8, we investigated the oxygen quenching
of the fluorescence and phosphorescence of adsorbed aromatic
hydrocarbons. There, we remarked an interesting phenomena that
the fluorescence and short-lived phosphorescence are observed
even from naphthalene adsorbed on porous glass immersed 1hn
liquid oxygen at T77°K. Under such a condition where the adsorbed
aromatic hydrocarbon molecules are surrounded by oxygen molecules,
it is possible to examine the intrinsic quenching rate of the
D*...O2 pair. In the present work, we have extensively studied
on the fluorescence quenching efficiencies of several aromatic
hydrocarbons-porous Vycor glass plate adsorbates immersed in
'1iqu1d oxygen at T77°K. The phosphorescence quenching efficiencies

are also discussed for benzophenone and naphthalene in
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comparison with those of fluorescence quenching under the

same condition.

EXPERIMENTAL

Materials.—0xygen, naphthalene and anthracene were
purified in the same way as described in previous papers8’?
The purification of benzene was described in the preceding
Chapter%O Pyrene, perylene and chrysene were chromatographed
on activated alumina and silica gel, and recrystallized from
benzene, followed by sublimation under vacuum. Tetracene and
2-methylanthracene were recrystallized from benzene and sublimed
under vacuum. Specially prepared 9,10-diphenylanthracene of
Nakarai Chemicals was used without further purification.
Benzophenone was purified by recrystallization from ethanol
and by sublimation under vacuum. The porous Vycor glass(PVG)
plates of Corning Works were pretreated in the same way as
described in the preceding Chapter.

Procedure.—Benzene and naphthalene were adsorbed on the
pretreated PVG plates(40x10x0.8mm) from the vapor phase?’lo
Other aromatic hydrocarbons were adsorbed from the n-hexane
solutions and dried in a thin(l.5mm) quartz cell by evacuation
at 100°C for 5—~10 hr. Firstly, the fluorescence spectrum and
decay time of the aromatic-PVG adsorbate was recorded at 77°K
with the absence of liquid oxygen, and then purified oxygen

gas was condensed into the quartz cell containing the PVG cooled



-56-

down to 77°K. The fluorescence spectrum of the aromatic-PVG
adsorbate immersed in liquid oxygen was subsequently recorded
under the same conditions at 77°K. In the case of benzophenone,
the phosphorescence spectra and decay times were examined in
the same way.

A Shimadzu Bausch-Lomb Monochromator with a dispersion
of 7.4nm/mm was used to obtain the monochromatic exciting
light from a 500W high pressure mercury lamp. Naluml 1 meter
Grating Spectrograph RM-23-I equipped with an RCA 1lp-28
photomultiplier was used for recording the fluorescence
spectra. The fluorescence decay times of adsorbed aromatic
hydrocarbons were measured using the exciting light pulse of
a coaxial UV—N2 laser(337nm)].'l A Q-switched Ruby laser was
used for the measurement of the phosphorescence decay times
of benzophenone without and with the presence of ligquid
oxygen%l Absorption spectra were measured with a Shimadzu

Multi-Purpose Spectrophotometer, Model 50L.

RESULTS AND DISCUSSION

Absorption and PFluorescence Spectra of Adsorbed Aromatic

Hydrocarbons.—The concentrations of adsorbed aromatic

hydrocarbons were set in the range from 1xlo-7 to 1xlO"6

mole/gram of PVG, where no luminescence and absorption bands
characteristic of the aggregates or microcrystals of aromatic

hydrocarbons could not be detected. At higher sample concentrations,
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new bands ascribable to excimer fluorescence were observed
besides monomer fluorescence for several aromatic hydrocarbons
as described in the previous paper§ The absorption and
fluorescence spectra of adsorbed anthracene at two sample
concentrations are shown in Fig.l. At the lower concentration,
the absorption and fluorescence spectra are in good agreement
with those in the solutions, while remarkable spectral changes
are observed at the higher concentrations.

The observed excimer fluorescence of anthracene is
nearly in agreement with that observed in the photolytic
dissociation of dianthracene in a low-temperature matrixj,‘2
where the sandwich dimer of anthracene giving rise to the
excimer fluorescence is formed by the photolysis. The intensity
ratio of the excimer band to the monomer band increases with
increasing the concentration and depend on the exciting
wavelength. From these results, the absorption spectrum at the
higher concentration(b in Fig.l) 1s reasonably interpreted as
the superposition of the absorption bands of the monomer and
sandwich dimer easily formed at the higher concentration
posslibly due to the attractive interaction of adsorbed
aromatic hydrocarbon with the surface of PVG. For the present
purpose, the .samples with lower concentrations are used as
described above.

The absorption spectrum of aromatic hydrocarbon-PVG

adsorbate does not appreciably change in the intensity, but



Absorbance
Emission Intensity

300 400 500 600
nm

Wavelength
Fig.l. Absorption and fluorescence spectra of anthracene adscrbed on
porous Vycor glass(PVG) plates at 77°K: (a) 2x10—7 mole/g, (b) 5x10"6
mole/g. Excitation wavelength: 340 nm.
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Fig.2. Absorption spectra of anthracene adsorbed on
PVG plate: (a) without and (b) with the presence of

liquid oxygen at T77°K.
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shows only a slight red shift by the contact with liquid
oxygen as shown in Fig.2 for the case of anthracene. The
charge-transfer bands arising from the interaction between

the aromatics and oxygen were negligible because of the low
sample concentrations and the weakness of the charge-transfer
bandst? The energies ol the first excited singlet states(Sl)
were determined for several aromatic hydrocarbons from the
absorption spectra observed in the presence of liquid oxygen
as summariéed in Table 1, which are also in good agreement
with those obtained in the solutions. As described previoivsly,
the triplet<—singlet( Tle——So) absorption Spectra of aromatic
hydrocarbons and the charge-transfer absorption bands are observed
clearly at much higher concentrations in the presence of
excess oxygen or liquid oxygen at 77°K?’lo The energies of

the lowest triplet states(Tl) for behzene and naphthalene were
determined from the observed Tl<~S° absorption bands, which
are in good agreement with those in the solutions. Therefore,
the Tl energies for other compounds were taken from literature
as summarized in Table 1. The onset energies of the observed
first charge-transfer bands are also listed together with the
ionization potentials of aromatic hydrocarbons. The valucs

of the fluorescence lifetimes measured in the absence of

oxygen at 77°K are also summarized in Table 1.



Table 1. Fluorescence Quenching Efficiencies of Aromatic Hydrocarbons by Oxygen

. a b , - ¢ d e
Aromatic 10(0,)/I, kg (0,5) s3 T, 0L, ] BE(S,-T)) AE(S;-T,) I o ECT1
- - - -1 - -
(sec™d)  (em™) (em™) (em™)  (em™D) (eV)  (ns)  (em 1)
11 . e,f,g
Benzene <0.0001  23.4x10 38100([L, ] 29400 8700 1000 9.245 29 36000
Naphthalene 0.15 5.2%107 31800(L, ] 21300 10500 n0€ 2850 8.12 110 28500
Anthracene 0.046 1.6x10°7 26400[L,] 14850 11550 300t 7.38 13 22500
2-Methyl- A9 NS
mthrasene 0.023 3.9x10 26100(L,] 14560 11540 300 11
9,10-Diphenyl- A9 i !
S thracene 0.028 2.2x10 24500(L, ] 14290 10210 <0 16 §;
Tetracene 0.14 3.0x108 21100(L_] 10300 10800 <0d 6.88 21
1
Chrysene 0.49 2.3x107 27000(L, ] 19800 7200 <0* 7.80 4l
Pyrene <0.0001  23.6x10"° 26600[L_1 16800 9800 (>0t 7.55 280
Perylene 0.0011  8.3x10%° 22900[L, ] 12600 10300 7.03 12
a)

Data from the absorption spectra of adsorbed aromatic hydrocarbons in the presence of oxygen at 77°K. The

b)

electronic states are represented by a Platt notation in brackets(see ref. 27). Data from ref.3; P.S.Engel

and B.M.Monroe, in "Advances in Photochemistry", vol.8, W.A.Noyes, G.S.Hammond and J.N.Pitts, Wiley-

d)

Interscience, 1971,p-297. c) Ref. 33. Data measured for the present system in the absence of oxygen at 77°K

) h) i)

except for benzene( ref. b). e) Ref. 10. Ref. 17. g) Ref. i9. Ref. 18. Ref .20 and 21. 3) Ref.22.

k) 1)

Ref. 22 and 24. Ref. 25 and 26.



Fluorescence Quenching Efficiencies of Several Aromatic

Hydrocarbons in Liquid Oxygen.—When liquid oxygen was

introduced into the cell containing the aromatic-PVG adsorbates,

remarkable differences in the fluorescence quenching efficilency

was observed for the several aromatic hydrocarbons examined.

The fluorescence spectra without and with the presence of

liquid oxygen are shown in Fig.3-6 for anthracene, 9,10-diphenyl-

anthracene, pyrene, and perylene, respectively. From the results

_of the absorption spectra in liquid oxygen, we can expect that

the rate constants for radiative transitions( kf) from the

excited singlet-state aromatic hydrocarbons are almost the

same under both conditions. The low-lying eiectronic states

of the typical aromatic donor—O2 pair, [D...Ozj, are

schematically represented in Fig.7%3
If we assume that the effective quenching interaction

occurs not in the higher or non-relaxed excited singlet state

but only in the relaxed lowest fluorescent state,Sl, the following

equation can be obtained for the oxygen quenching:

If(oz)/If = Tf(Oz)/rf = 1/[1 + TeKen (05)] (1)

To l/(kf + kfn)’ Tf(02) = 1/[kf + kfn + kfn(oz)]

where If(Oz) and If are the fluorescence intensities with and

without the presence of liquid oxygen, réspectively, Tf(02)

and Tp are the corresponding fluorescence lifetimes, and



Intensity

-63-

| = i’f\“ — | Anthracene - —
=== : —=
= = =
= ==
S /:‘_ N H— — < %_—___ — T

S -
‘‘‘‘‘ 7= -

=400°- ~ 450 - =500 =]

)
=

Fig.3. Fluorescence spectra of anthracene adsorbed on
PVG plate: (a) without and (b) with the presence of

liquid oxygen at 77°K.
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Fig.l4. Fluorescence spectra of 9,l0-diphenylanthracene
adsorbed on PVG plate: (a) without and (b) with the presence

of liquid oxygen at T7°K.
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(a) without and (b) with the pre:zence of
liquid oxygen at 77°K.

Fig.6. Fluorescence spectra of perylene adsorbed on
PVG plate:
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Fig.7. The low-lying electronic states of a 1:1
pair [D.,.O2] between an aromatic molecule D and 05
Kfn(o2) indicates the rate constant of the oxygen-

enhanced radiationless transition from D(Sl).
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kfn(02) is the rate constant for the oxygen-enhanced
radiationless transition from S1 in the presence of oxygen
( from D(Sl)...O2 in Fig.7). The fluorescence decay curve was
measured for chrysene in the presence of liquid oxygen at T7°K
as shown in Fig.8. The decay curve was found to be completely
exponential and the 1ifetime,.rf(o2), was 22ns. 1t 1s seen
from Table 1 that If(Og)/If value of 0.49 is in very good
agreement with Tf(OZ)/Tf value of 0.50 in the case of chrysene.
These results indicate the validity of the postulate that
all the adsorbed aromatic molecules are interacting with oxygen
in the excited fluorescent state,Sl,in the presence of liquid
oxygen.

We can calculate kfn(og) values from the equation (1)
based on the measured T, and If(oz)/If values for nine aromatic
hydrocarbons as summarized in Table 1. The kfn(oz) values for

1 tomlollsec‘l,

these molecules vary to a large extent from m107sec_
which are so large as to compete with the fluorescence decays

despite the low temperature of 77°K. The kfn(02) values derived
from the present work can be regarded as the intrinsic quenching

rates in the D(Sl)...o pairs suppressed by the low-temperature

2
surrounding medium and, therefore, reflect the nature of the
electronic states inherent in each aromatic hydrocarbon. On

the other hand, the fluorescence quenching by oxygen in solutions
is most reasonably seen to be diffusion-controlled process

10,,~-1 0—1)3,1N

( v10°°M *se
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Mechanism and Classification of the Oxygen-Enhanced

Radiationless Transitions from Singlet Excited Aromatic

Hydrocarbons in the Presence of Oxygen.—— The energy levels

of the low-lying excited singlet and triplet states, and the
ionization potentials of aromatlcs as well as the kfn(oz) values
are diagramatically shown in Fig.9. As described in the
preceding Chapter, we observed the first charge-transfer
absorption bands with oxygen between Sl and Tl for benzene,
naphthalene and anthracene(see Table 1)].‘0 As can be seen from
Table 1 and Fig.7, the first charge-transfer states between
aromatic hydrocarbons and oxygen, which are expected to show
almost a linear dependence on the ionization potentials, will
lie between S1 and Tl for all the other aromatic hydrocarbons.
From the experimental facts of no any reliable dependence of
the kfn(o2) values on the charge-transfer states or the
ionization potentials, the radiationless transition to the
charge-transfer state (a)

D(§1) .. .0, —> CT(D+05) (a)

2
does not seem to be a dominant quenching process. The indifferent
behavior of the kfn(oz) values against the energy level of S1
also indicate that the oxygen-induced internal conversion
process(b)

D(8;)...0 ——---—>D(s;,)...o2 (b)

2
1s not operative in the oxygen—enhanced gquenching process.
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Since the process (b) is expected to depend mainly on the

Franck-Condon factors&’15’16 the kfn(OZ) values should increase

with decreasing Sl energy because of the increasing Franck-

Condon factor.

We can also exclude the possible energy transfer process(c)
1 1.+
%
5y — D(Tl)...Oz( Ag or Zg) (c)

in the oxygen-enhanced quenching from the experimental

D(Sl)...O

observation that the kfn(OZ)-value of naphthalene with Sl—Tl
energy gap of lOSOOcm"l is nearly comparable to that for

1

chrysene, in which the Sl—Tl energy gap falls below 7900cm -,

the energy required to produce excited singlet-state oxygen(lAg)

3 have also excluded

in the quenching. Though Parmenter and Rau
the quenching process(c) from the diffusion controlled quenching
rate constants for several aromatic hydrocarbons in the solutions,
our results provide more reliable experimental evidence for the
conclusion. Taking into account the relative location of the
second triplet states T2 compared to S1 and the symmetries of.

Sl and T} along with the general theory oflradiationless

16

transitions as will be shown below, it is found that the

oxygen-enhanced intersystem crossing process(d)
appears to be mainly operative in the oxygen-enhanced quenching
process of D(Sl)...Oz.

Reliable data on the energies of the second triplet states

T2 of aromatic hydrocarbons are insufficient at the present
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stage as seen from Table 1. T2 of benzene was determined from

the T§~So absorption band enhanced by oxygen in the present

system%owhich is in good agreement with that determined by

Colson and Bernstein17 from the oxygen-perturbed solid benzene
at 4.2°K. In fhe case of naphthalene, the Tze—so absdrption‘
band was not detected in the region between Sl<-—So and Tle—So
bands%o According to the absorption spectrum of crystalline

18

naphthalene at 4.2°K and the electron impact spectrum of

naphthalene vapor%g the second triplet state of naphthalene
seems to lie at about the same energy as Sl‘ The second triplet

states of anthracene and 2-methylanthracene were determined

20

by the T.,e«T., absorption spectra by Kellogg and by Bennet

2 1
and McCar“cin%1 Taking into account the theoretical results

by Kearns22 and the experimental result of anthracens, the

second triplet state of tetracene also seems to lie above S,

or nearly at the same energy as Sl' The second triplet state

of 9,1d—diphenylanthracene is said to lie above Sl from the

very high fluorescence quantum yield even at room temperature%l
since the intersystem crossing to T2 is considered to be precluded
by the large activation energy. In the case of chrysene having
the lowest Sl—’I‘l energy gap, the second triplet state is expected
at about the same energy as S1 or above Sl from the result of

23 24

Tne—Tl absorption and the theoretical calculation by PariserS
25

Ham and Ruedenberg have theoretically predicted the»T2 energy

level of pyrene to be sufficiently below Sl(2600cm_l). This
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result seems to be consistent with the results of the temperature
dependence of the fluorescence quantum yield of pyrene in the
solutions‘?3’26

In the Born-Oppenheimer approximation we can express the
complete wavefunctions ¥ of the states as a product of two
functions ¢ and X such that ¥ =xy , where ¢ 1s a function of
all electronic coordinates and depends parametrically on the
nuclear coordinates, and X depends only on the nuclear coordinates.
From the general theory of radiationless transitions, the
rate constant for the radiationless process(d) can be expressed
as follows?’l6

2
ke, (0,) = (2m/h)pB o (2)

In this expression, B is the electronic matrix element for the

initial Wi and final Y, states, p 1s the density of the final

f
state quasidegenerate with the initial state, and Fif is the
Franck-Condon factor for the transition to the directly coupled
final state. |

As the indirect mixing of the initial,D(Sl)...OZ, and final,
D(T)...O2, states via the charge-transfer state with oxygen
appears to be more important in enhancing the radiationless
transition than direct mixing(exchange intefaction)l3, B is

given as follows?

B = <Y H|Yop><Vopl BV >/ (B -Bup)  (3)
where H is the total Hamiltonian, wi and wf indicate the electronic

wavefunctions of the initial and final states, respectively, wCT
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indicates the charge-transfer state, and Ei—ECT equal the energy
difference between the corresponding states. Fif is given by

- n > 2 }4
Fip = Rl<xglxy ()

where n runs over all vibrational levels of the final state.

As indicated by Tsubomura and Mulliken%3 the triplet state
formed between 3D(T) and 302, 3wf, mixes strongly with 3¢CT’
which in turn mixes with the triplet state formed between lD(Sl)
and 302, 3¢i. It 1s worth noting that the electronic matrix
elements B(3) are considerably larger than the intramolecular
direct S-T mixing matrix elements of free aromatic molecules
through the spin-orbit interaction?7 This seems to offer a
reasonable explanation for the experimental fact that the
fluorescence quenching of aromatics by oxygen is a very fast
process.

According to a notation by Platt%8 the lowest triplet

states T, of the nine aromatic hydrocarbons are all represented

1 states are represented by lLb
naphthalene, chrysene and pyrene, and by 1La for the others

1

by 3La’ The S for benzene,

as shown in Fig.9. The second triplet states T, are believed

2
to be 3Bg?’2u’25 La corresponds to the Bzu'electronic state

of the aromatic hydrocarbons belonging to the D h point group,

2
and both L and B to Blu?8’29 The possible symmetry correlation

diagram of the excited states D¥ in the D...0, pair with C,_ or

2v
CS symmetry is shown in Fig.1l0, although the actual geometrical

configurations will not be so simple.
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Fig.1l0. A possible symmetry correlation diagram of
the excited electronic states of aromatic hydrocarbon D

belonging to D h point group in the D..;O2 pair with

2

c or CS symmetry.

2v
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The oxygen-enhanced radiationless transition process(d)
is possibly classified into following three cases for the
aromatic hydrocarbons examined.

Case I, S, is Lb or La and T2 lies appreciably

1
below Sl‘
Case II, Sl'is La and T2 lies at nearly the same energy
as Sl or above Sl‘
Case III, S1 is Lb and T2 lies at nearly the same energy
as Sl or above Sl'

Benzene and pyrene belong to case I, where the radiationless
process from S1 to 'I‘2 is thought to be very fast because of

the extremely favorable Franck-Condon factors, since the
15,16
l‘
From large kfn(OZ) value comparable to those of benzene and

Sl—T2 energy gaps are much smaller than those of Sl—T

pyrene, perylene seems to belong to case I. Anthracene, its
derivatives and tetracene belong to case II, where the
radiationless process to T2 nearly at the same energy as Sl
or above Sl is thought to be precluded by the presence of
fairly large activation energy expected in the»process?l’26
In this case, therefore, the oxygen-enhanced intersystem
crossing process from Sl(La) to Tl(La) is dominant, and we
can also applied the expressions (2)-(4) to the radiationless
process just as to the case I. Because the symmetry of Sl
is the same as that of T1 in the case II as seen from Fig.9

and 10, the electronic matrix elements including'the totally
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symmetric Hamiltonian(H), B, should be larger than those in
case III, where the symmetry of Sl(Lb) is different from that

of Tl(La). It seemg reasonable.to assume that appreciable
difference in the Fif values are not expected between case II
vand case III because of the comparable Sl—Tl energy

gaps important for the oxygen-enhanced radiationless process.
So, the remarkably large kfn(o2) values in case I compared to
the other cases can be well interpreted in terms of the dominant
role of Franck-Condon factors in the oxygen-enhanced intersystem
crossing from Sl to T2. Robinson and Froschl6 have made
quantitative calculations of the rates of the intramolecular
intersystem crossing Sl~>T2( 1B2u—-—-3Elu) and Sl—>Tl(1Bzu——3Blu)
in free benzene and indicated that S,—T., mechanism ddminates

1 2

Sl—->--T1 mechanism. The T2 state near Sl will also play an

important role in the oxygen-enhanced intersystem crossing at
higher temperatures, as indicated in the temperature dependence
of the intramolecular intersystem crossings of free aromatic

molecules with appreciable activation energies%l’26

Phosphorescence Quenching Efficiencies of Naphthalene

and Benzophenone in Liquid Oxygen.——In the previous paper?

we detected weak phosphorescence of naphthalene with the
extremely short 1ifetime(<10_3sec) from naphthalene-porous glass
adsorbate immersed in liquid oxygen at 77°K. The natural

radiative llfetime of oxygen-perturbed triplet-state naphthalene
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was calculated to be 9x10—usec from the observed Tl<—80

absorption spectrum under the same Qondition?’9

which is very
short compared to the unperturbed value,ll sec?o The rate
constant of the oxygen-enhanced radiationless transition kpn(02)
in the phosphorescence quenching of naphthalene can be estimated
to be '\alotjsec—l from the relative phosphorescence intensities
without and with the presence of liquid oxygen, the obtained
kfn(oz) value and the perturbed radiative rate constant in the
presence of liquid oxygen, though the phosphorescence lifetime
in liquid oxygen could not be measured.

The effect of oxygen on the phosphorescence of benzophenone
is very small compared to that of naphthalene. The phosphorescence
spectra and decay curves with and without the presence of
liquid oxygen are shown in Fig.ll and 12,respectively. Ip(OZ)/Ip
is calculated to be 0.22 from the observed phosphorescence
intensities. This value agrees with the Tp(02)/Tb value of 0.28
calculated from the decay curves within experimental error
[ 75(0,) = 2.8 ms and 7 = 9.8 ms J. As it is well known that
the quantum yield of intersystem crossing in benzophenone is
unity even without the presence of oxygen§l Ip(O2)/Ip and
Tp(Oz)/Tp can be expressed by the following equation:

1,(0,)/T, = k(0,07 (0,)/k T (5)
where kp and kp(Oz) indicate the rate constants of the radiative

transitions from the unperturbed and perturbed benzophenone,

respectively. From the experimental fact that Ip(02)/Ip
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-Fig.1l1l. Phosphorescence spectra of benzophenone
adsorbed on PVG plate: (a) without and (b) with the

presence of liquid oxygen at T77°K.
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Fig.12. Phosphorescence decay curves of benzophenone
adsorbed on PVG plate: (a) without and (b) with the
préaence of liquid oxygen at 77°K; excited with the

light pulse of a Ruby laser(347 nm).
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approximately equal to Tp(02)/Tp, it can be concluded that the

radiative transition is 1little affected by the presence of

oxygen, that is, k ==kp(02). Our conclusion is also consistent

p
with the result by Knada et al?% who have showed that the presence
of oxygen has no apparent effect on the Tl<—So absorption of
benzophenone in the solution. Consequently, the rate constart
of the oxygen-enhanced radiationless transition, kpn(o2>’ in

liquid oxygen can be obtained by the fdllowing equation.

1,(0,)/1, = /1 + Tpkpn(oi)] (6)

2

The calculated kpn(02) value,3.8x10%sec”

s 1s very small compared
to that of naphthalene.

The experimental fact of very weak oxygen effect on the
triplet-state benzophenone seems to indicate an important role
of the charge-transfer interaction in the oxygen quenching.
The charge—transfer‘state with oxygen will lie at higher energy
compared to those of aromatic hydrocarbons due to the large

ionization potential( 9.45 eV33).

Consequently, the mixing
between the excited phosphorescent n-rn¥ triplet state'and the
charge-transfer state will become considerably small. Furthermore,
the interaction between the n-v¥ state and charge-transfer state,‘
which is important in the oxygen-enhanced radiationless process,
is considered to depend on the magnitude of the overlap between
the 7% orbital and the electron-accepting orbital ﬂ(02) of

oxygen, while the overlap between n orbital of benzophenone and

w(02) orbital is important for the charge-transfer interaction
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in the ground state%3’3u Since the intermolecular geometrical
configurations between benzophenone and oxygen at 77°K seems
to be determined by the favorable interaction invthe ground
state, the mixing of the n-v¥ state with the charge-~transfer
state will be small due to the unfavorable geometrical
configuration for the mixing between them. On the other hand,
the geometrical configurations favorable for the interaction
between the m-m¥ excited states of aromatic hydrocarbons and
the charge-transfer states with oxygen, n*-ﬂ(02) interaction,
can also contribute to the charge-transfer interaction in the
ground state.Recently, it has also been suggested by Brewer35
based on his experimental results of the oxygen quenching for
the fluorescence of benzene derivatives that the lack of observed

oxygen quenching of the excited singlet state of many ketones

may be due to their high ionization potentials.

CONCLUDING REMARKS
It has been found out that the obtained intrinsic rate

constants of oxygen-enhanced radiationless transitions from Sl
in various aromatic hydrocarbons depend to a large extent on
the nature of the electronic states inherent in éach molecule,
and by assuming the oxygen-enhanced intersystem crossing,these
new observations are reasonably interpreted in terms of Franck-
Condon factors, the location of the second triplet states and

the symmetries of the related electronic states(S; and T,).
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It is the first case in the field of intermolecular
interactions that the important roles of these factors
have been pointed out in a quenching process in terms
of the general theory of radiationless transitions
based on the intrinsic quenching rate constants. Our
conclusion that the enhanced intersystem crossing process
is a dominant path in the fluorescence gquenching by oxygen
seems consistent with the recent result by Otfolenghi et
al?, who examined the fluorescence guenching of aromatic
hydrocarbons by oxygen in the solutions by use of a pulsed
laser technique and directly observed the first populaéion
of T, from Tne—Tl absorption. In a polar solvent such as
acetonitrile, they also found a small drop of Tl population
accompanied by the formation of aromatic cation radical,
which is thought to result from the charge-transfer state
via D(Sl)...02.
In our present system, liquid oxygen seems to act as
a sort of non-polar solvent on the adsorbed D*...O2, which
seems to be unfavorable for enhancing the internal conversion
to the charge-transfer state. In addition, the rigid
intermolecular configurations between adsorbed aromatics
and oxygen at 77°K might suppress the degree of freedom
neccesary for the radiationless relaxation processes of

D*...0237 These factors unfavorable for enhancing the

radiationless processes lead to the small kfn(oz) values
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as competing with the fluorescence decays. Consequently,

we could directly observe the weakened fluorescence of
adsorbed aromatics even under the condition where the
fluorescers are surrounded by oxygen molecules. From the
energy-level aspect of the aromatic-oxygen pair( D(Sl)...02>

CT, in Fig.7], the fluorescence from Sl can be regarded as

1
an interesting example of the fluorescence from higher
exclted electronic states.

As shown in the previous paper§ at room temperature,
no appreciable difference was observed in the efficiency of
fluorescence quenching by oxygen between adsorbed anthracene
and naphthalene. Because of the existence of appreclable
activation energies in most cases of radiationless processes%l’26
the kfn(o2) values are expected to be at least in a few |
orders of magnitude larger at room temperature than those in

the present system(lO7 ~ 1011 sec—l)

s in agreement with

the above experimental result. Therefore, the oxygen-enhanced
radiationless processes in the solutions seems to be so

fast as to compete with vibrational or solvent relaxation of
the excited molecules at room temperature. This is consistent
with the experimental observation that the fluorescence
quenchings by oxygen in the solutions are the diffusion;
controlled processes.

14

Recently, Porter et aly’ and Thomas et a138 have

revealed using laser phtolysis techniques that the oxygen
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quenching of the triplet-state aromatics in the solutions
is by a factor of ca. 10 slower than the diffusion-
controlled quenching of the fluorescence by oxygen. This

50 (05)

values of naphthalene and benzophenone are extremely small

observatlion corresponds to our result that the k

compared to the kfn(oz) values. These interesting
observations can be ihterpreted reasonably in terms of the
Franck-Condon factors for the oxygen-enhanced radiationless
transitions, Sl—>Tl or 2 and Tl—>So, which increase with
the decrease in the energy gap between the corresponding
electronic states. As can be seen from Table 1, the Sl—Tl
or Sl—’l‘2 energy gaps are fairly small compared to the

So-T, energy gaps. Such a condition is satisfied for the

1
cases of naphthalene and benzophenone even when the well-
known energy transfer process involving excited singlet-

state oxygen is taken into account.
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Chapter IV

Charge-Transfer Complexes in the Adsorbed Phase.
Todine Complexes with Benzene and Diethyl Ether, and
Tetracyanoethylene Complex with Naphthalene Adsorbed

on Porous Vycor Glass

SUMMARY

The iodine complexes with benzene and diethyl ether,
and the tetracyanoethylene complex with naphthalene have
been investigated spectrophotometrically in the adsorbed
phase using thin porous Vycor glass plates as an adsorbent.
In each case, a characteristic charge—transfer absorption
spectrum was observed. The band maxima and intensitiles of the
charge—transfef bands and the shifted iodine visible band
have been examined at several temperatures. On the basis of
the present résults and those already obtained in both the
gas and liquid phases, the nature of the weak charge-transfer
interaction in the liquid phase as well as the characteristic
molecular interactions on the surface are discussed by taking
into account the possible adsorbent and solvent effects on

the complexes.
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INTRODUCTION

As described in the previous Chapter,the molecular
interactions are somewhat different in the adsorbed phase
from those in solutions and gas phase. At higher
concentrations of adsorbed aromatic hydrocarbons such as
naphthalene and anthracene, excimer-type fluorescence due
to the ground-state sandwich dimers formed éasily on the
surface is observed in addition to the monomer fluorescence%’2
For the weak charge-transfer interaction of oxygen with
organic molecules(so~called contact charge-transfer interactibn),
unlike the spectra in the solutions, the charge-transfer
absorption bands with clear maxima are observed?’4

For the weak charge-transfer complexes,e.g., the iodine-
benzene complex, the question is not settied whether the
electrostatic( Coulomb and polarization) or the charge-transfer
force is more important for the ground-state stability of
the complexes$’6‘The relative relation between the intensity
of the charge-transfer band and the stability is still open
to question?’7 In the adsorbed phase, the molecular complex
is thought not to undergo internal compression effect as
exerted by solvent on the dissolved complex8 and not be
surrounded by continuous dielectric medium as in the solution..
Furthermore, different from ﬁhe complex in the gas phase?

more fixed geometrical configurations might be expected

especially for weak complexes because of the adsorptive
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interaction with the surface of adsorbent on one side,

In the present work, we extent our spectrophotometric
investigations on the molecular interactions in the adsorbed
phase using porous Vycor glass as an adsorbent further to
a number of charge-transfer complexes, the spectral and
thermodynamic results of which are well known in both the
gas and liquid phases and discuss the nature of the

molecular interactions in these various medisa.

EXPERIMENTAL

The preparation of porous Vycor glass(PVG) plates
(40x10x0.8mm) and the purifications of benzene, tetracyano-
ethylene (TCNE) and naphthalene were described in a previous
Chapter? Guaranteed reagent iodine from Merck was sublimed
in vacuum. Diethylkether was dried over calcium chloride and
fractionally distilled.

The procedure of adsorption was also the same as described
in the previous Chapter? For the iodine complex with benzene
or ether, the donor was adsorbed on the PVG blate placed in
a thin quartz cell(l.5mm) from the vapor phase and the PVG
plate was then exposed to iodine vapor through a break—offb
seal. For the TCNE complex with naphthalene, firstly TCNE and
then naphthalene were adsorbed from the vapor phase. In each
case, the amounts of adsorbed donor and acceptor were measured.

The absorption spectra of the PVG-adsorbates were measured



-93~

at various temperatures with a Shimadzu Multi-Purpose
recording spectrophotometer, Model 50L. In all cases, the
amounts of the adsorbed dondrs were ih large excess compared
to those of the acceptors? We can therefore assume that all
of the acceptor molecules are in the form of complexes, an
assumption, which will be confirmed as described later.
Therefore, we have estimated the molar extinction coefficients
of the charge-transfer bands based on the concentrations of
the acceptor( iodine or TCNE) in the glass as shown in the

previous Chapter?

RESULTS

Absorption Spectra of the Iodine Complexes with Benzene

and Diethyl Ether.-— As shown in Fig.l, the absorption

spectrum of adsorbed benzene is almost in good agreement
with that in the solutions. When this benzene-PVG plate

was exposed to iodine vapor, a new band attributable to the
charge~transfer absorption was detected at 280 nm. In the
ether-iodine system, a characterisfic charge-transfer band
Was also observed at 250 nm as shown in Fig.2. The well-
known visible band of iodine was found to have a maximum
at 512 nm in the adsorbed phase at room temperature. The
visible spectrum showed only a maximum at 505 nm in the

presence of benzene, and at 495 nm in the presence of ether.
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Figure 1. Absorption spectra of the iodine
complex with benzene adsorbed on porous Vycor glass (PVG)
plate: (1) benzene alone at room temperature, (2) after
the adsorption of iodine at room temperature, (3) at
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Figure 2. Absorption spectra of the lodine
complex with diethyl ether adsorbed on PVG plate:
(1) at room temperature, (2) at -60°C, (3) at
- 196°C( 77°K ).



Table 1

Spectral Results of the Iodine Complex with Benzene.

iodine visible banda

Charge-transfer band Shifted
lmax “max Amax ©max A\)1/2
(kcal/mol) (nm) (M'lcm—l) (nm) (M—lcm_l) (cm'l)
Adsorbed phase
at room temperature 280 1500 505 910 3720
at -60°C 283 1800 g5 1000 3600
at -196°C(77°K) 290 2000 482 1150 3350
Gas phase® ~2.0+0.1 268 16504100
Liquid phase
at room temperature
in n-heptane®>? 288 12000 14000 500
in 0012 292 16400
at -196°C(77°K)% 324 13000 452

a)

n-hexane at room temperature,

83, 2085(1961). °)

and R.L.Scott, ibid., 72, 3825(1950). 4) Rer.g.

74, 14500(1952).

e)

For the adsorbed free iodine at room temperature?xmax=512nm and ¢=800. For iodine in
Apax=222 and e=897: H.Tsubomura and R.P.Lang, J.Am.Chem.Soc.,
F.T.Lang and L.S.Strong, ibid., 87, 2345(1965).-0) Ref.19; T.M.Cromwell
L.J.Andrews and R.M.Keefer, ibid.,

~96_



Table 2

Spectral Results of the Iodine Complex with Diethyl Ether.

Charge-transfer band

Shifted iodine visible band

...L6._

AH Miax _imagl Mmax _imagl A\“l/gl
(kcal/mol) (nm) (M “em ) (nm) (M “em ™) (ecm ™)
Adsorbed phase
at room temperature 250 1500 u95 810 5150
at -60°C 255 2300 h7s5 920 4480
at -196°C(77°K) 262 2900 465 1150 3610
Gas phase® -3.2+0.1 234 21004400
Liquid phase
at room temperature
in n—heptaneb 4.2 252 5650 k62 950 k100
in CC1 -3 249 4700 468 873 4100

a) b)

See footnote b) in Table 1.

M.Bandon, M.Tamres and S.Searles, J.Am.Chem.Soc.,

82, 2129(1960). ©) P.A.D.de Maine, J.Chem.Phys., 26, 1192(1957).
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In both cases, the band attributable to the adsorbed free
iodine could not be detected. It is well known that the
visible iodine band shifts to blue upon complexing with
various donors? Therefore, the above results indicate
that all of the adsorbed iodine is in the form of the complexes
with the donor molecules, in support of our assumption'in
the determination of the molar extinction coefficients( eCT)
of the charge-transfer bands in the adsorbed phase.

The temperature dependence of the absorption spectra
of the lodine complexes adsorbed on the PVG plates were also
examined as shown in Fig.l and 2. For the measurement at
-60°C, a mixture of 99% ethanol and liquid nitrogen was used
as a coolant. Because of the almost negligible amount of the
uncomplexed lodine, the concentrations of the complexes can
be taken to be constant at different temperatures. So, we
can examine the temperature dependence of the charge-~transfer
interaction itself in the complexes from the spectral results.
The obtained spectral results of the lodine complexes are
summarized 1n Table 1 and 2, together with those already

obtained in both the gas and liquid phases.

Absorption Spectra of the TCNE Complex with Naphthalene.—

The TCNE-naphthalene complex is well known in both the gas
and liquid phases to have two charge-transfer absorption

bands in the visible region due to the transitions from the
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Figure 3. Absorption spectra of the TCNE
complex with naphthalene adsorbed on PVG plate:

(1) at room temperature, (2) at -196°C( 77°K ).




Table 3

Spectral Results of the TCNE Complex with Naphthalene.

First charge~transfer band Second charge-transfer band
: A £ Ay
At Mnax _imagl Avl[% max max _, 1/2
(kcal/mol) (nm) (M ~em ) (em ™) ( nm ) (M “em 7) (em 7)
Adsorbed phase
at room temperature 560 960 4100 Lbug 960 5500
at -196°C ( 77°K ) 585 2000 450 1700
Gas phasea -7.76 b7 5751167 4ooo 384 610i177 5100
Liquid phase
at roomtemperature |
in CCL) ~3.84 550 1640 3950 429 1660 4050
in CH2CLS 550 1240 129 1120

a)I.Hanazaki and R.S.Mulliken, Symposium on Electron-Donor-Acceptor Complexes, at Sendai,

1971, to be published.

P)rer. 10. ©) Ref. 11.

-00T-
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highest and the second highest occupied molecular orbitals
of naphthalene to the lowest vacant molecular orbital of

roNgt0-12

In the crystal of the TCNE-naphthalene complex,
the charge-transfer band at the shorter wavelength 1is
negligibly weak compared to other band at the longer
wavelength%3‘The intensity ratio of the two charge-transfer
bands seems to depend on the surrounding media which might
play an important role in determining the ground-state
geometries of the complex. It 1s interesting from this
viewpoint to investigate the absorption spectrum of the TCNE-
naphthalene complex in the adsorbed phase.

The charge-transfer absorption spectra obtained at
room temperature and at 77°K are shown in Fig.3. Similar to
those both in the gas and liquid phases, two bands were
observed with comparable intensities. Upon cooling the
sample to T77°K, the band showed a red shift and increase in
the intensity. It is noteworthy that the band at the longer
wavelength becomes stronger than the other band at 77°K
as shown in Fig.3. The obtained spectral results of the
TCNE complex with naphthalene are summarized in Table 3
together with those already obtaihed in‘both the gas and

liquid phases.
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DISCUSSION

Spectral Properties of the Charge-Transfer Complexes

in the Adsorbed Phase.—It is well known that, as in the

case of dissolved molecules, electronic absorption bands in
the adsorbed phase shift generally toward the longer
wavelengths in comparison with those in the gas pha.se:.m’15
It has been found2 that the absorption spectra of aromatic
hydrocarbons adsorbed on the PVG plates are nearly in good
agreement with those dissolved in ethanol as seen from Fig.l
in the case of benzene. This is consistent with the
expecrationleased on the refractive index of PVG almost
identical with that of silica gel(n=1.420). Therefore,
there appears to be no specific interaction of adsorbed
molecules with the surface of PVG other than dipol-dipol
or van der Waals adsorptive interaction.

It is interesting that the absorption band maximum
of the lodine complex with benzene in the adsorbed phase
lies between those in the gas phase and solutions. On the
other hand, the band maxima for the TCNE complex with
naphthalene and the iodine complex with ether, which are
relatively strong compared to the iodine-benzene .complex as
seen from the thermodynamic results in Table 1, 2 and 3,
are almost in accord with those in the liquid phase.The
presently estimated molar extinction coefficients & based

on the content of iodline seem to be reasonable from the
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result that the obtained e for the iodine visible band are
almost in agreement with the values in the solutions within
experimental errorl6( see also footnote a in Table 1 and

2). Though there appear to be appreciably large experimental
errors in the €am values for weak complexes such as the lodine-
benzene complex in the gas phase and solutions, it can sti;l
be found that the Eorp in the adsorbed phase is nearly
identical with that in the gas phase and 1s approximately by
a factor of 10 smaller than that in the'solutions, It is‘also
of interest that the difference in o for the‘iodine—ether
complex is considerably small compared with that for the
iodine-benzene complex and the €o value for thz TCNE-
naphthalene complex in the adsorbed phase is almost

identical with that in the solution.

Orgel and Mulliken®'

explained the apparent anomaly of
decreasing EoT with the increasing stability of the complex
for weak complexes in terms of thebcontact charge-transfer
absorption. Such a effect is considered to be negligible

for strong complexes such as the TCNE complex and is expected
to be less significant in the gas and adsorbed phases where
the cage effect exerted by solvent 1s negligible. Trotter8
has shown that the internal compression exerted by solvent

on the solute molecules shows significant effects on the

weak and compressible charge-transfer complexes such as

the lodlne-benzene complex, which lead to the large vapor-
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liquid shift and the increase in the intensity of the
charge-transfer band. One suggestion is possible that the
solvent cage around the contact pair in solution might
confine it under some pressure and make it stable in solution.
On the other hand, in the adsorbed phase, the characteristic
attractive interaction of adsorbed molecules with the
adsorbent might be favorable for fixing the geometrical
configurations of the weak complexes. We have shown from
the spectral results that adsorbed organic molecules and
oxygen have more fixed geometrical configurations than
those in the solutions?’u Therefore, it seems highly
probable that the extremely small ECT for the adsorbed
iodine-benzene complex compared to those in the solutions 1is
mostly due to the large decrease of the contribution from the
contact charge-transfer interaction. Furthermore, from the
anomalous blue shift of the charge-transfer band of the
iodine-benzene complex in the adsorbed phase even compared
with those in the non-polar solvents, the internal compression
effect of the solvent on the intermolecular distance of the
weak and compressible complex and the resulting increased
interaction18 should also be taken into account in the
explanation for the differences in the molecular intersaction
between the adsorbed and liquid phases.

As seen clearly from Table 2, the shift of the visible

iodine band upon the complexing is smaller than those in
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the solutions at room temperature even though the
charge-transfer bands lie almost at the same wavelength.
This can also be attributable to the interaction of the
iodine in the complex with solvent molecules on other sides,
which is unexpected in the adsorbed phase. Recently,
Bhowmik19 has also shown from the thermodynamic properties
that the iodine-selvent interaction plays an important role

in the iodine-benzene complex in the solutions.

Temperature Dependence of the Charge-Transfer Absorpﬁion

Bands and Iodine Visible Band.— As evident from Fig.l

and 2, the charge-transfer bands shift toward longer
wavelengths and the iodine visible band toward shorter
wavelengths with decreasing the sample temperature. These
shifts can be explained by the increased charge-transfer
interaction at low temperature arising from the closer
contact between the donor and acceptor molecules and the
resulting higher overlap. Consequently, the blue shift of
the iodine visible band is due malnly to the exchange
repulsion between the suddehly swollen iodine molecule in
The excited state and the the closer donor molecule%o
As can be seen from Fig.l, the absorption of benzene itself
becomes broader and lower 1n intensity at low temperature

compared with that at room temperature, probably due to the

increased interaction at low temperature.
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It is worth noting that the iodine wvisible band is
sharpened at low temperatures. This band is due to the
transitioh from a somewhat antibonding»orbital(ﬂg) to a lowest-
vacant strongly antibonding o-type orbifal(cu)?l As the
dative(ionic) structure, D+Ig, increases in the ground state
of the complex with increasing charge-transfer interaction
at low temperatures, the I-I bond distance of iodine(I2) |
in the complex increases because of the increased anionic
character of the lodine molecule 1n the ground state. The
equilibrium bond distance of iodine in the oué—mg‘excited
state will be fairly larger than that in the ground state
because of the strong antibonding 9, orbital. Therefore,
the differnce in the equilibrium bond distance between the
ground and the excited states of iodine will decrease with
the increasing charge-transfer interaction, which results in
the less steep slope of the corresponding potential curve of
the I-I hond in the excited state and leads to the sharper
vislible band of iodine together with the blue shift of the
band.

In the case of the relatively strong w-m type
complex of TCNE-naphthalene, the spectral properties in the
adsorbed phase are in good agreement with those in the
solutions. The red shift of the charge~transfer bands
upon coaling are also due to the increased interaction

at low temperature. It is interesting that the intensity of
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the band at the longer wavelength becomes higher at T77°K
than other charge-transfer band. A similar behavior has been
observed for the solution of the TCNE-naphthalene complex
under high external pressures?2 These can be explained'by
assuming the corresponding two possible ground-state
geometrical configurations of the complex as expected
from the symmetrical consideration of the corresponding
molecular orbitals of naphthalene and ‘I‘CNE%3 Under high
pressures in the solution or at low temperature in the
adsorbed phase, the relatively more stable geometrical
ccnfiguration corresponding to the charge-transfer band

at the longer wavelength is considered to become dominant.
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Chapter V

Experimental Determination of the Charge—Transfer
States between Acetone and Electron-Donating and

Electron-Accepting Olefins

It was proposed by Turro and co-workers that the
stereospecifical oxetane formation of aliphatic ketones
in the n-7¥* singlet state with trans-dicyanoethylene(DCE)
proceeds via a singlet complex as an intermediatel and
that the ketone fluorescence is strongly quenched by both
electron-donating and electron-accepting olefins possibly
because of the nucleophilic and electrophilic properties
of the n-r¥ excited state%

We wish here to show expérimentally that acetone acts
both as an n-donor and as a mw-acceptor by detecting the
charge~transfer absorption bands with tetramethylethyléne
(TME) and DCE.

We have recently shown that the adsorption technique
allows us to detect the charge-transfer absorption bands
of vefy weak complexes even in the absorption region of
component molecules3’u(see also Chapter II). The porous
Vycor glass(PVG) plate of Corning Glass Works, which is
transparent down to 210 nm, was used as an adsorbent?

The PVG plate(40x10x0.8mm) placed in a thin quartz cell
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was exposed to acetone vapor through a break-off seal,

then cooled to T77°K and exposed to TME or DCE vapor through
the other break-off seal. The absorption spectra of the
plates were measured before and after the adsorption-of
olefins as shown in Fig.l.

Weak absorption bands characteristic of neither component
alone were observed in the region of acetone absorption by
the adsorption of DCE and TME. The intensities of the new
bands increase with decreasing the temperature and vice versa.
This fact seems to indicate that the new bands arise from
weak charge-transfer type interactions between adsorbed
acetone and olefins. From the viewpoint of acetone molecular
orbitals, 1t can be expected that acetone acts as both
an n-donor and mw-acceptor,

The position of the charge~transfer state can be
estimated in a similar way as for an ordinary complex. The

6 and the

ionization potential of TME( Ip ) is 8.30 eV
electron affinity of acetone( EA) is considered to be negative,
leading to a charge-transfer complex with the absorption

in a region of fairly short wavelengths. The Coulomb

attraction energy( C ) between acetone anion and TME cation

is calculated to be 3.5®M.0 eV by point charge approximation
for the probable geometrical configurations. Hence, the

charge-transfer state can be calculated by use of the

equation, Eg,, = Ip— E, - C, to be approximately at 5 eV(LOkK)
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Fig.l. Absorption spectra of acetone and

olefins adsorbed on PVG Plates at 77°K:

(a) acetone, (b) acetone and tetramethylethylene,
(¢) acetone and trans-dicyanoethylene, (d)

acetone and iodine.
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above the ground state, in good agreement with the observed
new band( Fig.l b ).

In the case of acetone and DCE, the observed new band
can also be reasonably assigned to the charge—transfer
absorption band between acetone as a donor( Ip=9.7 eV6)
and DCE as an acceptor. When the acetone-PVG adsorbate
was exposed to iodine vapor instead of DCE, a new band
ascribable to the charge-transfer band with acetone as a
donor was detected also in the region of acetone absorption.
It was also found that the absorption band of iodine in
the visible region is shifted from 512 nm to 455 nm upon
complexing with acetone. These results seem to indicate
that DCE has almost the same electron affinity as iodine,
the vertical electron affinity of which is known to be
1.7+0.5 ev!

On account of the weak charge-transfer interaction
of acetone with the olefins in the ground state, a fairly
large concentration of acetone is required to detect the
charge-transfer band in the solutions. So, in the spectral
studies so far carried out for the‘acetone complexes in the
solutions, the measurement of the absorption spectra in the
region of acetone absorption has been_obscured by the strong
absorption of acetone itself.

We have recently observed charge-transfer absorption

bands sufficlently above the fluorescent equilibrium
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charge-transfer states for the system of weak charge-transfer
interaction such as aromatic hydrocarbons-aliphaticvamines
(exciplex) system? Taking into account the s;milar behavior
expected for the present system, the singlet complex proposed
by Turro as an intermediate of the oxetane formation between
n-T*¥ exited acetone and DCE is supposed to correspond to

the equilibrium charge-transfer state largely staovllized
below the n-T¥ excited singlet state of acetone by the
solvent reorientation and the Qtructural change of the
complex in the excited state. Furthermore, the nucleophilic
(electron-donating) and electrophilic(electron-accepting)
properties of the n-n*¥ excited state of carbonyl compounds
proposed in the fluorescence quenching by olefins can be
well interpreted in terms of the charge-transfer interaction
of carbonyl compounds in the n-7¥ excited state with the
corresponding’charge—transfer states with olefins, leading
to the nonfluorescent reactive charge-transfer states such

as the singlet complex mentioned above.
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Abstract:
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Electronic absorption spectra, arising from interactions between oxygen and aromatic compounds ad-

sorbed on porous glass or silica gel, were measured. Unlike the spectra induced by oxygen in organic solvents,

absorption spectra with a certain number of clear maxima have been observed in most cases.

These maxima have

been interpreted to represent separate charge-transfer excited states, of which the theoretical aspects are discussed.
The effect on the spectra of lowering the temperature has been studied. Strong adsorption spectra caused by the
singlet — triplet transitions have been obtained for naphthalene adsorbed on porous glass immersed in liquid
oxygen. - Charge-transfer absorption spectra arising from the interaction between iodine and aniline derivatives
adsorbed on silica gel have also been measured, and the results are discussed in relation to the oxygen-aniline

systems.

Evans found that oxygen dissolved in aromatic sol-
vents gives rise to extra absorption bands at wave-
lengths longer than the absorption edges of the aro-
matics.” Many expcriments related to this prob-
lem have been done, and now it seems to be quite rea-
sonable that the extra absorption bands are caused by
the charge-transfer interaction between oxygen, as an
electron acceptor, and organic molecules, as electron
donors, although no stable complexes are formed be-
tween them.'**® Therefore, these absorption bands
can be considered to be quite similar to the contact
charge-transfer bands found in iodine solutions.®?
Evans'™ also found additional small peaks at the long-
wavelength tail of the extra absorption bands when oxy-
gen is dissolved under high pressure in the solutions of
aromatic compounds, or when it is mixed with aromatic
vapor. He concluded that these weak bands are
‘singlet—triplet absorption bands enhanced by oxygen.

(1) (@) D. F. Evans, J. Chem, Soc., 345 (1953); (b) ibid., 1351,
3885 (1957); 2753 (1959); 1735 (1960); (c) ibid., 1987 (1961).
(2) A.U. Munck and J. R. Scott, Nature, 177, 587 (1956).
. 9(2»1-!. Tsubomura and R. S. Muiliken, J. Am. Chem. Soc., 82, 5966
( .
(4) J. Jortner and U, Sokolov, J. Phys, Chem., 65, 1633 (1961); L.
Paoloni and M. Cignitti, Scf. Rept. Ist. Super. Sanita, 2, 45 (1962),
(5) E. C. Lim and V. L, Kowalski, J. Chem. Phys., 36, 1729 (1962);
H. Bradley and A. D. King, ibid., 47, 1189 (1967).
a 9(g)7)L E. Orgel and R, 8. Mulliken, J, Am. Chenm, Soc., 79, 4839
(7) D. F. Evans, J, Chem, Phys., 23, 1426 (1955).

Theoretical investigations of these phenomena were
also undertaken by many authors.%% The contri-
bution of the charge-transfer state in which an electron
is removed from the donor molecule to the oxygen
molecule has been pointed out. However, the relative
importance of the charge-transfer or the exchange mech-
anism in perturbing the singlet-triplet transition is still
open to question, though it would depend on the sys-
tem, as well as on the orientation of one molecule to an-
other. No detailed information on the electronic en-
ergy levels of the charge-transfer states has been ob-
tained, since the extra absorption bands found so far in
solutions show no absorption maxima but increase
monotonically toward shorter wavelength.

It was expected that the technique of adsorption
would afford new means for understanding the nature
of intermolecular interaction.’~12 In the present
work, the measurement and interpretation of the ab-
sorption spectra caused by the interaction between oxy-
gen and organic molecules adsorbed on the solid sur-
face are carried out. Moreover, the characteristics of
intermolecular interaction in the adsorbed state, as well

(8) G. J. Hoijtink, Mol. Phys., 3, 67 (1906).

(9) J. N. Murrel, ibid., 3, 319 (1960).

(10) A. D. McLachlan, ibid., 7, 381 (1964),

(11) H. Sato, K, Hirota, and 8. Nagakura, Bull, Chem, Soc. Jap., 38,
962 (1965).

(12) N. Okuda, J, Chem, Soc. Jap., Pure Chem. Sect., 82, 1118 (1961),
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Figure'1. Adsorption apparatus.

as the extra absorption spectra obtained so far in so-
lutions, are discussed.

Experimental Section

Materials. * The commercial high-purity oxygen was led into a
vacuum line and purified by several distillations using liquid nitro-
gen as a coolant, and the vapor of liquid oxygen at liquid nitrogen
temperature was used. The silica gel used was from Nakarai
Chemical Corp. (30-42 mesh). Porous glass was donated by
Central Research Laboratory of Mitsubishi Electric Corp., Amaga-
saki, Japan, The glass was supplied in the form of a tube with an
outer diameter of 11 mm, from which many short tubes were cut for
use, The'surface area was measured to be about 271 m¥g. It is
transparent up to near-ultraviolet region.

N-Methylaniline, N,N-diethylaniline, N,N-dimethylaniline, and
its 0-, m-, and p-methyl derivatives were obtained commercially,
dried with sodium hydroxide, and distilled under reduced pressure.
Commerically available N,N-dimethyl-p-phenylenediamine was
purified by distillation followed by sublimation in vacuum, N,N,-
N’,N’-Tetramethyl-p-phenylenediamine was purified in the same
way as described elsewhere.1*  Naphthalene was purified by column
chromatography over silica gel, followed Dby recrystallization.
Todine was purified by sublimation in vacuum,

Procedure. The adsorbent, porous glass or silica gel, was heated
in the air at 500° for about 20 hr. Then it was placed in the quartz
cell, which is welded onto the apparatus as shown in Figure 1.
Aflter evacuation and heating the adsorbent at 500° for 6-8 hr
in the cell, the apparatus was scaled off at the constriction (con 1)
and removed from the vacuum line at the counical joint. The
adsorbent was then exposed to the vapor of organic material,
which was previously degassed in the ampoule, via a breakoff seal,
at room temperature. The vapor which was not adsorbed in the
system was taken back into the ampoule cooled by liquid nitro-
gen, after which the ampoule was sealed off at con 2.

Absorption spectra were measured before and alter the intro-
duction of oxygen into the cell. The absorption spectra of the
porous glass adsorbates were measured with a Cary Model 15
spectrophotometer, with the measuring light passing through the
cell and sample. For the case of silica gel, a quartz cell having two
planar windows separated from each other by 2 mm was used. The
absorption spectra of the silica gel adsorbates were measured by the
reflection method with a Shimadzu Multi-Purpose recording spec-
trophotometer, Model 50L. The monochromatized sample beam
of the spectrophotometer hits upon the planar surface of the quartz
cell, which is placed just before the photomultiplier, The specu-
larly reflected light is led into a specially designed absorber, and only
the intensity of the randomly reflected light is measured by the
photomultiplier, That the scanning of the ratio of the light intens-

(13) N. Yamamoto, Y, Nakato, and H, Tsubomura, Bull, Chem, Soc.
Jap., 39, 2903 (1966).
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Figure 2. Electronic absorption spectra caused by oxygen and
aromatic amines adsorbed on porous glass, The glass was exposed
to an oxygen atmosphere of 200 mm at room temperature: (a)
N-methylaniline, (b) N;N-dimethylaniline, (¢) N,N-dimethyl-0-
toluidine, (d) N,N-dimethyl-m-toluidine, (e¢) N,N-dimethyl-p-tolui-
dine, () N,N-diethylaniline, (f’) the same as (), cooled to 77°K, (g)
N,N-dimethyl-p-phenylenediamine, (h) fluorescence spectrum for
N,N-dimethylanitine.

ity to the intensity of the reference beam agrees fairly well with the
absorption spectra measured by usual methods is well established
for powder materials, adsorbed species, opaque materials, etc.

The emission spectra were measured with an Aminco-Bowman
spectrophotofiuorimeter, using powdered porous, glass put in an
apparatus similar to that shown in Figure 1, with the quartz cell
having a diameter of only 4 mm. The decay of the emission was
followed by use of a high-speed flash apparatus constructed by N,
Mataga and others.

Results

Absorption Spectra Caused by Oxygen. The ab-
sorption spectra caused by oxygen and aromatic amines
adsorbed on the porous glass are shown in Figure 2,
where the absorption before introducing oxygen is
subtracted. The intensity of the absorption bands in-
creased with the pressure of oxygen introduced, and
gradually decreased with evacuation. When the sample
was cooled down to liquid nitrogen temperature, the
intensity of the absorption bands increased as shown in
Figure 2 in the case of N,N-diethylaniline, and the bands
showed a slight blue shift. The change of the spectra
with temperature was found to be reversible. We
could also obtain almost the same absorption spectra
in the case of oxygen and aromatic amines adsorbed on
silica gel, as shown in Figure 3, where the ordinate,
“reflex attenuance,” corresponds to absorbance. It
is attributable to the reflection method that the intensity
of the absorption bands of silica gel adsorbates is weak
in the shorter wavelength region, as compared with that
of porous glass adsorbates. This was confirmed by
measuring the well-known absorption spectrum of
Wiirster’s blue iodide adsorbed on silica gel, by both
reflection and transmission methods with the Multi-
Purpose spectrophotometer.

Distinct absorption maxima and shoulders were
found for adsorbed oxygen and aromatic amines except
for N,N-dimethyl-o-toluidine. Each of the absorption
spectra seems to consist of a strong band, hcreafter

Journal of the American Chemical Society | 92:2 | January 28, 1970
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Figure 3. Electronic absorption spectra caused by oxygenand N,-
N-dimethylaniline derivatives adsorbed on silica gel. The silica
gel was exposed to an oxygen atmosphere of 200 mm at room
temperature: (a) N,N-dimethylaniline, (b) N,N-dimethyl-m-tolui-
dine, (¢c) N,N-dimethyl-p-toluidine.

called X band, in the shorter wavelength region, and
two weak bands, Y, and Y,, in the longer wavelength
region. The maximum of the X band is found clearly
only in the case of N,N-dimethyl-p-phenylenedi-
amine (DMPD). In other cases the whole shape of the
X band cannot be observed, because it overlaps with
the strong absorption band of the organic molecule it-
self.

In the case of DMPD, which has an ionization po-
tential lower than the alkyl derivatives of anilines, the
specimen giving the absorption spectrum shown in FFig-
ure 2 was found to be unstable. Under huinid condii-
tions, for example, when the sample was exposed to
air, DMPD+ !4 formed rapidly. In the case of N,N,-
N’,N’-tetramethyl-p-phenylenediamine (TMPD), which
has an ionization potential lower than DMPD,
TMPD+ 12 formed instantaneously on introducing oxy-
gen at 200 mm pressure, possibly because of very
slight moisture contained in the oxygen, and by virtue
of the effect of the polar adsorbent. The absorption
spectrum caused by oxygen could not be detected on
account of the strong absorption of TMPD* formed.

We also tried to measure emission spcctra of the por-
ous glass adsorbates, by exciting them at the absorption
bands caused by oxygen and aromatic amines. Al-
though no emission was detected at room temperature,
broad and weak emission bands were detected dis-
tinctly in the cases of N,N-dimethylaniline, N,N-di-
methyl-m-toluidine, N,N-dimethyl-p-toluidine, and
N-methylaniline, at liquid nitrogen temperature,
These emission bands form approximate mirror images
of the Y; bands, which are the extra absorption bands at
the longest wavelengths. As an example, the emission
spectrum for the case of N,N-dimethylaniline is shown
in Figure 2. The decay of this emission was found to
be exponential, the lifetime being 110 nanosec.

Absorption Spectra Caused by Liquid Oxygen. In
order to see the effect of liquid oxygen on the spectra of
adsorbates, we have carried out somc experiments, A
piece of porous glass was placed in an apparatus such
as shown in Figure 1. Naphthalene was adsorbed on
it, and the cell was cooled with liquid nitrogen. Then,
dry oxygen was introduced into the cell until the porous

(14) K. Kimura, K. Yoshinaga, and H. Tsubomura, J. Phys, Chem,,
71, 4485 (1967).
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Figure 4. Electronic absorption spectra caused by oxygen and
naphthalene adsorbed on porous glass: (a)inanoxygen atmosphe{e
of 200 mm at room temperature, (b) in liquid oxygen ai liguid
nitrogen temperature.
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Figure 5.
dimethylaniline derivatives adsorbed on silica gel.
exposed to iodine vapor at room temperature:
aniline, (b) N,N-dimethyl-p-toluidine.

glass was immersed in liquid oxygen. The absorption
spectra caused by liquid oxygen and by an oxygen at-
mosphere of 200 mm are shown in Figure 4. As Figure
4 shows, a pronounced shoulder was present at ca. 26
kK for the spectrum obtained in the latter case, while
in the former case, there is no such shoulder at the same
region. It was confirmed that the weak absorption
bands observed in liquid oxygen at the long wavelength
tail agree very well with the singlet-triplet absorption
bands of naphthalene, measured with oxygen dissolved
in the solutions under high pressure.’®® The molar
extinction coecfficient of the singlet-triplet absorption
band at the longest wavelength was calculated to be 0.4,
based on the content of naphthalene in the glass. The
same experiment was done also for N,N-dimethylan-
iline. The sample turned a deep yellow in liquid
oxygen. The absorption spectrum is much stronger
than that shown by the curve of Figure 2(b), and rises
monotonically toward shorter wavelength. However,
the absorption spectrum obtained after the removal of
liquid oxygen from the glass was the same as that shown
in Figure 2,

Absorption Spectra Caused by Icdine. We also tried
to measure absorption spectra by exposing the silica
gel adsorbates of aniline derivatives to iodine vapor
instead of oxygen. The absorption spectra caused are
shown in Figure 5. - Studies on the molecular complexes

(15) G, J. Hoijtink, Mol. Phys., 5, 643 (1962),
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Figure 6. Relationship between the wave numbers of the Y; and
Y, bands and the¢ ionization potentials of organic molecules: (a)
N-methylaniline, (b) N,N-dimethylaniline, (¢) N,N-dimethyl-m-
toluidine, (d) N,N-dimethyl-p-toluidine, (¢) N,N-dimethyl-p-phenyl-
enediamine.

of various anilines with iodine, in solution, have been
previously made by Chandra and Mukherjee,!® and by
Tsubomura.” Chandra and Mukherjee have observed
a characteristic charge-transfer absorption band in the
near-ultraviolet region as well as another charge-transfer
band present in the shorter wavelength region. The
absorption spectra obtained on silica gel in this labora-
tory agree closely with those reported,!® although they
show a slight red shift and have more distinct absorption
bands in the near-ultraviolet region.

Discussion

As described in the Experimental Section, the inten-
sities of the extra absorption bands of several organic
molecules adsorbed on the solid surfaces together with
oxygen decrease with evacuation and increase reversi-
bly with temperature decrease. This indicates that the
observed bands are due to weak interactions between
organic molecules and oxygen, and not to the oxidation
products. This result also shows that the interaction
between oxygen and organic molecules is strengthened
at lower temperature. This increased interaction may
be due to the closer contact between the adsorbed or-
ganic molecules and oxygen at low temperature. 8

It has been confirmed from studies of solutions that
the smaller the ionization potential of the organic mole-
cule, the longer the wavelength of the spectra caused by
oxygen.® It may also be found from Table I that the
smaller the ionization potential, the smaller the wave
numbers of the Y, and Y. bands. Moreover, Figure 6
shows two parallel linear relationships between wave
numbers and ionization potentials (sec also Table I).
It seems, therefore, very reasonable to postulate that
the absorption bands caused by oxygen and aromatic
amines adsorbed on a solid surface are also due to tran-
sitions to charge-transfer states, with oxygen as an elec-
tron acceptor and an organic molecule as an electron
donor. In the case of N,N-dimethyl-o-toluidine, the
absorption maximum and shoulder are not found dis-
tinctly in the longer wavelength region, and the inten-
sity of the absorption band is very weak. This result
may be explained by the steric effect of the o-methyl
aroup, which prohibits the approach of the lone-pair

(16) A. K. Chandra and D, C. Mukherjee, Trans. Faraday Soc., 60,
62 (1964),

(17) H. Tsubomura, J. Am, Chem, Soc., 82, 40 (1960),
(18) H. Tsubomura and R, P, Lang, J. Chem, Phys,, 36, 2155 (1962),

Table . The Wave Numbers of the Y, and Y; Bands and the
Tonization Potentials of Organic Molecules

Ioniza-
Y, Ys AE = tion
Organic band, band, v; —  potential,
molecule v, kKK v, kK 5,k eV
N-Methylaniline 25.6 (28.6)» (3.0) 7.35¢
N,N-Dimethylaniline 24.2 27.1 2.9 7.14¢
N,N-Dimethyl-o-
toluidine®
N,N-Dimethyl-m- 23.8 26.7 2.9 (7.0)¢
toluidine
N,N-Dimethyl-p- 20.5 23.6 3.1 (6.9)¢
toluidine
N,N-Diethylaniline 19.2 221 2.9
N,N-Dimethy}-p- 13.0 16.0 3.0 (6.4)¢
phenylenediamine
N,N,N’,N’-Tetramethyl- 6.25¢

p-phenylenediamine

s A weak shoulder, * No distinct band maximum has been ob-
tained. ¢ F. L. Vilesov, Zh. Fiz. Khim., 35, 2010 (1961). < These
values were tentatively estimated from the ionization potentials of
aniline, p-toluidine, p-phenylenediamine (G. Briegleb and J,
Czekalla, Z. Llekrrochem., 63, 6 (1959)), and N,N-dimethylaniline
(ref ¢ given above), ¢ M. Batley, Ph.D., Thesis, University of
Sydney, 1966,

electrons of the nitrogen atom, because of the twisting
of the dimethylamino group.?'® In the case of DMPD
and TMPD, having ionization potentials lower than
alkyl derivatives of anilines, the complexes with oxygen
were found to be very unstable and to form cation rad-
icals of the donors easily, This finding seems to indi-
cate that these complexes have an appreciable ionic
character, even in the ground state, because of the
stronger charge-transfer interaction between oxygen
and donors.

It is worth noting that the separation between the Y,
and Y, bands is roughly constant, irrespective of the
donor molecules, as shown in Table I. This strongly
suggests that each of the two bands (Y, and Y,) corre-
sponds to the transition of an electron from the highest
filled orbital of the organic molecule to each of the two
electron-accepting orbitals of oxygen which is occupied
by an unpaired electron. A simple theoretical treat-
ment will be made later in this poper, based on this as-
sumption,

In the case of DMPD, the separation between the Y,
band and the X band is found to be 10.3 kK.  This can
be compared with the separation between the two charge-
transfer bands found for the TMPD-TCNE (tetracyano-
ethylene) complex, 13.0 kK.?® It is generally accepted
that the two charge-transfer bands observed in the
TCNE complexes with some aromatic molecules are
due to the transition of an electron from, respectively,
the highest occupied and the second highest occupied
orbital of the donor to the lowest vacant orbital of
TCNE.2t22 Taking account of the difference between
TMPD and DMPD, our results on the Y; and X bands
may be interpreted as arising from the transitions from
the highest and the second highest occupied levels of
DMPD.,

(19) E. C. McRae and L. Goodman, J. Mol, Spectrosc., 2, 464 (1958).

(20) W. Liptay, G. Bricgleb, and K, Schindler, Z, Elektrochem., 66,
331 (1962),

(21) R, E, Merrifietd and W. D. Phillips, /. 4m. Chem.- Soc., 80,
2778 (1958).

(22) T. Matsuo and H, Aiga, Bull, Chem, Soc. Jap., 41, 271 (1968).
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It is also well known that benzenc dcrivatives having
strong clectron-donating substituents show two distinct
charge-transfer bands in their complexes with iodine,
such as N,N-dimethylaniline-T;** or anisole-T,%* and
these are attributed to the two donor orbitals®* such as
were described in the case of TMPD-TCNE complex,
The absorption spectra found for substituted anilines
and iodinc adsorbed on silica gel show distinct max-
ima, as seen in Figure 5. The maximum and the
stronger absorption in the shorter wavelength region
are interpreted to be caused, respectively, by the transi-
tion from the highest and the second highest filled or-
bital of the donor. Similarly, the absorption spectra
due to oxygen and aniline derivatives adsorbed on por-
ous glass seem to have Y, and Y, bands and stronger
absorption in the shorter wavelength region. The
latter may be interpreted to be the X band, arising from
the charge transfer from the second highest occupied
orbitals of the donor molecules.

The emission spectra found for the adsorbed oxygen-
aromatics form approximate mirror images with the
Y, bands, as stated in the Results of this paper. This
indicates that these emission bands are most probably
the charge-transfer fluorescence, i.e., due to the transi-
tion from the lowest charge-transfer state (correspond-
ing to the Y; band) to the ground state. If this inter-
pretation is true, these bands are the first example of
charge-transfer fluorescence involving oxygen as the
electron acceptor. The lifetime measured, 110 nanosec,
is rather long compared with other charge-transfer fJu-
orescence previously measured. This result is consis-
tent with the theoretical interpretation, in that the tran-
sition for the present case is geometrically nearly for-
bidden.

Simple Theoretical Investigation of the Absorption
Spectra Caused by Oxygen. Let us discuss the validity
of the assignment for the Y; and Y, bands described in
the preceding section. Although a donor molecule
might interact with many surrounding oxygen moleculcs
simultaneously, we assume for simplicity that the oxy-
gen and donor moleule form a 1:1 pair. The appear-
ance of the definite pcaks in each of the absorption
spectra of the oxygen-aromatic systems strongly indi-
cates the formation of complexes having fairly strong
binding and rather fixed geometries. This statement
is in contrast to our previous opinion that there is no
complex formed between oxygen and organic molecules
in solutions.® It seems highly probable that in the
adsorbed state, the attractive force between adsorbent
and adsorbate may cause the oxygen and aromatic mole-
cules to bind each other at a fixed configuration or fixed
configurations.

The energy of the charge-transfer states E., may gen-
erally be approximated by the equation

Ect=1D"'EA'_Q (l)

where I, and E, are, respectively, the ionization poten-
tial of the donor and the electron affinity of the accep-
tor, in this case, oxygen. Q is the electrostatic inter-
action energy between D+ and A~. According to our
theory, the Y; and Y, bands correspond to the charge-
transfer transition from the highest occupied MO, ¥ ,,
of the donor to the two lowest vacant MO’s of an oxy-

(23) P, A. D. dc Mainc, J. Chem. Phys., 26, 1189 (1957),
(24) L. E. Orgel, ibid., 23, 1352 (1955),
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Figure 7. Schematic diagram indicating a particular arrangement
for the donor orbital ¥, and the oxygen acceptor orbital Yx. Shaded
and unshaded volumes in the orbitals indicate positive and nega-
tive regions, respectively.

gen molecule, ¥, and ¥,. These can be given as fol-
lows by the use of real 2pm atomic wave functions, .
and w, for one oxygen atom and m,” and w,’ for another
oxygen atom.

Y = 27w, — m,")

Yo = 27, — )

In ¢q 2, m, and m, are dirccted, respectively, along the x
and y axes, both perpendicular to the molecular axis.
For simplicity, the overlap integrals between r, and n,’
and 7, and m,” are neglectad.

The scparation between bands Yy ar.d Y, should then
correspond to the difference between the energies of the
two charge-transfer states E., and E, as given by eq 1.
In the present case, both I, and Ej4 for the Y; and Y,
bands may be taken as equal, and, therefore, neglecting
exchange or other minor interactions, the energy differ-
ence between Y; and Y, may be set equal to the differ-
ence between the electrostatic energy @ for the two
charge-transfer states.

To calculate the electrostatic energy, the wave func-
tion for the highest filed MO of the donor and the
shape of the D---A pair must be known. For the
methyl-substituted anilines, it has been pointed out that
the nitrogen 2pw AO plays an overwhelmingly large
part in the highest filled MO." Hence, for a simPlc
treatment, the highest filled MO of these molecules may
be approximated simply by the 2pr AO of nitrogen.
Takinginto accountthe theoreticalresultthat the nitrogen
2pm AO, Y., plays the largest part in the charge trans-
fer, it may be reasonable to assume that the structure of
the complex is such that the axis of ¥, is perpendicular
to the molecular axis of oxygen. Tentatively, the
structure is assumed to be as shown in Figure 7, where
¥, lies in an end-on position with the oxygen x; AO.
This assumption of the structure is still very artificial in
the choice of the position of the nitrogen atom with re-
spect to that of oxygen, but a mincer change in that
will not produce a large difference in the results.

The electrostatic energy has been calculated as inter-
molecular two-center Coulomb integrals® by use of the
multipole expansion method proposed by Parr.?¢  Fig-
ure 8 shows the energy difference AE between Eg, and
E. plotted vs. the distance between the oxygen and nitro-
gen atoms. At a distance of 3 A, a reasonakle value for

(25) K. Kimura and H. Tsubomura, Mol. Phys., 11, 349 (1966).
(26) R. G, Paar, J, Chem. Phys., 33, 1184 (1960).
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Figure 8, The energy difference AE calculated as a function of the
distance R befween oxygen and nitrogen atoms.

the nitrogen-oxygen distance in' complexes, AE be-
comes 1.5 kK, with E, higher than E,. This is ap-
proximately hal{ of the observed separation between the
Y, and Y, bands, which is about 3 kK in most cases
(Table 1). Taking into account the neglect of exchange
interactions between donor and acceptor orbitals which
seems to contribute to the separation between E, and
E.., and the interaction of the charge-transfer states
with various other excited states, the agreement between
experimental and observed values may be taken to be
fairly good. It can also be concluded from these cal-
culations that the Y; band and the fluorescence band
mentioned before correspond to CT,, and the Y, band,
weaker than the former, to CT,.

Further Discussion on the Absorption Spectra of N,N-
Dimecthylaniline and Naphthalene Caused by Oxygen.
Evans measured the absorption spectrum caused by
bubbling oxygen into pure N,N-dimethylaniline and
found a shoulder near 380 mu, which he regarded as one
of the two charge-transfer bands corresponding to the
two ionization potentials predicted for substituted ben-
zeneés.’ Recently, this result of Evans has been recon-
firmed in this laboratory for the n-hexane solution of
N,N-dimethylaniline.

It seems most likely that the above-mentioned shoul-
der corresponds to our Y; and Y; bands amalgamated
together, though the Y, band lies at longer wavelength
than the shoulder. The difference between the absorp-
tion spectrum obtained for the adsorbate and that ob-
tained in solution may be caused by the change of en-

vironment. In the adsorbed state, we can expect the
more restricted orientation and closer contact between
anilines and oxygen, the red shift being attributable to
the effect of the electric field of the polar adsorbent,
while in solution an oxygen molecule is considered to
interact weakly with' surrounding organic molecules
having random orientations, Similar explanation can
be given for the complexes with iodine.

Dijkgraaf, et al.,?” found a pronounced shoulder near
350 myu (29 kK) in addition to the singlet-triplet ab-
sorption bands of naphthalene, when oxygen under
high pressure was dissolved in the chloroform solution
of naphthalene, and assigned it to a simultaneous tran-
sition involving naphthalene and oxygen.® This result
has recently been confirmed in this laboratory. How-
ever, in the present results for liquid oxygen (Figure
4(b)), the shoulder is apparently missing, while the
curve for gaseous oxygen (Figure 4a) has a distinct
shoulder at about 27 kK,

1t has already been seen that the shoulder appearing
for N,N-dimethylaniline-oxygen in solution (26 kK) is
split to Y, (24 kK) and Y» (27 kK) bands when adsorbed
on porous glass or silica gel. Therefore, it is rather
likely that the shoulder reported by Dijkgraaf, et al.,
may be due to a transition essentially identical with that
for the shoulder found here for the adsorbed specimens.
If this interpretation is true, the shoulder is due more
probably to a charge-transfer-type transition than to the
simultaneous transition, although the two relevant ex-
cited states may mix together to a certain extent. The
reason that no strong shoulder is found in the case of
liquid oxygen (Figure 4b) is not clear at present.

In closing, it may be suggested that further study on
the interaction between adsorbed molecules and oxygen
would provide valuable information on the nature of
the interaction between these molecules, which may be
important in connection with biological problems, for
example, those related to hemoglobin or cytochrome,
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(27) C. Dijkgraaf, R, Sitters, and G, J. Hoijtink, Mol. Phys., 5, 643
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Quenching of phosphorescence and {luorescence of aromatic hydrocarbons adsorbed on
powdercd porous glass or silica gel have been examined as a function of oxygen pressure. It
has been found that the phosphorcscence quenching at low temperature can be explained mostly
by assuming that only those aromatic molecules having an oxygen molecule or molecules within
an eflfcctive interaction radius are nonphosphorescent (static quenching model). The fluorescence
quenching occurs only at much higher oxygen pressures and it has been proposed that contact
pairs between aromatic and oxygen molccules, which have shorter intermolccular distances comi-
pared to the distances effective for the phosphorescence quenching and give rise to the charge-
transfer absorption bands, are rclevant, It has been observed that the excimer fluorescence of
naphthalene appcaring at a higher sample concentration is more strongly affected by oxygen
than the monomer fluorescence.  The emission spectra from naphthalene-porous glass adsorbate
immersed in liquid oxygen and nitrogen have also been examined. The formation of the singlet
oxygen (14, or 131} through the intcraction of oxygen with triplet molecules has been confirmed

by use of the pcroxidation reaction of adsorbed anthracene.

The interaction of oxygen with clectronically
excited organic molecules is associated with a
number of interesting phenomena.?  For example,
it is well known that molecular oxygen quenches
both the excited singlet and triplet statcs of organic
molecules. Theoretical investigation of the quench-
ing of organic triplet states by oxygen indicatcd that
singlet-statc oxygen are formed by ihe intermolecular

1) Part I of this scrics; H. Ishida, H. Takahashi,
H. Sato and H. Tsubomura, . .lmer. Chem. Sec., 92,
275 (1970).

2) P. Pringsheim, “Thosphorescence and Fluores-
cenee,” Interscience Publisher, Inc., New York (1965).

encrgy transfer.”) This mechanism has now been
supported by the results of recent experiments.s—%
The oxygen quenching has been studied mainly in
fluid media where the bimolecular quenching is
controlled by the diffusion of oxygen and organic

3) K. Kawacka, A. U. Khan and D. R. Kearns,
J. Chem. Plys., 47, 1842 (1967); 48, 3272 (1968).

4) D. R. Snclling, Chem. Phys, Lett., 2, 346 (1968).

5) D. R. Kearns, A. U, Khan, C. K. Duncan and
A. H. Maki, J. Amer. Chem. Soc., 91, 1039 (1969).

6) E. Wasserman, V. J. Kuck, W. M. Dclavan
and W.A. Yager, ibid., 91, 1041 (1969).
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molecules.”™ 1 It has not been possible to cstimate
intrinsic quenching efficiencies from such ditlusion-
controlled . reactions.  Siegel and Judeikis have
recently determined the relative interaction radius
for the oxygen. quenching of naphthalence triplet-
state in rigid matrices where material diffusion is
minimized.'? Oxygen quenching of phosphores-
cence of ‘aromatic molecules has been used to
measure the diffusion rates of oxygen in polymer
matrices,1213)

It is well known that molecules adsorbed on
solid surface have relatively long lifetimes in their
triplet states even at room temperature. The
luminescent properties of adsorbed molecules have
been extensively investigated in the presence of
oxygen.*-17  Previous investigations of oxygen
quenching have almost extensively dealt with dye
molecules adsorbed on silica gel. In the preceding
paper, we have reported the extra charge-transfer
absorption spectra caused by the interaction between
‘adsorbed oxygen and organic molecules.? The
present paper is mainly concerned with the effective
quenching interaction between oxygen and clectroni-
cally excited aromatic hydrocarbons adsorbed on
porous glass or silica gel.

Experimental

Materials. Oxygen and naphthalene were purified
in the same way as described in the preceding paper.
Commercially available eo-chloronaphthalene was dis-
tilled under reduced pressure. Anthracene and bipheny!
were purificd by recrystallization from benzene and
cthanol, respectively, and by sublimation in vacuum,
The particle sizes of silica gel and powdered porous
glass? used here were 30-—42 mesh, and were treated
in the same way as described in the preceding paper.
It was confirmed that no luminescence was detectable
from porous glass itself by cxcitation in the near ultra-
violet region even at liquid nitrogen temperature (77°K).
The phosphorescence of silica gel itself at 77°K was
negligible in comparison with that of adsorbed mole-
cules:

Procedure. Naphthalene, a-chloronaphthalene and
biphenyl were adsorbed from the vapor phase in the

7y W. R. Ware, J. Phys. Chem., 66, 455 (1962).

8) B. Stevens and B. E. Algar, ibid., 72, 2582 (1968).

9) A. D. Osborne and G. Porter, Proc. Roy. Soc.,
A284, 9 (1965).

10)  C. S. Parmenter and J. D. Rau, J. Chem. Phys.,
51, 2242 (1969).

11) ' S. Siegel and H. S. Judeikis, ibid, 48, 1613
(1968).

12) G. Shaw, Trans. Faraday Soc., 63, 2181 (1967).

13) B. A. Baldwin and H, W, Offen, J. Chem. Phys.,
49, 2933 (1968).

14) H. Kautsky, Trans. Faraday Soc., 35, 216 (1939},

15) S. Kato, This Bulletin, 30, 34 (1957).

16) R. F. Weiner and H. H. Secliger, Photockem,
Photobiol., 4, 1207 (1965).

17) J. L. Rosenberg and F. S. Humphrics, J. Plys.
Chem., 71, 330 (1967).
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same way as described before,)  Anthracene was ad-
sorbed from the chloroform solution and the adsorbate
was dried and thoroughly evacuated at 100—150°C.,
Sample concentrations ranged from 1x10-7—5x10-¢
molfg of the adsorbent for the study of the fluorescence
and phosphorescence quenching by oxygen. In this
range we detected no luninescence characteristic of the
aggregates or microcrystals of adsorbed molecules. How-
cver, when sample concentrations were increased (above
5x10-% mol/g), a new band ascribable to excimer
fluorescence was detected besides monomer fluorescence
in the case of naphthalene or a-chloronaphthalene.

After adsorption, the sample in the wmpoule was
distributed into several cylindrical quartz cells, 4 mm
in diameter, previously attached to the ampoule. Then
oxygen was introduced into the vacuum system at room
temperature and the quartz cells were scaled off carefully
from the ampoule at desived oxygen pressure, Pressures
helow 5 Tore were read with a McLeod gauge. An
ordinarvy mercury manometer was used for reading
higher pressures,

The emission spectra were measured with an Aminco-
Bowmann Spccuophototluoromcter.  The lifetimes of
the phosphorescence were determined from the decay
curves traced on an uvsciloscope.  Fluorescence decay
curves were nicasured by exciting the samples with a
deviece for producing nanosccond flash light'®  The
absorption spectra of adsorbed molecules was measured
by the reflection method with a Shimadzu MPS-50L
Recording Spectrometer as described in the preceding
paper.

Results

Phosphorescence and Fluorescence of Ad-
sorbed Aromatic Hydrocarbons. Phosphores-
cence spectra of the adsorbed molecules at 77°K
were found to be nearly in agreement with those

£
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Fig. 1. Phosphorescence spectrum of naphthalene

adsorbed on porous glass at 77°K.
Sample concentration: 1 X107 mol per gram
of pourous glass,
18) N. Mataga, M, Tomura and H. Nishimura, Mo/,
Plys., 9, 367 (1965).
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mecasured for the same molecules dissolved in rigid
matrices, although the spectra showed shight bro-
adening of their vibrational structures in the ad-
sorbed state.  As an example, phosphorescence
spectrum of naphthalenc adsorbed on porous glass
is shown in Fig. 1. The similar broadening was
found also for fluorescence spectra. This broadening
can be interpreted to be due to the wide energy
distribution of the adsorbed molccules in the variety
of the ficld of the polar adsorbent.

No diilerence in the luminescent propertics of
aromatic molecules have heen found between silica
gcl and porous glass adsorbates. The phosphores-
cence lifctimes (7,) of adsorbed biphenyl, naph-
thalenc and a-chloronaphthalenc at 77°K werce 4.0,
2.3 and 0.2 sec, respectively; at negligible oxygen
pressures. Thesc values also agree very closcly with
those in rigid matrices at 77°K.2%

The band maxima of fluorescence show a slight
blue shilt when cooled down to 77°K. ‘The fluo-
rescence lifetime of naphibalene adsorbed on porous
glass was 100 ns at room temperature, in good
agreement with the values in the solutions.'™)
Increase of the concentrations of naphthalene and
a-chloronaphtbalenc resulted in the appearance of
new broad bands almost identical with the corre-
sponding excimer {luorescence in solutions.?®  “The
intensity ratio of this new band to the monomer
fluorescence band depends on the wavelength of
the exciting light as shown in Fig. 2 for the case
of naphthalene. This ratio increases with increasing
the sample concentration. The lifctimes of the new
fluorescence band of naphthalenc werc found to

z
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=
{ ]
300 400
Wavelength, mp
Tig. 2. Tluorescence spectra of naphthalcne ad-

sorbed on porous glass at 77°K.
Sample concentration: 5% 10-% mol per gram
of porous glass; cxcitation wavelength: (a)
275 myu and (b) 300 my.

19) D. 8. McClure, J.- Chem. Phye., 17, 905 (1949).
20) C. A. Parker, Spectrochemica Acta, 19, 989 (1963).
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Tig. 3. The relative phosphorescence intensitics I p/
I° () and liletimes 1plrp® (@) of aromatic-
porous glass adserbates as a function of oxygen
pressure at 77°K.  (a), for biphenyl; (b), for
naphthalcne; (¢), for g-chloronaphthalene. I’
and t4° arce, respectively, the phosphorescence
intensity and lifctime at negligible oxygen pres-
sures, The value of 7,/1p° wis normalized to be
I at 10-® Torr oxygen pressure. 75° at 77°K is
4.0 sec for biphenyl, 2.3 sec for naphthalene and
0.2 sec for a-chloronaphthalene.

be 65 and 100 ns at 300°K and 77°K, respectively,
in good agreement with the long lifetimes char-
acteristic of excimer fluorescence.?? It is therefore
concluded that, with increasing the sample con-
centration, adsorbed naphthalenc molecules are
forced to form loosely bound dimers on the surface
and when this dimer is excited as well as monomer,
the dimer is led to the configuration favorable to
excimer formation.?® The effect of oxygen on
excimer fluorescence as well as monomer fluorescence
is of considerable interest.

Quenching of Phosphorescence by Oxygen.
The phosphorescence of the samples prepared in
the way described in the experimental section was
too weak at room temperature to examine the
effect of oxygen quantitatively. Therefore, most
of the studies were made at low temperature. The
quenching effect of oxygen at 77°K is shown by
the curves in Fig. 3, in which the valucs of the

21) N. Mataga, Y. Torihashi and Y. Ota, Chem.
Plys. Lett., 1, 335 (1967). _

22) E. A. Chandross, J. Ferguson and E. G. McRae,

J+ Chem. Phys., 45, 3546 (19G€); 45, 3554 (1966).
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relative phosphorescence intensities F /71,9 and the
relative phosphorescence lifetimes 7,/7,% are plotted
as a function of oxygen pressure, [, and ,° are,
respectively, the phsophorescence intensity and life-
time of the sample containing negligible amounts
of oxygen. The phosphorescence decays at various
oxygen pressures were found to obey the first order
kinetics. The dependence of the phosphorescence
lifetime on oxygen pressure was also examined at
203°KK (—70°C) in the casc of biphenyl. The
temperature was obtained by dropping liguid
nitrogen into the Dewar containing 999, ethanol.
This curve, being different from that at 77°K,
showed a rapid dccrease in the lifetime with in-
creasing the oxygen pressure. Although the absolute
amount of adsorbed oxygen at each oxygen pressure
is unknown, qualitative discussion on the interaction
of oxygen with excited molecules can be made
from these quenching curves.

Although oxygen pressure above 10 Tovr is sufli-

! 1 1 1 !
107 107t 10t 1 10 10*

Oxygen pressure, Torr

Fig. 4., The relative fluorescence intensities I'p/fp°
(O) and the relative ratios of the intensity of
excimer fluorescence versus monomer fluores-
cence (Zesf I} (Tes®114°) (@) of aromatic-porous
glass adsorbates as a function of oxygen pressure
at room temperature ( ) and 77°K (- - -~~ ).
(2), for anthracene; (b) and (c), for vaphthalene,
I7° and l¢f" are, respectively, the fuorescence
intensities of monomer and excimer at negligible
oxygen pressures. The relative absorption intensi-
ties Tofla® (A) of adsorbed anthracenc are shown
in (a) as a function of 6xygen pressure, when the
sample containing a known pressure of oxygen
is irradiated. I° is the absorption intensity of
adsorbed anthracene before irradiation.
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cient to quench phosphorescence totally, weak enis-
sion was detected from the naphthalenc-porous glass
adsorbate immersed in liquid oxygen at 77°K., This
emission was observed to lie in almost the same
region as the phosphorescence of naphthalene and
could not be detected using a sector presumably
hecause of the extremely short lifetime (<1072 sec).
The phosphorescence of naphthalene from the naph-
thalene-porous glass adsorbate immersed in liquid
nitrogen was strong and the lifetime was 1.4 sce.
This short lifetime in liquid nitrogen compared to
the original value (r,% 2.3sec) may be due to
impurities, such as oxygen, possibly contained in
liquid nitrogen,

Quenching of Fluorescence by Oxygen., The
quenching cffect of oxygen was examined mainly
at room temperature. The quenching effect of
oxygen on-monomer fluorescence is shown in Fig, 4
(a) and (b) in cases ol naphthalene and anthracene.
The values of the relative fluorescence intensities
1,/1,* aie plotied as a function of oxygen pressure,
It is found from the curves in Fig. 4 that the
quenching curve of naphthalene is almost the same
as that of anthracene in spite of the large difference
between the fluorescence lifetimes (4.2 ps for anthra-
cene®® and 100 ns for naphthalene), and the
quenching by oxygen is less effective at 77°K than
at room temperature. No fluorescence quenching
is found at oxygen pressures below 1 Torr where
phosphorescence is quenched to some extent. Fluo-
rescence quenching occurs gradually at oxygen
pressures above 1 Torr where phosphorescence is
quenched to a great extent.  No difference was
found between the quenching curves of anthracene
for hoth porous glass and silica gel adsorbates.

The quenching eflect of oxygen on excimer
fluorescence is shown in YFig. 4 (¢) in the case of
naphthalene (5X 1078 mol naphthalene per gram
of porous glass). ‘T'he wavelength of the excitation
was fixed at 275 myu. The relative ratio of the
intensity of excimer {luorescence versus monomer
fluorescence is plotted as a function of oxygen
pressure. It is found from this curve that excimer
fluorescence is more strongly aflected by oxygen
than monomer fluorescence, though the lifetime
of excimer fluorescence {65 ns) is rather short
compared to monomer {luorescence (100 ns). The
flourescence of monomer and excimer was little
gquenched by nitrogen gas admitted to the sample
instead of oxygen.

Liguid oxygen also showed a remarkable effect
on the fluorescence of naphthalene. The fluores-
cence intensity of the naphthalene-porous glass
adsorbate immersed in liquid oxygen condensed at
77°K was roughly 1/7 of the original intensity
(Z,9. Liquid nitrogen showed no elect on the
fluorescence of adsorbed naphthalene.

23)  W. R, Ware and B, A, Baldwin, ibid., 40, 1703
(1946).
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Discussion

Quenching of Phosphorescence by Oxygen.
As shown in Fig. 3 the dependence of £,/1," on
oxygen pressure is obviously dilferent from that
of t,ft,® and the curves of I/1.0 for the three
compounds show almast common behavior. [,/
1% dccreases rapidly with increasing the oxygen
pressure and approaches t> zero at oxygen pres-
surcs above 10 Torr, The lifetimes of biphenyl and
naphthalene are affected a little by oxygen, but do
not decrease indefinilely with increasing the oxygen
pressurc in such a way as the intensitics do, and
the values approach approximalely to 1.6 and
1.4 scc, respectively, so far as we could detect the
phosphorescence.  On the other hand, the lifetime
of a-chloronaphthalene, naturally having a short
lifetime (0.2 sce), is almost constant irrespeetive of
oxygen presurc.

In the case where the quenching of phosphores-
cence of adsorbed organic molecules is assuned to
take placc by the collision of these organic molccules
with oxygen (dynamic uenching model), the life-
time of phosphorcscence should be shortened in
the presence of oxygen. Under such a condition,
the curve of the relative phosphorescence inteuasity,
I/L®, should be almost in accord with that of the
relative phosphorcescence lifetime, 7,/7,%. On the
other band, in thc abscnce of such collisionad
processes, the lifetime of the observed phosphores-
cence should be independent of oxvyen pressure.  In
that case, it should be assurmced that only those
molccules that have oxygen mealccules within an
effective interaction radius before excitation are
nonphosphorcscent (static quenching model), Our
results indicate that in the case of a-chloronaph-
thalenc, the phosphorescence guenching is due to
static quenching alone and in the cases of naph-
thalenc and biphenyl, having naturally longer life-
times comparcd to the former, there cxists a slight
contribution from the dynamic quenching as well
as the static quenching. From these results, it is
suggested that the dynamic quenching process is
considerably slow at 77°K in the adsorbed stale,
although the quantitative interpretation of the
curves of T,ft,? is impossible because of the in-
homogeneity of the surface condition. As the
dynamic process is controlled by the diffusion of
oxygen, the observed behaviors of r,/7,° should
be explained by the slow surface diffusion of oxygen
at 77°K. ‘This conclusion is supported by the
result of the lifetimes of biphenyl phosphorescence
measured at 230°K where the diffusion of oxygen
must be faster than at 77°K.

As described in the preceding paper, we have
found the existence of thc contact pairs between
the adsorbed oxygen and organic molecules at
high oxygen pressires, which give risc to the
charge-transfer absorption specira. From the ab-

Hideyuki Tsinna, Hiroshi TAkArasi and Hiroshi TsupoMura

[Vol. 43, No. 10

scnce of any observed effect of oxygen on the
absorption spectra at low oxygen pressures where
phosphorcscence quenching occurs to a large extent,
it should be concluded that no contact pairs are
formed at such oxygea pressures. It may be
worthwhile to add that the cilect of oxygen on
the phosphorcscence quenching is easily removed
by cvacuation. As it is reported that the binding
energy between oxygen and aromatics is negligible
in the ground stale,»* it is expected that oxygen
is physically adsorbed at random on the aromatic-
porous glass adsorbatc at low oxygen pressures and
the aromatic molecules form pairs with some of
the adsorbed oxygen which can have an effective
interaction for the phosphorescence quenching. The
amount of thesc pairs is considered to increase
with increasing the oxygen pressure, in agrecement
with the observed monotonous decrease of I,/I,°
at low oxygen pressures.  The relative situations
between the adsorbed aromatic and oxygen mole-
cules are illustrated schematically in Iig. 5.

() o)

adsorbent

{c) (@)

Fig. 5. Schematic illustrations indicating the rcla-
tive situation between aromatic ( B) and oxygen
(Q) molccules in the adsorbed state. (a), before
admitting oxygen; (b), at low oxygen pressures
where phosphorescence quenching occurs; (c), at
high oxygen pressures where contact pairs re-
sponsible for fluorescence quenching are formed
beiween them; (d), when immersed in liguid
oxygen.

Figure 6 shows the schematic potential curves
for the states caused between aromatic and oxygen
molccules versus the distance between them. Kearns
et al.,») have suggested theoretically that a significant
binding energy is -expected through. the interaction’
of triplet-state organic molecules with oxygen (curve
b in Fig. 6). At a low oxygen pressure where
cffective phosphorescence quenching, but not the
fluorcscence quenching, occurs, we assume that most
of the oxygen molecules are at distance 7, or

24y H. Tsubomura and R. S, Mulliken, J. Amer.
Chem, Soc., 82, 5966 (1960).
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Fig. 6. Schematic potential curves for the states
caused between aromatic (D) and oxygen (O,)
molccules versus the distance (R) between D and
Q,. D, indicates the ground state of aromatic
molecule. D and 3D indicate, respectively, the
excited singlet and triplet states. In the adsorbed
state, the intermolecular distance R is throught
to decrease with increasing oxygen pressure,

larger, [rom the aromatic molecule D,. When
the aromatic molecule is excited to a 3D level at
such a distance, the intecraction between 3D and
oxygen at that distance is thought to be sufliciently
strong to cause a radiationless decay process which
competes with the slow natural radiative decay
process of the phosphorescent state, leading to the
quenching of the phosphorescence.

Rosenberg and Fumphries'? have studied the
phosphorescence quenching of acriflavine adsorbed
on silica gel and suggested the existence of relatively
nonphosphorescent compiex between the dye and
oxygen.  Recently, Sicgel and Judeikis'® have
investigated the oxygen quenching ol naphthalene
triplet state in 3-methylpentane glass at 77°K and
found a slight contribution from the dynamic
quenching process in addition to the static quenching
process.  They have also determined the effective
interaction distance for the quenching 1o be 10,5 A.
These results scem to be consistent with our conclu-
sion,

We have reported in the preceding paper that
the S—T absorption spectrum of naphthalene is
enhanced to a great extent when the naphthalene-
porous glass adsorbate is immersed in liquid oxygen.
The weak emission observed under such an environ-

mecnt may be assigned to the phosphorescence of

naphthalene having a shortened lifetime, one possible
explanation for this being that the T—S radiative
decay process as well as the radiationless decay
process is enhanced remarkably by the strong
perturbation due to liquid oxygen (sec Fig. 5d).
The natural radiative lifctime of naphthalene triplet
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state, which can be calculated in the same way
as described by McGlynn and Azumi®® using the
observed ST absorption, was 9% 104 sec. 'This
value is very short compared to the uwnperturbed
one, 11 sce,® in agreernent with the observed
shorllived emission.

Quenching of Fluorescence by Oxygen, Qur
results of fluorescence quenching show no difference
in the characteristics between the two curves for
naphthalene and anthracene despite of the large
diflerence in their fluorescence lifetimes.  This
indicates that the decreases in I,/I® are due to the
static quenching alone at room temperature (21°C),
and scems to indicate the surface diflusion of
oxygen to be much slow compared to the decay
of fluorescence.  As described in the preceding
paper, the extra charge-transfer absorption spectra
caused through the interaction between adsorbed
oxygen and organic molecules have been detected
at high oxygen pressurcs where fluorescence quench-
ing is observable. It can therefore be concluded
that the fuorescence quenching occurs between
oxygen and organic molecules in such a close
contact as giving rise to the charge-transfer ab-
sorption bands, because of the fast decay of fluo-
rescence (for example, at a distance r, in Fig. 6).
The amount of contact pairs formed on the surface
is thought 1o increase with increasing the oxygen
pressure as Fig. 5 shows. Trom the results obtained
for naphthalene fluoresccuce in liquid exygen and
at 77°K, it seems to be reasonable ta asstune that
the radiationless decay process in contact pair
becomes slow when cooled down to the low tem-
perature and becomes comparable to the decay
vrocesses of Pucrescence,

We have also found that the excimer fluorescence
of naphthalene is aflected more strongly by oxygen
than the monomer fluorescence,  This result is
consistent with the earlier qualitative report on
oxygen quenching of aromatic-hydrocarbon excimers
in liguid solutions.*”? Chandross and Ferguson®
found a very marked heavy-atom cffect on .the
excimer fluorescence which can be explained by
the increase in the intersystewn crossing o the
ncarby triplet state of the excimer. Recently, the
excher phosphorescence of naphthalene has been
observed in liguid solutions at low temperature, %3

25) 8. P. McGlynn and T, Azumi, J. Chem. Plys.,
40, 507 (1964).

26} L, H, Gilmore, G. Li, Gibson and D, S, McClure,
J+ Chem, Plys., 23, 399 (1955).

27) N. 8. Bazilevskaya and A, 8, Cherkason, Opl.
Spectry., 18, 77 (1965).

28) L. A, Chandross and J. Yerguson, J. Chem, Plys.,
45, 397 (1966).

29) J. Langelaar, R, P, H, Reuschuick, A. M. T,
Lambooy and G, J. Hoytink, Chem, Phys, Lett., 1, 609
(1968).

30) G, Bricglch, H, Shuster and W. hicre, ibid., 4,
53 (1969),
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One possible explanation for the remarkable quench-
ing of excimcer fluorcscence by oxygen is fo take
account of the smaller energy diflerence of excimer
between the lowest singlet and triplet states com-
parcd to that of monomer.

The Relationship between the Oxygen
Quenching and Peroxidation Reaction of Ad-
sorbed Anthracene. Here we present the cvidence
for thc formation of singlct oxygen ('4, or 13°,*)
during the course of oxygen quenching by use of
the well-cstablished peroxidation reaction of anthra-
cene with the singlet oxygen.®  Anthracene ad-
sorbed on silica gel was exposced to a known pressure
of oxygen and irradiated with a 250 W high pressure
Hg-lamp for five minutes at the wavelength of the
first absorption band., The decrcase in the first
absorption band of anthracene due to the formation
of anthracene peroxide was measwred by use of
the reflection method? as a function of oxygen
pressurc. The result is shown in Fig. + (). The
decrease of the anthracene absorplion is scen to

31) B. Stevens and B. E. Algar, J. Plys. Clem., 72,
3468 (1968),

occur at low oxygen pressurcs where no fluorescence
quenching is obscrved, although no decrcase was
obscrved by the irradiation of the sample without
oxygen. This result has thus provided a rigorous
experimental proof for the formation of singlet
oxygen through the interaction between oxygen and
triplet-state anthracene. The rate of peroxidation
reaction showed a tendency to hecome indcpendent
of oxygen pressurc in the region of high oxygen
pressures where the fluorescence quenching begins
to be obscrved and, no characteristic rclationship
was obtained between the rate of the peroxidation
and the fluorescence quenching by oxygen. This
scems to indicate that the singlet oxygen is not
formed through the intevaction with anthracenc in
the singlet excited state. However, further detailed
experimental and  theovetical investigations are
nccessary in order to establish the mechanism of
fluorescence quenching by oxygen.

The zuthors are indebted to Professor I, Mataga
and Mr. H. Ohari for the measurcment of fluores-
cence lifetimes by use of a nanosccond flash ap-
paratus.
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Absorption spectra arising from the interaction between various aromatic hydrocarbons and aliphatic
amines have been newly observed in the ultraviolet region by the technique of adsorption, and interpreted
as being due to transitions to the charge-transfer Franck~Condon states which may correspond electroni-
cally to the fluorescent charge~transfer states observed recently in solutions. No charge-transfer fluores-
cence was ohserved in the present system. The formation of the fluorescent charge-transfer states seems
to be prevented because of the rigid spatial configurations between adsorbed molecules.

1. INTRODUCTION

It has been established recently that the un-
usual large Stokes shifts observed for the weak
charge-transfer (CT) complexes in solutions are
due to the difference in the electronic and geo~
metrical structures between the excitec CT
Franck-Condon state and the fluorescent equi-
librium CT state [1]. Recently, Nakajima [2]
and Kuzmin and Guseva [3] have found new
fluorescence bands between aromatic hydro-
carbons and aliphatic amines and interpreted
them to be CT fluorescence bands. In these
systems, though characteristic CT absorption
bands corresponding to the CT fluorescence
bands have not been detected (i.e., the so-called
exciplex system), it may be expected that CT
absorption bands arising from intermolecular
configurations different from those in the
fluorescent state lie in the region of sufficiently
short wavelengths, It has been impossible, how-
ever, to measure the absorption spectra of these
systems in solutions in such a region because of
the strong absorption of amines used as solvents.

We have shown recently that the CT absorp-
tion bands between oxygen and aromatic amines
lying in the region of amine absorption can be
measured by use of the technique of adsorption
[4]. In the present paper, the absorption spectra
of some systems composed of aromatic hydro-
carbons and aliphatic amines were measured
down to the ultraviolet region by the technique
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of adsorption.

2. EXPERIMENTAL

Aromatic hydrocarbons were adsorbed from
n-hexane solutions on ordinarily treated silica
gel(30-42 mesh) [5,6], and the adsorbate, after
drying and evacuation, was exposed to the va-
pour of the aliphatic amine through a break-off
seal. The absorption spectrum of the adsorbate
placed in a thin quartz cell (4emX2cmX1,31mm)
was measured with a Shimadzu Multi-Purpose
Spectrophotometer, model 50L [4].

3. RESULTS AND DISCUSSION

Absorption spectra of adsorbed anthracene
and aliphatic amines are shown in fig. 1. The
absorption of the amine itself adsorbed on silica
gel is negligible above 240mp as shown by
curve b for the case of triethylamine. The con-
centration of adsorbed aromatic hydrocarbon
was set within the range from 1x10~7 to 1x 10-6
mole per gram of silica gel, where neither
fluorescence nor absorption, characteristic of
the sandwich dimers appearing at higher concen=~
tration [5], are detected. The absorption spectra
of adsorbed aromatic hydrocarbons show a
broadening of the vibrational structure and a
slight red shift compared to those in solutions,
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Fig. 1. Absorption spectra of anthracene and aliphatic

amines adsorbed on silica gel (30-42 mesh) at 77°K (a),

silica gel only; (b), triethylamine; (c), anthracene; {d),

anthracene-tri-n-propylamine; (e), anthracene-tri-

ethylamine. The concentration of adsorbed anthracene
is 3 x 30~ mole/g.

New absorption bands were observed by the
adsorption of amine in the vicinity of the broad-
ened “Byp, band of anthracene at shorter wave-
length as shown in fig. 1, while the IL;}1 band
showed a slight red shift. Similar new bands
were found also for pairs of various other
amines and aromatic hydrocarbons as summa-
rized in tables 1 and 2. From these tables, it
can be seen that the relationships between the
band maxima and the ionization potentials of
amines or the half-wave reduction potentials of
hydrocarbons are those characteristic of
CT absorption bands. It was confirmed that these
new peaks are removed reversibly by desorption
of amines under vacuum. If seems reasonable
from these results that the observed new ab-
sorption bands are due to transitions to the ex-
cited CT states arising from the interaction be-
tween amines as donors and hydrocarbons as ac-
ceptors,

No essential change of the fluorescence of
hydrocarbons was observed by the presence of
amines at room or liquid nitrogen temperature
and the broad characteristic fluorescence spec-
tra, which were observed for these systems in
solutions at longer wavelengths than the {luores-
cence of hydrocarbons [2, 3], could not be ob-
served. In the case of pirrene which has a long-
lived fluorescent state (‘Ly), the vibrational
structure changed slightly ancl the fluorescence
lifetime was decreased from 280 nsec to 60-90
nsec by the presence of amines. The excitation
spectra for the fluorescence of hydrocarbons
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Table 1
The maximum wave numbers of the absorption bands
arising between anthracene and various aliphatic a-
mines and the ionization potentials of the amines

. 3 ..=1 ionization
Amine 10%em™ (mp) potential (eV)

triethylamine 38.3 (261) 7.50 [11]
tri-n-propylamine 36.6 (273) 7.23 [11)
tri-n-butylamine 36.8 (272)
tri-n-amylamine 37.7 (265) 7.3 @)
tri-n-hexylamine 38.0 (263)
tri-n~octylamine 38.2 (262)
triethylenediamine 38.3 (261)
N, N, ~dimethyl- 36.0 (278)

cyclohexylamine

a) Measured by the photoionization method in our labo-
ratory by M. Ozaki and Y. Nakato.

Table 2
The maximum wave numbers of the absorption bands
arising between various aromatic hydrocarbens and
tri-n-propylamine and the half-wave reduction poten-
tials (-E /2 of the aromatic hydrocarhons

Aromatic hydrocarbon 103cm'1(mu) -Ey/9(V){12]
perylene 33.3 (300) 1.67
anthracene 36.6 (273) 1.96
1, 2-benzanthracene 37.0 (270) 2.00
pyrene 40.0 (250)3) 2.11

a) The absorption band was not observed distinctly be-
cause of the strong continuous absorption bands of
pyrene in the ultraviolet region.

corresponded qualitatively to the observed ab-
sorption spectra including the new CT bands.
These results indicate that when excited to the
CT state or the locally excited states of hydro-
carbon, the internal conversion to the weakly
interacting, lowest locally excited state of the
hydrocarbon is much fasver than to the fluores-
cent equilibrium CT state having an intermolec-
ular configuration different frcm that in the
Franck-Condon state, because of the rigid
spatial configurations between adsorbed mole-
cules.

It seems reasonable to assume that the ob-
served CT absorption band is the first (lowest)
CT band, because of the following arguments.
The energy difference between the first and sec-
ond CT bands, as estimated from the lowest and
second lowest vacant molecular orbitals, is 1.6
eV according to an SCF MO calculation of
anthracene [7]. Hence, if the observed CT band
were due to the transmon to the second CT state,
then the first CT state should be lower than the
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lowest locally excited state (lLa) of anthracene,
leading to remarkable quenching of the fluores-
cence of anthracene by amine,

It seems, therefore, highly probable that the
observed CT absorption bands are due to transi-
tions to the lowest CT Franck-Condon states
which correspond electronically to the fiuores-
cent equilibrium CT states found in solutions,
For the anthracene-tri-n-butylamine system, a
large Stokes shift of 16000 cm-1 has been ob-
tained between the observed new CT absorption
band (272 mu) and the CT fluorescence (483 mu)
observed in solution. This value is rather large
compared to those of weak CT complexes
(~12000 cm-1 [1]).

It is worthwhile noting that the absorption
intensities of CT bands for large-size hydro-
carbons are weaker than that for anthracene.
This can be explained by the difference in the
degree of overlap between the interacting local-
ized orbitais of umine and the molecular orbitals
spread over the whole ring of the hydrocarbon.
Similar behavior is observed for the CT com-
plexes of iodine with hydrocarbons [8]. In our
system, the interaction between hydrocarbons
and amines in the ground state is expected to be
stronger [4] than in solutions where binding be-
tween them is considered to be negligible. As
indicated by Hanna and co-workers for weak
complexes [9], electrostatic interactions may
play an important role in determining the stable
intermolecular configurations in the ground state
which may give rise to a rather intense contact~
CT type absorption band [8]. The contributions
of the locally excited states of the hydrocarbon
and amine to the CT Franck-Condon state are
now being investigated theoretically. The ex-
cited state of amine (Rydberg state [10]) inter-
acts with the CT state to a considerable extent,
since the overlap between the lowest vacant
molecular orbital of hydrocarbon and the
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Rydberg orbital (3p orbital of nitrogen atom) is
much larger, due to the large size of the
Rydberg orbital, than those between the molecu-
lar orbitals of hydrocarbon and the lone- pair
orbital of amine. Absorption spectra have also
been measured in the well-known exciplex sys-
tem (aromatic amines-~-aromatic hydrocarbons)
down to the ultraviolet region. The details of
these experimental and theoretical results will
be reported elsewhere,
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Experimental Determination of the Electronic
Absorption Spectrum Ascribable to the 0.~

Ion Adsorbed on Porous Glass

by Hiroshi Tsubomura, Naoto Yamamoto,
Hiroyasu Sato, Kunio Yoshinaga,

Hideyuki Ishida, and Kiyoshi Sugishima
Department of Chemistry, Faculty of Engineering Science,

Osaka University, Toyonaka, Osaka, Japan
(Recetved Awgust 8, 1967)

A tube of porous glass! 3—4 em long and with an outer
diameter of 11 mun was placed in o vacuum line.
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD)
was adsorbed onto i, and the absorption spectrum of
the glass was measured with light incident across the
tube. The absorption spectrum obtained was essen-
tially that of the TMPD molecule itself. The sample
was then irradiated with a high-pressure mercury lamp.
The absorption spectrum arising from the irradiation is
shown in Figure 1. 1In the visible region, it has three
characteristic bands readily identified with those of
TMPD+ and another band with a maximum at 4200 A
(hereafter called the Y band). The intensity of the Y
band produced under various conditions is proportional
to the intensity of the TMPD+ band. The specimen
also gives an esr pattern shown in Figure 2 (curve a),
which is regarded to be the sum of the symmetric esr

(1) Made and kindly donated by Central Research Laboratories,
Mitsubishi Electric Corp., Amagasaki, Japan. It is prepared by
treating alkali borosilicate glass with strong acid, and said to have
pores with fairly uniform dinmeter, 30~100 A. The surface area is
measured to be about 271 m?/g, The glass is slightly opaque,
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Figure 1. Curve 1: the electronic absorption spectrum

of TMPD adsorbed on porous glass and irradiated by
ultraviolet light. Curve b: that of TMPD* (Br—) in an
ethanol solution.

spectrum centered at ¢ = 2.003 for TMPD* and an-
other spectrum with considerably large anisotropic g
factors (curve b). The latter seems to be in accordance
with the spectrum assigned to the O~ ion formed on the
surface of zinc oxide.®

It has been confirried that the irradiation ¢f porous
glass itself causes neither a special electronic spectrum
nor an esr spectrum.

The intensity of the Y band depends muech on the
rreatment of the porous glass before adsorption. The
results in Figure 1 are for the glass activated at about
500° for several hours under vacuum. With higher
temperature and longer time of activation, the intensity
of the band decreases. By a similar experiment using
the glass treated with hydrogen gas at 500°, both the
TMPD+ band and the Y band appear only faintly. To
the contrary, the introduction of pure, dry oxygen (10
mm pressure) into the vacuum line for about 1 min in-
creases to a large extent the intensities of both absorp-
tion bands produced by irradiation.*

In the case where an aromatic hydrocarbon (A) as
well as TMPD is adsorbed on the porous glass, there is
a marked effect on the intensity of the photochemically
formed Y band. For the case of anthracene, terphenyl,
or naphthalenc used as (A), the Y band disappears and,
instead, the spectrum corresponding to the A~ anion
appears. For the case of fluorene, both the Y hand and
the band of fluorenc— appear. TFor the case of di-
phenyl, no spectrun of diphenyl= apuears but the Y
band does appear. "Uhesc resuits are in good accord
with the sequence of the clectron aflinities of the aro-
matic hydrocarbons. The sgecies related to the Y
band, therefore, may be roughly regarded to have an
cleetron affinity nearly the same as that of fluorene.

Similar photoionization experiments using N,N-
dimethyl-p-phenylenediamine instead of TMPD re-
sulted in the appearance of the Y band as well as those
for the phenylencdiamine cation.

Tl JSournal of Physical Chemistry
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Figure 2. Curve a: the esr spectrum of irradiated TMPD
adsorbed on porous glass. Curve b: the spectrum is
tentatively divided into two componeats in such a way that
their sum agrees with curve a.

All the above results seem to suggest fairly stro»
that the carrier for the Y band is O,—.

The photoionization of TMPD in low temperature
matrices has Deen extensively studied’® It is
concluded that photoionization under near-ultraviolet
light, is eaused by a two-step mechanism via the lowest
triplet state, Ifor the present case, thevefore, it is
reasonable to suppose that electrons are cjected from
TMPD by a two-step exeitation. Our presert results
suggest that the electrons thus ejected return quickly
to TMPD+ unless an aeceptor, O, or an aromatic, traps
it.

Thompson and Kleinberg’ reported many years ago
that alkali superoxides formed in liquid ammonia
showed a band at about 3800 A, which they assigned to
0,~. We prepared potassium superoxide and measured
the absorption spectrum of its solution in liquid am-
monia. No absorption peak has been found, but an
absorption arising monotonically to 3000 A has been
obtained.

(2) For example, R, J. Kokes, Proc. #-d Intern. Congr. Catalysis,
Amsterdam, 1964, 1, 484 (1965); J. H. Lunsford and J. P. Jayne,
J. Chem. Phys., 44, 1487 (1960),

() According to MeLachlan, et al., the (3~ ion in an agueous solu-
tion shows un ultraviolet nbsorption spectrum at about the same
region of wuvelength as the Y band, but its esr spectrum is quite
different froun that obtnined in the present paper: A. D, McLachlan,
M. C. R. Symons, and M. G. Townsend, J. Chem. Soc., 952 (1959).

f4) Under hanid conditions, TMPD * is instantuneously formed by
the introduction of oxygen. Under strictly dry conditions, no
TMPD * is formed with the introduction of oxygen until the speci-
men is irrndinted.

(6) N. Yumainoto, Y. Nakato, and H. Tsubomura, Bull. Chem, Soc.
Jupan, 40, 451 (1967), and pupers cited therein.

®) K. D. Cadogan and A, C. Albrecht, J. Chem, Phys., 43, 2550
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43, 2011 (1965); W. M. McClain and A. C. Albrecht, ibid., 43, 465
(1965).

(7) J. K. Thompson and J. Kleinberg, J. 4m. Chem. Soc., 73, 1243
(1951), Wae are indebted to Professor Kleinberg for detailed informa-
tion on his work published a long time ugo.
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Rolfe, et al.? recently reported a broad absorption
spectrum at 2500 A, together with a fluorescence spee-
trum which they assign to O~ in the erystal of alkali
halides fused in an oxygen atmosphere.  Also, Czapski
and Dorfman® assigned the absorption band at about
2400 A obtained by the pulse radiolysis of the H,0-0,
system to O,~. These two results seem to offer reliable
data for the spectrum of the O, ion. Our spectrum,
though at a different wavelength, may also be valid,
because the position of the spectrum may be susceptible
to the environment. Another alternative is that our

Y baud might be the fivst band of O.~, which is much:

weaker than the sccond band, which may be the spec-
tra found by the zhbove authors. (In our experiment,
no absorption band below 3500 A can be measured.)

(8) J. Rolfe, F. R. Lipsett, and W. J. King, Phys. Rev., 123, 447
(1961).

¥) G.Csrapski and L, M, Dorfman, J, Phys, Chem., 68, 1169 (1064),
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Appendix of the Reprint [The Interaction of Oxygen

with Organic Molecules.II].

A-1. Phosphorescence decay curves of adsorbed o-Cl-

naphthalene at various oxygen pressures at 77°K. .....:.l

A—2. Phosphorescence decay curves of adsorbed

naphthalene at various oxygen pressures at 77°K. ..3

A3 Calculation of the natural radiative lifetime
of triplet-state naphthalene from the observed
triplet<—singlet absorption spectrum of naphthalene-
porous glass adsorbate immersed in liquid oxygen at T7°K.

et eareseisiessD

Al Temperature dependences of the

phosphorescence lifetimes of adsorbed biphenyl and

naphthalene. . « + « « ¢« o o o o o« o + o ... b

A-5 Phosphorescence decay curves of adsorbed

biphenyl at various temperatures. . . . . . . + .« .+ « o T
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at various oxygen pressures at 77°K.
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A-2 Phosphorescence decay curves of adsorbed naphthalene

at various oxygen pressures at 77°K.
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A3 Calculation of the natural radiative lifetime of triplet-
state naphthalene from the observed triplet—singlet abscrption spectrum

of naphthalene-porous glass adsorbate immersed in liquid oxygen at T7°K.



Tr
1 [ 1
Eog.[P -
Bipheny!
\\x3§x
0 \ _
— x\ —
T X\\ ]
Naphthalene \
-1 l l
0 5 10 ’ 15
—f~><1oa

A—4

Temperature dependences of the phosphorescence
lifetimes of adsorbed biphenyl and naphthalene at

negligible oxygen pressure.



Sy — B e e e -
e pE Srv———— e ATy, R AM] B NAP A, [T VYR U1 S pe 1
TR P Y Py v 8 ty f ] 7
- k3 & 0 t z
a il i 3
k v e i+ o
g 7t 5 " - - . 4
v 4 g {
; : i g 1
h 4y !
; ; - o O
t Af i
K 1h fr o & ' i —-e
wr sy e oy
‘ f
Kbt vt T ! gt ca [T e liE g
(St ol dok D LR rr AR 3 (LIl £ . 7ot [E Rl IR R AP
'f @ i >
: . ‘
¢ 5 )
i ] :
i 4 v i
A 3 = ¥ i 7 }
d ¥ ¥
'» ] i
| &
s ;i 3
3 B
L, ; \
o8 & 4 IR b Gy A & S 2
‘ b #e ‘ . il i

4

¢

i

JHETIITIIIOG T IUIIY FRUITIVINY FUr AT o ARV, Fe S e 9
VRS A bl ‘s e

1.0 sec/aiv

/-

3
-
A B e S el S A

: i
i i P
e - . e
8k i : i
14 ‘/.. ¢ 4 L] i 3
i ol
b Gt i n 4 i
[ ) 1T ' | LIERRTR o
’ - =B
| ,., ‘
r"' e oy o 1 ¥ i
It i .
| SE :
TR
Ew-» v /', - 1

;& £
by & .
gl t
s { 4
‘&. i dis s N o |

Ermprievstirn b @ SRR WS Y e v mew PRSI JuM A S LN Tt 8

\ i : s
i t i it if :
¢ { e ; ; 5
Ve it !
: i 3§
!, BE ;
i ¥ i 4 . i
7 34 1 * 1 3
> 1 ” 4 :
S i ‘g b .
i §
i . )
[ : $41 i : i 300(:
4 1 % ¢ o
* 2f]

05 sec/div

T Tl

Phosphorescence

.A*NS

decay curves of adsovrbed biphenyl

at various temperatures. Oxygen pressure; 1073 Torr.



..

gp,....v-_“, '"”,v...,....,,..'.'ff; TR TS TR i arrotevher (o rheds it

i - o - 2 &4
& ) ! JEey ; £

i ; Qo tg v &

4 2 i i Ceoir 5 R i |

i ; i : | $3050° ¥ o ] §

{, “i it 1 A oo waty it l L BT LR (P ik

: ' A0 o Bty prs s o e viga b i

H : El

i

i ;S

it : it !
:“4' L LR T LY o+ B Aas ot das 2 s ud
LRI T EXRERt pERSE ]
v 4 $ 3’,‘.{
‘
¢ i ! :
H i
B 3 . o s %
i " |
H
; ¥

o e i

s %
o g g e s
LI i
ar
113
Festag g R e dpend i 6g
NP A EY S Y2 ¢ I M N

e f

AR LIRS

5‘;”?3.?."-"7."“
qe
wp
od

23 i o

Wt

R §

geih e i ‘

i ; i

E E 2
b | L ] . ;

0.5 sec/div

15

C



