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ABSTRACT

The quenching of triplet-state benzéphenone by transition=metal
chelates of acetylacetone, dipivaloylmethane and dibenzoylmethane is
studied in detail. Compounds with both diamagnetic and paramagnetic
ground state configurations and with square planar and octahedral
structural configurations are used in this investigation.

The most extensively studied chelates are the octahedrally
complexed acetylacetonate and dipivaloylmethide complexes of iron,
chromium, cobalt and aluminum. Detailed molecular orbital calcula«~
tions considering the T-orbital interaction between the ligand m-orbital
system and the d-atomic orbitals centered on the metal atom are per-
formed on these chelates. The calculated spectra of the chelates agree
well with the observed,

Quenching experiments show no correlation between the para-
magnetic susceptibility of the chelates and their quenching efficiency.
Furthermore, no correlation between quenching efficiencies and the
energies of the low energy ligand field transitions is observed. A
correlation is obtained, however, between the quenching efficiencies
of the chelates and the calculated and observed 1T-m% transition energies.
A steric effect, introduced by the ligands, is observed between cor=
responding sets of dipivaloylmethide and acetylacetonate chelates.

Both the energy correlation and the steric effect may be explained by



a general mechanism for triplet energy transfer in solution which is
given in this thesis.

Quenching of singlet benzophenone by the dibenzoylmethide
chelates of iron and chromium is also observed. A possible explanation

of these results is given.
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INTRODUC TION

The subject of energy transfer has received much attention
in recent years. The mechanism is of considerable interest, not
only from an academic point of view, buat with respect to the under~
standing of biological systems. Molecular excited states are respon-
sible for a large variety of chemical reactions. These include
reductions, oxidations, isomerizations, additions, polymerizations,
and others. In many systems the addition of trace amounts of certain
impurities will quench the photochemical reactivity of the system by
serving as energy sinks, deactivating the reactive excited molecules.
In other systems energy is absorbed by sensitizors, then transferred
to different molecular species, which then may undergo a chemical
reaction. Thus the importance of understanding the mechanism of
energy transfer bscomes obvious.

FUrster developed a theory for long range energy transfer
which he called resonance transfer or inductive resonance (1, 2). His
theory predicted that if the fluorescence transition of the donor and
the absorption transition in the acceptor were strong electric dipole
transitions, and the fluorescence spectrum of the donor overlapped
the absorption spectrum of the acceptor, energy transfer could occur

over distances which are considerably greater than ordinary molecular



collision diameters. These distances are in the neighborhood of 50 to
150 Angstroms. The efficiency of transfer depends on the degree to
which the above conditions are satisfied.

The resonance transfer process is in competition with other
modes of deactivation of the excited state. Therefore, ii the lifetime
of the excited state of the donor is sufficiently short, only transitions
which give relatively large coupling interactions between it and
acceptor states are important in this type of energy transfer process.

1f spin interconversion is involved, as with singlet-~triplet
energy transfer, exchange terms in the transfer interaction matrix
elements must be considered. This requires small distances for
sufficient overlap between the orbital systems of the donor and acceptor
molecules, Electron exchange allows energy transfer only under
conservation of total spin multiplicity of the system. If sufficient
dipole coupling is present, then energy transfer may still take place
over distances in slight excess of ordinary collision diameters since
exchange terms do not have to be large.

If the donor transition is further forbidden by symmetry, such
as with an n— 7% transition, the dipole-dipocle coupling interaction
may be very small and higher order terms should be considered.
When this is combined with spin interconversion requirements, trans-
fer by ‘inductive resonance will probably take place very slowly and

give way to any other common yet faster mode of deactivation,.



Terenin and Ermolaev (3) have measured phosphorescence
spectra of several aromatic compounds using benzophenone and
benzaldehyde as photosensitizers., The measurements were made in
ethanol-ether glass at 77°K. As the concentration of acceptor in the
glass was decreased, its characteristic emission also decreased while
the donor phosphorescence increased. By assuming a completely
random distribution of donor and acceptor molecules in the glass,
FBrster (2} has estimated from the results of Terenin that triplet
energy was being transferred over a mean distance of about 14 Ang-
stroms. This distance is in excess of ordinarily expected collision
diameters. There is some question, however, as to whether a com-
pletely random distribution of donor and acceptor molecules actually
exists in the glass. Prior to and during the cooling cycle, complexing
between the two types of molecules may have resulted in the formation
of molecular aggregates, However, the rate constants for energy
transfer determined by Terenin (3) are several orders of magnitude
smaller than the quenching constants normally encountered in solution.

Recently several workers have investigated triplet energy
transfer in solution (4, 5,6,7,8,9). By observing the quenching of
biacetyl phosphorescence, Bdckstrom and co-workers (4, 6) have
measured rate constants for the deactivation of the lowest energy
biacetyl triplet state by a number of compounds. Two types of

quenchers were studied. The first were those which contained loosely



bound hydrogen atoms and quenched biacetyl triplets by reduction of
the excited molecule through hydrogen transfer. The second group
were molecules which did not contain any chemically reactive sites
but which did have triplet state energies near that of biacetyl, Here,
quenching was assumed to result from triplet energy transfer between
biacetyl and quencher. Their (4,6} results indicated that energy
transfer was only taking place through molecular encounters. They
also indicated that the apparent efficiency of the transfer process
decreased as the energy of the acceptor increased toward that of
biacetyl. At lower energies the effective rate of energy transfer
approached that for a diffusion controlled process. Inefficient endow
thermic energy transfer was observed to occur along with a dependence
on the sensitizer concentration.

Using a double-flash technique, Porter and co~workers (7, 8)
have investigated the transfer of triplet energy between a number of
donors and acceptors in solution. Their results are in accord with
those obtained by BHckstrom (4, 6), Quenchers with higher triplet
energies than the donor were found to be poor, while those with lower
energy were coasiderably more efficient. Again the maximum effective
rate of energy transfer approached that for a diffusion controlled
process.

In these laboratories the study of energy transfer has been

undertaken using chemical techniques. These include the investigation



of the cffect certain selected quenchers have on the photoreduction

of benzophenone by benzhydrol and the study of the photosensitized
isomerization of clefins. The former technique, which was developed
by Moore (10, 11), has been used successfully by him and others
(9,12, 13} for measuring the quenching efficiencies of selected com-
pounds.

Moore and Hammond (10, 11}, and independently BHckstrom
and Sandros {5), have demonstrated that the chemically reactive excited
state of benzophenone is the low-lying n— m% triplet. The addition of
trace amounts of quenchers reduce the quantum vyield for the photo-
reduction of benzophenone by benzhydrol in a manner which is related
to the effective deactivating ability of the quencher toward the chemic~
ally reactive ketone excited state.

Leermakers (9) has shown that compounds having triplet
energies lower than that of benzophenone, in general, are gocod
quenchers. Compounds having triplet state energies which are greater
than that of benzophenone are either poor or altogether ineffective as
quenchers. An unpublished study by Walsh (13), using the same
benzophenone~benzhydrol system, has demonstrated a similar ener«
getically selective quenching effect with a largely expanded collection
of compounds. The results of Leermakers and Walsh are in accord

with those obtained by Bfckstrom and co-workers (4, 6},



Saltiel (14) has employed the isomerization technique with
stilbene. Through the use of selected sensitizers which have different
triplet state energies, he has demonstrated the reversible nature of
an energy transfer process involved in his system. The process is
followed by observing changes effected in the steady state ratioc of

cis to trans stilbene in an inert solvent as a function of the triplet

state energy of an added sensitizer. When the energy of the sensitizer
is much higher than the triplet energies of both stilbene isomers, the

steady state cis-trans ratio approaches and maintains a limiting value.

This indicates that when energy transfer is largely exothermic it
becomes equally efficient for both stilbene isomers. As the triplet
state energy of the donor is decreased toward that of the high energy

cisw~stilbene isomer, the cis to trans ratic increases. The rate of

increases does not reach a maximum value until after the energy of

the sensitizer falls below that of the cis isocmer.

A's the sensitizer energy is continually decreased, the cis-trans

ratio of stilbene isomers reaches a maximum value. This occurs
when the triplet energy of the donor is somewhere between that of the
two stilbene isomers. After passing the maximum the rate of change

of the cis~trans ratio then decreases as the energy of the sensitizer

approaches that of the low~energy trans-stilbene isomer, increasing
to zero as the energy of the trans-~isomer is passed. After the sen-

sitizer energies fall below those of either stilbene isomer, much



longer periods of time are required to reach a steady state than when
donor energies are higher than those of the stilbenes. Saltiel has

explained his results by considering that the lifetime of the trans-

stilbene triplet is sufficiently long that energy transfer from it to the
ground state sensitizer serves as an effective mode of deactivation.

The lifetime of the cis-isomer, however, is too short to allow this

mode of deactivation to compete effectively with other non-radiative
deactivation processes. These results indicate that reversible and
endothermic energy transfer must occur. Turro (15) has alsc shown
that a similar trend exists in the isomerization of piperylene.

In each of the cases cited above, effective quenchers were
organic molecules which had a ground singlet state and an excited
triplet state whose energy was close to but somewhat less than that
of the donor being quenched. Other quenchers that were studied,
bat found to be less efficient, were molecules that either reacted
chemically with the excited sensitizer or had triplet state energies
which were higher than that of the donor.

In addition to those mentioned above, another class of molecules
has been observed to quench excited triplet states. These are
molecules which have unpaired electrons in their ground state con-
figurations such as oxygen, nitrogen oxide, and paramagnetic transition

metal ions. Deactivation of excited triplet state sensitizers by this



type of quencher has been investigated by several workers (7,16, 17. 18,

9,20j. Bdckstrom {16) observed the quenching effect of oxygen and

[

nitrogen oxide on the chemically active state of benzophenone., He
proposed that quenching possibly resulted irom the formaticn of a
charge-transfer complex between quencher and the excited ketone.
Strong chemical bonding could result due to the partial radical charace

ter of the excited donor and gquencher. The charge transfer complex

could decay to a lower energy state, decompose and regenerate the

guencher.

ES
Moore and Hammond {20} found that ocxygen and ferric dipie-

valoyimethide guenched the triplet state of benzophenone. Thev pro-
Y I

posed that since the ferric chelate annarently guenched as well as
& EN !

oxygen. bond formation of the type proposed by Bickstrom {16} was

not likely. Instead. they suggested that the mechanism invoived was
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to that proposed by McCoanell {21} to account for

4

probabl

Pt}

B
U
i
,3
e
[
3]
H

paramagnetic catalysis of the thermal isomerization of clefins.
Harmmond, Baker and Moore {22} reported that the paramagnetic

dipivaloyimethide chelates of ironi erbium, and samarium

guenched the photoreduction of benzophenone by toluene. They also
found that the diamagnetic dipivaloyimethide chelate of aluminum did
not have a measurable effect on the reaction. It was conciuded from
these results that the gquenching ability cof the chelates was due to

their paramagnetism.



Porter and co-workers (7, 20) observed quenching of triplet
anthracene by molecular oxygen and nitrogen oxide. In addition,
Porter and Wright (17) measured the rate of quenching anthracene
triplets by transition metal ions in aqueous and alcoholic solutions.
They also measured a self~quenching rate constant for anthracene
triplets. It was found that only the paramagnetic ions which they
studied were able to quench triplets appreciably, The diamagnetic
ions that were studied had very little or no quenching ability.

Quenching rate constants were classified into three categories:
The first included ions or ‘molecules which have unpaired electrons
localized in p-orbitals, such as oxygen and nitrogen oxide. The
second were substances in which the unpaired electrons were located
in d-orbitals, such as transition metal ions. The last category con-
sisted of molecules in which the unpaired electrons were located in
f-orbitals, such as rare earth ions. The guenching rates for sub=-
stances in the first grouping were found to be in the neighborhood of
ordinary diffusion controlled rates. The rates of quenching by
molecules in the second group were about two orders of magnitude
smaller than those of the first. Molecules classed in the final group
exhibited quenching rates that were at least one order of magnitude
smaller than those in the second. The quenching efficiencies showed
no correlation with the magnetic susceptibilities of the ions. No

correlation between the excited energy levels of the ions and their
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quenching efficiencies was apparent. A theory was proposed to
explain the results.

Since all of the paramagnetic ions and molecules that Porter
and Wright (17) studied were able to quench anthracene triplets,
and since no quenching was observed with solvated diamagnetic ions,
they felt that the mechanism must be due to some effect associated with
the spin multiplicities of the quenchers. A brief outline of their
theory follows.

The process
A*(3=x) + Q(S=y) ~ A(S=x-1) + Q(S=y) Q)

is allowed by spin conservation rules when x >1, if y >0, The forbidden
spin change of A from 1 to 0 becomes possible without the necessity
of energy transfer to *he quencher. However, solvent molecules must
be present in order to absorb the energy released by A* when it
decays to its ground state. The mechanism is distinct from any mag-
netic perturbation effect and therefore the reactivity of quenchers is
not directly correlated with the magnitudes of their magnetic moments.
The process is considered to take place in two steps:
(1) The formation of a collision complex, and (2) the dissociation of
the complex. The quenching rate is expected to depend on (a) the
spin-spin coupling between the donor and quencher in the complex,

(b) the lifetime of the complex, and (c) a spin statistical factor.
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By considering the statistical factor alone fér the process given

above, it is found that all paramagnetic molecules have an equal
probability for the conversion of triplets to singlets. Therefore, the
differences observed in the rates of quenching exhibited by the molecules
studied were attributed to the lifetime of the collision complex and

the spin-spin interactions between A and L in the complex.

The above factors do not depend upon the paramagnetic sus-
ceptibility of the ions. They do, however, depend to some extent upon
the degree of overlap between the orbitals containing the unpaired
electrons in A and Q. The authors (17) stated that the degree of
interaction expéctedly decreased as the unpaired electrons became
increasingly deep~-seated while going from p- to d- to f-orbitals. The
f-electrons of rare earth atoms only exhibit small interaction with
solvent or other environment (23,24). Since transition metal ions
form complexes in solution, the d-orbitals are shielded, by the inner
complexed solvent shell, from interacting with outside electronic
systems. Porter also stated that according to the proposed mechan-

‘ism, the radiationless transition probability is increased by the
presence of a paramagnetic quencher only by an amount cbrresponding
to the difference between a spin-forbidden and a spin-allowed radiative
transition.

Linschiz and co-workers (18,19, 25) have recently studied the

quenching of anthracene triplets by solvated metal ions using a flash-
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technique. Whereas Porter used water and alcohol mixtures as
solvents, these investigators conducted their studies in pyridine
solutions. Copper chloride was used primarily as the paramagnetic
quencher. During the course of study, known quantities of ethylene=~
diamine and ortho~phenanthroline were added to a mixture of anthracene
and cupric chloride in pyridine. It was found that upon the addition
of ethylenediamine, the quenching efficiency of the copper chloride
decreased toward a limiting value which was lower than the value
obtained with a solution free from ethylenediamine. Addition of
ortho~-phenanthroline resulted in an increase in the quenching efficiency
of the copper chloride. The differences were accounted for by noting
that conjugated systems are better ;‘electron conductors'" and thus
can allow better electron exchange between the metal and the triplet
state molecule than can be allowed by ethylenediamine, The authors
felt that a charge transfer complex was formed between the excited
molecule and the metal ion. The complex is then thought to undergo
a rapid radiationless decay to its ground state. The forbidden spin
conversion of the excited molecule was proposed to be catalyzed by
a mechanism similar to that suggested by Porter (17).

The present investigation utilizes the technique of photo~
reduction of benzophenone by benzhydrol for the study of triplet state

quenching by selected transition metal chelates. The results indicate
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that a combination of several of the effects observed by others may

be involved, and that earlier explanations are not complete.
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EXPERIMENTAL

MATERIALS

Benzophenone

Benzophenone (Matheson, Coleman, and Bell, Reagent Grade)
was recrystallized from a mixture of hot benzene and ligroin. The
plates melted sharply at 50°.

Benzhydrol

Benzhydrol (Matheson, Coleman, and Bell, Reagent Grade)
was recrystallized twice from a mixture of hot benzene and ligroin.
Slow cooling yielded colorless, fine, light needles, m.p. 68°.

Benzene

Benzene {Mallinckrodt, Analytic Reagent Grade) was used
without further purification after it was found that there was no effect
upon experimental results after the benzene had been subjected to
further purification. The purification consisted of washing the
benzene with concentrated sulfuric acid, then distilling it over sodium.
No darkening was observed upon the addition of sulfuric acid.

t-Butyl Alcohol

t-Butyl alcohol (Mathe son, Coleman, and Bell, Reagent Grade)
was redistilled; the fraction boiling from 82° to 83° was collected

for use.
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3-Methyl-2, 4~-pentandione

3-Methyl-2,4~pentandione was prepared by the method of
Hauser and Adams (26). Acetic anhydride was reacted with 2~
butanone using boron trifluoride as a catalyst. The product was dis~
tilled at 30 mm. pressure, and the fraction boiling in the range between
73° and 77° was collected for further use.

2~Acetylcyclohexanone

2~Acetylcyclohexanone (Eastman Kodak, White Label) was used
directly without further purification,

Dibenzoylmethane

Dibenzoylmethane was obtained from Dr. Karl Kopecky (27).
The compound melted at 79° and was used without further purification.
Chelates

Ferric dipivaloylmethide, chromium dipivaloylmethide,
cobalt(Ill) dipivaloylmethide, aluminum dipivaloylmethide, ferric
acetylacetonate, chromium acetylacetonate, cobalt acetylacetonate,
aluminum acetylacetonate, cobalt(Il) dipivaloylmethide, copper dipi-
valoylmethide, nickel(Il) dipivaloylmethide, manganese dipivaloyl-
methide, lanthanum dipivaloylmethide, erbium dipivaloylmethide,
and gadalinium dipivaloylmethide were obtained pure from Dr. Chin-
Hua Wu (28a). The details of the synthesis of these chelated are

given elsewhere (28b). The chelates were freshly sublimed before
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use in quenching experiments. Physical details of these chelates are
given in Table 1.

Ferric dibenzoylmethide and chromium dibenzoylmethide were
prepared by the procedure given below. Metal chloride hexahydrate
was dissolved in ethanol in which an excessive amount of sodium
acetate had been added. A slight molar excess of dibenzdylmethane
was dissolved in ethanol and the solution added to the chloride-acetate
mixture. The reaction mixture was heated on a steam bath for a half
hour and allowed to cool. During the heating period, the solution
containing the iron compound quickly turned orange and then formed
a blood-red precipitate. The solution containing the chromium chelate
turned yellow-green in color. After cooling to room temperature,
benzene was added and the mixture was extracted with water. The
benzene layer was dried over anhydrous calcium chloride, then
evaporated to dryness. The crude chelates were recrystallized three
times from a benzene-ligroin mixture. The analytical data for these
chelates are reported in Table 1.

Ferric and chromium 3-methylacetylacetonate, ferric and
chromium acetylcyclohexanonate, ferric and chromium benzoyl=-
acetonate, ferric and chromium hydroxyacetophenonate, and ferric
and chromium 8-hydroxyquinolate were prepared using the following
general procedure. This method was also used for pr eparation‘of

the previously described chelates and found equally effective for all.
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Table I

Analytical Data from Chelate Synthesis

Metal Abbrevi- M.P. Carbon-Hydrogen
ation Elemental Analysis
% C % H

Calc. (found) Calc. (found)

Acetylacetonate Chelates

Ferric Fe(AA)3 183
Cobalt Co(AA)3
Chromium Cr(AA)
Aluminum Al(AA)3 196
Dipivaloylmethide Chelates
Ferric I-F‘e(DPM)3 163
Chromium Cr(DPM)3 229
Cobalt III Co(DPM) 5 245
Cobalt II Co(DPM). 143
Aluminum A(DPM) 264-5
Copper 1II Cu‘(DPM)2 198
Nickel II Ni(DPM) , 225
Lanthanium La(DPM) , 1489
Erbium Er(DPM)3 1534
Manganese III Mn(DPM)3 165

Dibenzoylmethide Chelates
Ferric Fe(DBM)3 275 74.50 (73.85) 4.55 (4.50)
Chromium Cr(DBM), 316 74.89 (74.20) 4.58 (4.49)

3
Ferric Acetylcyclohexonate Fe(AC)3 150 61.03 (60.32) 6.99 (6.87)

Ferric 3-Methylacetyl~ Fe(MA.A)3 145-8 54,70 (54.40) 6.84 (6.75)
acetonate
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Higher yields of the chromium chelates were generally obtained than
are normally obtained by other procedures.

Metal chloride hexahydrate is dissolved in N, N-dimethyl-
formamide. A slight molar excess of ligand is dissolved in additional
N, N-dimethylformamide, and the two solutions are mixed. Excess
sodium hydrogen carbonate is added and the flask is swirled until
the mixture becomes homogeneous. The mixture is placed on a steam
bath for a few minutes, removed, and allowed to stand until cool.
Benzene is added, and the resulting solution is extracted with water.
A small amount of ethyl ether had to be added in some instances to
assist in the separation of the aqueous and organic layers. The organic
layer containing the chelate is dried over anhydrous calcium chloride
and evaporated to dryness. The crystalline residue is recrystallized
twice from a benzene-ligroin mixture and sublimed if the melting point
is sufficiently low.

The analytical data for the chelates are given in Table 1.

APPARATUS

The apparatus used for these experiments has been described
in detail by Moore (11). The light source was a Westinghouse (SAH
800—c) 800 watt short arc, medium pressure, mercury lamp. The

light was collected and collimated by specially constructed mirrors
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so that a parallel beam of light would pass through a filter holder and
cell holder mounted at the center of an optical bridge. The beam was
sufficiently broad at the location of the cell holder that four 15 mm.
tubes placed in a Beckman D. U, ultraviolet spectrophotometer cell
holder could easily fit into the beam. The light beam was collected on
a second mirror located behind the cell holder and focused on a
thermopile (Eppley Laboratories). The output from the thermopile
was measured by a Rubicon potentiometer. Output measurements
from the thermopile were proportional to the light intensity. A

diagram of the optics is given in figure I.

CELLS

Three types of cells were used in this investigation. Drawings
of these cells are given in figure II. Early experiments were carried
out in quartz cells of typeI , which are described in detail by Moore
(11). They were mounted in the apparatus by means of a cell holder
set in a V-block and fitted with a 25.52 cmz diaphragm to insure a
constant, incident light beam cross section. The second type of cell
that was tried was formed by sealing a pyrex T-tube to the top of a
quartz Beckman D. U. ultraviolet spectrophotometer cell. One end
of the T-tube was attached to a 14/38 standard-taper, ground-glass

joint. The other end was sealed. These tubes proved unsuccessful
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Figure II. Diagram of Cells Used for Photolysis Studies

Type I

Py}'ex Quartz Pyrex

mim

Volume = 75 ml.

Type II

Pyrex Constriction for Sealing
+

Glass Joint
+—————— Covered with Plastic Dope
Sealer

Quartz--Beckman U. V.

P N—
Spectrophotometer GCell

Volume = 3.6 ml.

Type II1
Pyrex Test Tube Constriction for Sealing
¢ 1 —_
T \—_—/
( 15 mm
v

Volume = 4.0 ml.
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due to continual leakage and difficulties in mixing., A third type of

cell which was finally adapted for general use was made by sealing a
14/38 ground-glass joint to the top of 2 15 mm. diameter pyrex test
tube. The test tubes were matched for diameter and light transmission

before use.

FILTER SYSTEM

The filter system that was used in this work consisted of a
combination of Corning glass filters 0~52 and 7-60. This filter com-
bination resulted in a narrow spectral band with a maximum trans-
mission at 3700 Angstroms and a half-height width of 300 Angstroms.
This completely eliminated the 3130 A mercury line and allowed less
than two percent of the 3450 A and 4050 A lines. The transmission
at the maximum was 42 percent. Figure IIl is a representation of this

system.

PROCEDURE AND ANALYSIS

All quenching experiments were conducted by using the same
general procedure. Stock solutions of benzophenone, benzhydrol,
and quencher were prepared. Samples consisting of the proper amount

of each stock solution were placed in a flask and diluted with solvent.



23

Figure III. Filter System
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The cells were filled, then degassed three times to one micron
pressure using a freeze-thaw cycle. After the final degassing cycle,
the cells were sealed by torch. The large quartz cells (type I) held
75 ml. of solution. The small quartz cells (type II) and the pyrex
tubes (type III) each held 4 ml. of solution. The smaller cells were
filled with an automatic syringe set for the required volume. Pre-
cision in filling cells by this technique was found to be better than one
, part per thousand.

One large cell or four small cells could be placed in the light
beam for each irradiation period. In every case in which small cells
were used, one of the four contained only benzophenone and benzhydrol
and was used for monitoring the light intensity. In all instances the
initial benzophenone and benzhydrol concentrations in each of the four
cells irradiated simultaneously were the same. In most cases, at
regular intervals of 500 to 600 seconds during a run, the cells were
mixed and rotated in their positions so that each cell spent an identical
period of time in each cell location in the light beam. This insured
an overall constant light intensity on each cell and sufficient mixing of the
sample during the irradiation. Itwas found, however,that the cross-
section intensity of the light beam was very constant.

Analysis was made by ultraviolet spectrophotometry. The
fraction of benzophenone reacted was measured by comparing the

optical density of the irradiated sample to that of the unreacted solution.
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A twenty~fold dilution factor was normally used for benzophenone
analysis. Analyses were usually made in benzene. (Methyl alcohol
was used for making dilutions when the reactions were run in t-butyl
alcohol.) Measurements were made at five millimicron intervals
from 345 my to 365 myu . The quantity of chelate destroyed during
irradiation was 'determined by measuring the optical density of
undiluted éamples of irradiated and non-~irradiated solutions, if possible,
in regions where the chelate had a visible absorption not interfered with
by benzophenone absorption.

The equipment used for analysis was a Beckman D, U. spectro-

photometer and Cary Model 11 and Model 14 spectrophotometers.

ACTINOMETRY

Moore (11) used the photoreduction of benzophenone by iso-
propyl alcohol to measure the lamp intensity during his study of the
phot&r eduction of benzophenone by benzhydrol. Benzophenoﬁe was
dissolved in pure isopropyl alcohol and il;radiated for different
lengths of time. The 1amp'output was known to be constant as deter -
mined from thermopile measurenients. Yet considerable variation in
the rate of disa]:ppeara\nce of begzophenone resulted when the reaction
was allowed to proceed to different degrees of conversion. A fairly

consistent value for the rate of benzophenone destruction was obtained
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for runs in which the reaction was carried to about 20 percent con-
version. This value was chosen as the standard rate of photoreduction
of benzophenone by isopropyl alcohol at the constant light intensity
where the photolyses were made.
Pitts et al. (29) showed that the quantum yield for the photo-

reduction of benzophenone by isopropyl alcohol was greater than one
in degassed solutions and attributed the large quantum yield to the
reaction:

OH @)

l 1

CH3 -C-CH

t 9,C0 > CH,-C-CH_ + c,pZC—OH (2)

3

Thus, for every benzophenone molecule photoreduced, a second could
also be reduced by reaction 2.

Moore irradiated a sample of the ketone with a high concen-
tration of benzhydrol present in benzene solvent. The rate of ketone
disappearance obtained from this experiment closely approximated
the rate determined for the benzophenone=~-isopropyl alcohol reaction
when allowed to go to 20 percent conversion. It was decided that the
secondary reaction propased by Pitts (29) was not playing a significant
role under the reaction conditions empléyed by Moore. This conclusion
was reasonable because in the benzophenone-benzhydrol system the
reaction corresponding to 2 would be an identity process. The quantum

yield for the rate of disappearance of benzophenone in isopropyl alcohol
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was concluded to be unity under Moore's reaction conditions.

Recent experiments have shown that the original conclusions
drawn by Moore with respect to actinometry are probably not correct.
The quantum yield for the destruction of benzophenone in isopropyl
alcohol is actually greater than one under the conditions employed
by him. Thus, this method for actinometry is no longer recommended.

A simple reaction sequence which accounts for the photo-

reduction of benzophenone by benzhydrol is

eIa

B ——> B¥* (3)
kg

B* —————=> B + Energy -(4)
k

B#*+BH  ———————> Products (5)

2

where B is ground state benzophenone, B* is the chemically reactive
excited triplet state benzophenéne, _B.l_lz is benzhydrol, —I—a is the
absolute intensity of the absorbed incident light, e is the efficiency
factor for the formation of chemically reactive triplet molecules
from those absorbing light, kd is the rate constant for all first order
deactivation processes both radiative and non-radiative, and kr is

the rate constant for the hydrogen abstraction step.

Two rate equations describing the sequence of reactions may

be written. The first, used by Moore and later in this work, is
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k
1
) e ek [BH_]
T 2

av

where o is the absolute quantum yield for the conversion of benzo-
phenone and is defined as the number of moles of ketone reacted per
Einstein of energy absorbed. The equation is appropriate when the
benzhydrol concentration is moderately large and therefore remains
nearly constant during the time interval of the reaction. The average
benzhydrol concentration, rather than the initial concentration, is
always used in calculating results from this equation.

The éecond equation is probably more precise and was used
for the development of the actinometric procedure adopted for this
work. Since for each benzophenone molecule reduced one benzhydrol
is oxidized, the rate of disappearance of benzhydrol may be followed
kinetically by following the rate of destruction of benzophenone.

Applying the steady state treatment to the triplet state benzo-

phenone concentration one obtains:

el
a

TB*] = . (7)
kd + kr [BH2]

The rate for the disappearance of benzhydrol is:

d[BI—I2]
- —— % - kx [BH_][B*] . (8)
at r 2
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Substitution of equation 7 into equation 8 gives:

d[BHZ] [ eIa
- — % - x [BH_] . (9)
" r 2 kd+kr[BH2]]

After integration one obtains:

k [BHZJ,
el t= [BHZJ - [BHZ] + — fn —29 (10)
o f T [BHZJf

where_t_ is time, [BHZJ is the initial benzhydrol concentration,

and [Bszf is final benzhydrol concentration.

There are two quantities which are unknown in equation 10.

They are the effective intensity (eIa) and the ratio of rate constants

kd/kr' If for a series of samples the intensity remains constant,

the value of the ratio kd/kr can be determined without knowledge of

the intensity. Likewise, the effective intensity can be deter mined

without knowledge of the value for kd/kr . This may be accomplished

in the following manner by using data obtained from a series of

experiments run simultaneously after making the substitutions

Vi T 'tl [ [BHz]f - [BH, ] (1)



29

Substitution of equation 7 into equation 8 gives:

d[Bsz el

- ——2% - x [BH_] = . (9)
dat r 2 [kd-i—kr[BHZ]:\

After integration one obtains:

k [BH,]
=T - = —_c9

el t _BHZJ [‘BI—IZJ t o An , (10)
o f T [BHz]f

where t is time, [BHZ] is the initial benzhydrol concentration,
- o)

and [BHZ]f is final benzhydrol concentration.

There are two quantities which are unknown in equation 10.

They are the effective intensity (ela) and the ratio of rate constants

kd/kr' If for a series of samples the intensity remains constant,

the value of the ratio kd/kr can be determined without knowledge of

the intensity. Likewise, the effective intensity can be determined

without knowledge of the value for kd/kr . This may be accomplished

in the following manner by using data obtained from a series of

experiments run simultaneously after making the substitutions

[[BH ] - [BH.] ] (11)
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[BHZJ [BH2]

- 1
= J = ?.(2’303 log |, —2 ) (12

BH i i [BH i
Br,) ),

1

X, = — In
1 t.
i

Equation 10 becomes
= k
i d/kr *i * eIa

where the subscript i refers to data corresponding to the ._ith run.
The value for kd/kr may be determined from the slope of a plot of
y, against x.. The value for the effective light intensityv(ela) en~
countered by these samples during the period of irradiation is given
by the ordinate intercept of the plot described above.

Four experiments were run and the best possible fit of the
data to equation 13 was effected by the method of least squares.

The data from these experiments are given in Table 2. The value

for the slope corresponding to k /k_is given by the expression,

d r
n n n
>_.1 yl A Xj - > Xi yl
= 2 J i (13)

WIW
a

B

H

(=8 i\/‘;j
W
e

n
S" X, - n ;“ X,
Ja L - b
j i

The ordinate intercept corresponding to the effective intensity (eIa)

is given by the expression,
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Table II

Experimental Data for Actinometry Development

(a)
2
S 1 t B B .
ample i(sec) HZ]O L szf v, x, v x,

6 5 11 10
(n) (x107) (x107) (x1077)  (x107)

1 7200 0.1500 0.1314 -2.586 1.832 -4.74 3.36

2 7200 0.0600 0,0453 ~-2.041 3.900 ~-7.96 15,21

3 8000 0.0300 0.0192 -1.350 5.575 ~-7.53 31,10

4 9000 0.0900 0,0696 -2.243 2. 853 -6.47 8.14
b¥ = Yx, = % = by 2
yl i Y:LX1 - Xi -
-8.243 1.416 ~2.670 5,781
1070 g 107% 10710 <« 1077

interval between mixing equals 500 - 600 seconds

—
2
1l

+
I

total photolysis time in seconds

[BHZJO = initial benzhydrol concentration

i}
o
v
[\Y]
}_hL_l
Il

final benzhydrol concentration

| I—

<
it

L r '
T L BH e - [P

r
L_BH2]
o

)

gl
1l

1
- (2.303 log g ————
i EBHZ]f

k. /k 0.0326 moles/liter

1}

el 3.19 x 10.-6 Einsteins/liter second

H
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ot

where n is the number of samples considered.

The value for kd/kr for the photoreduction of benzophenone
by benzhydrol in benzene cetermined by the above procedure is 0.0326
moles/liter. The effective intensity of the incident light beam for
this series of expzriments is 3.19 x 10_6 Einsteins/liter- second.
Using this effective intensity de;cermined by equation 14, the effective
quantum yields for the reduction of benzophenone for each benzhydrol
concentration were calculated and are given in Table 3. The
reciprocal of the effective quantum yield was plotted against the
reciprocal average benzhydrol concentration according to equation 6.
The slope of this plot, which corresponds to kd/kr is 0.0327 moles/
liter. This value is in very close agreement with the value determined
from the application of equation 10. The result of this argument is

that equation 6 can now be written,

1. 1+ 0.033 (15)

o [BHZJ
av

where ©' is the effective quantum yield and is defined by the

expression
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Table III

Quantum Yields for Actinometry Experiments

1 0 l ]. 1

Sample & [ /[BHZJaV kd/kr
1 0.805 1.242 7.15 0.0338
2 0.637 1.570 19.0 0.0300
3 0.421 2.379 40,7 0.0338
4 0.706 1.416 12.53 0.0332

Average 0.0327
© = quantum yield for the destruction of benzophenone .

-6 . . .
1. The lamp intensity is 3.19 x 10 ~ Einsteins/liter sec
as determined by equation 14.

2. The values of kd/kr are determined from equation 6.
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2 2 16
® - (16)

Equation 15 may be used for measuring the effective light intensity
as long as the reaction is not allowed to go to high conversion and the
average value for the benzhydrol concentration is used.

The data obtained by Moore were recalculated using equation
10, and a value for Ed/-lir equal to 0,031 moles/liter was obtained,

This value is in agreement with the value found in the present investiga-~
tion. Two of Moore's points were eliminated from the calculations.

One gave a very high value and the other gave the low value which led
him to believe the quantum yield for the photofeductlon of benzo-~
phenone by isopropyl alcohol to be unity. These experiments were
repeated in thé present work and found to give results in agreement
with the present analysis.

It was of additional interest to determine the value of the
efficiency factor (e) for the formation of reactive triplets from excited
singlets. Several investigators have studied the radiative emission
from solid solutions of benzophenone (3, 30,31,32). The quantum
yield of phosphorescence from benzophenone in glasses at 77°K has
been measured to be between 0.7 and 0. 85 by different authors (3, 30, 31).
In spite of the inconsistencies in reported phosphorescence gquantum
yvields, a common observation is that there is no fluorescence observed.

The lack of fluorescence indicates that the quantum yield for the
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formation of triplet states must be very nearly one. The fact that
the quantum yields of phosphorescence are less than one probably

results from non-radiative decay of the triplet by some internal or
thermal process before emission can take place.

To evaluate the efficiency factor {e), a number of experiments
were run in which the intensity of the lamp was allowed to change
between runs. Effective intensities were calculated by equation 15
for each run and are recorded in Table 4 with the corresponding
thermopile readings. The method for measuring light intensities
developed by Leighton and Forbes (33) through the use of uranyl oxylate
was also used for measuring lamp intensities. The intensities cal-
culated from these experiments are also recorded in Table 4.

The results obtained from the method of Leighton and Forbes
are subject to doubt due to experimental difficulties which are inherent
in the procedure. These difficulties were encountered while attempting
to measure the percentage of light absorbed by the samples during
irradiation and the uncertainty as to the exact value for the quantum
yield of the uranyl oxylate decomposition. It was found that concen-
trations of reactants much higher than were used by Leighton and Forbes
were needed in order to absorb all of the incident light. Using the
suggested concentrations, only about 10 percent of the light was
absorbed, thus requiring corrections for cell distortion, reflection,

and absorption in order to estimate the exact amount of light absorbed
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Table IV

Calculated Intensities with Corresponding Thermopile Readings

No. Thermopile Reading 1I_(x 10—17q/sec) I {x l@”q/sec) I (X1517q/ sec)
(mv) a b C

1 0.98 0.975 - -

2 1.02 - - 1.04

3 1.08 1,09 1. 69 -

4 1.09 - 1.79 -

) 1.43 1.40 2. 10 -

1,45

7 1.85 - - 1.92

8 2.45 - 3.64 -

9 2.95 - - 3.18

Ia = Intensity calculated from use of equation 15,

Ib = Intensity calculated from benzophenone-isopropyl alcohol

system, assuming a quantum yield of unity,

I = Intensity calculated from uranyl oxylate system.
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by the sample. In addition, the spectrum of the incident light was so
broad that a range of quantum yields would be expected on the basis
of the data of Leighton and Forbes. An average value of 0.53 was
chosen for the quantum yield of the uranyl oxylate decomposition within
the region of filter transmission.

The data from Table 4 are plotted in Figure IV. In spite of
the difficulties encountered in the selection of a proper quantum yield
for the decomposition of uranyl oxylate, the plot of intensity values
determined by this procedure against corresponding thermopile read-
ings lies on the séme line as do the effective intensities determined
from the benzophenone-benzhydrol system using equation 15 ,
If the uranyl oxylate results are correct, then the efficiency factor for
the formation of reactive triplets from excited singlets for benzo-
phenone must equal one.

It should be pointed out that for the present investigation it is
not necessary that the efficiency factor be known, since the benzophenone-~
benzhydrol system has been used throughout and the efficiency factor

always cancels when making quantum yield calculations.
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Figure IV

Calculated Intensity vs. Thermopile Reading
. \J1./
O Uranyl Oxylate Actinometry

O Benzophenone-Benzhydrol Method
using Equation 15

@ Benzophenone-Isopropyl Alcohol
Method, assuming & = 1.0

Anan
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Thermopile Reading (millivolts)

.0



39

RESULTS AND DISCUSSION

GENERAL

This investigation was initiated in order to determine the
most probable mechanism for quenching of triplet benzophenone
by transition metal chelates. It was presumed that the study might
also cast some light on the overall mechanism of triplet energy transfer
in solution. Several findings led to the initiation of the investigation,
the most important of which are given below.

Moore used ferric dipival oylmethide in his investigation of
the mechanism for the photoreduction of benzophenone {11), In his
studies he found that the quenching ability of this chelate was apparently
comparable to that of oxygen. In addition, while studying the reaction
between benzophenone and toluene (22), he found that chelates of
erbium and samarium apparently also had small quenching effects on
triplet benzophenone molecules, while diamagnetic aluminum dipi-
valoylmethide had no effect, The results were in accord with a mechan~
ism involving paramagnetic catalysis.’ Porter has proposed such a
mechanism (7). However, he had found that quenching of anthracene
triplets by paramagnetic ions was about two orders of magnitude less

efficient than quenching by oxygen. These observations implied that
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something must be different between the quenéhing mechanism involving
the chelates and the mechanism involving solvated transition-
metal ions.

Further evidence for this conclusion was introduced by Leer~
makers (34). While studying the photoreduction of v=-naphthaldehyde,
he found that chromium dipivaloylmethide had no quenching cffect on
the excited aldehyde triplet. (Chromium dipivaloylmethide is para-
magnetic, having three unpaired electrons.)

It is felt that the above investigators and others (18,19, 25)
have not considered the quenching mechanisms completely. Processes
other than those considered may be involved. It is believed that the
primary effect responsible for quenching by these and other chelates
is energy transfer from the excited ketoﬁe to m-orbitals of the chelates.
The transition metal d-orbitals interact with ligand orbitals in such a
" way that the energy ievels of th‘e‘ligand orbitals are shifted to a
position favorable for accepting energy from excited sensitizor
molecules,

The investigation was initiated in two directions: An experi-
mental approach involved study of the quenching efficiencies of various
selected chelates, and a theoretical approach where the energy levels

of the chelates were estimated through molecular orbital calculations.
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CHELATE MOLECULAR ORBITAL CALCULATIONS

Molecular orbital calculations were made in an attempt to
help explain the quenching properties exhibited by a selected series
of metal chelates. The chelate electronic states which are probably
involved in energy transfer were determined. When combined with
statistical arguments involving the conservation of electron spin for
quencher and donor molecules, and ‘;he experimental observations,
these calculations assist in the formulation of a possible mechanism
for the quenching of excited triplet state molecules by transition metal
chelates,

All chelates studied were composed of metal ions complexed
by either two or three bidentate ligands. In general, the ligands were
B ~diketones. Those chelates with two ligands possess planar con-
figurations and will be designated in following discussions by the
abbreviation MLZ. Chelates with three ligands are octahedral and
possess right- and left-hand ""propeller'' configurations. These
chelates will be abbreviated as ML3.

The solution of secular determinants corresponding to all
electronic states of interest for each chelate was facilitated by use

of an IBM 7090 computer. The program used allowed the evaluation



42

of eigenvalues, eigenvectors, charge distributions, and bond orders
for any particular secular matrix.*

The most detailed calculations were made for the ML3
acetylacetonate and dipivaloylmethide chelates of chromium, cobalt,
iron, and aluminum. First approximation calculations were made
for the I\/IL2 dipivaloylmethide chelates of cobalt, nickel, and copper.
The o- and m-molecular orbital systems were considered separately.
The most precise calculations were made for 1\/IL3 m=orbitals only.
These calculations involved a reiterated solution of the secular deter -
minant for ground and excited state configurations, until seli-consistent

electron distributions were obtained.

Selection of a Suitable Hamiltonian

The molecular orbitals were determined on the basis of an
LCAO-MO approximation. Coulomb and resonance integrals, designated
as —I:Iii and }_{ij, are derived from the operation of a modified one~
electron Hamiltonian on linear combinations of normalized Slater
atomic orbitals.

Given a problem containing N atomic orbitals, molecular

wave functions may be expressed as

v, =

i ik Pk (17)

=
k

where c,pk are atomic orbitals located on centers k. The energy

——]

*The program was obtained from Dr. Stanley Manatt of the
Jet Propulsion Laboratory, California Institute of Technology.
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corresponding to the orbital expressed by equation 17 is given by

the operation of the Hamiltonian on the orbital wave function

Hy =E. § (18)

1 1 1

In general, the coefficients a.

K and the energies of the orbital
—i

functions are obtained from the solution of the matrix equation:

det | Hy =S B =0 (19)
where:

ij = f@j H e dr , forall jand k (20)
and:

Sjk = N dt , for all jand k . (21)

After making a Born-Oppenheimer assumption (37), consider~
ing inter ~-nuclear repulsions constant, and neglecting small second
order terms, the general electronic Hamiltonian expressed in atomic

units is:

Z

=) = (22)

PN
k nk an!

n#n'

Ignoring the electron-electron repulsion term

y = (23)
#

the Hamiltonian may be expressed as a sum of one electron

Hamiltonians
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2 Zj
Vo T (24)

i

™
~—~

1
-

N
n T

H =Y H
-0 = ]
n nj

where Z. is the nuclear charge on the jJCh center,

Solutions of molecular problems which make use of the
simple, one~electron~Hamiltonian approximation are, in general, not
very accurate. Electron-electron repulsion terms are usually large
and should be considered if possible.

A better approximation to the proper solution of a molecular
problem results from the use of a self-consistent field (SCF) Hamil-
tonian. Equation 18 may be written as (38)

[Hlf £ 2 0- SR T (1) = B () (25)
J J

where the terms Jj and Kj are defined as

2 1 |

300 =42 T dr ) 4,(1) (26)
1

Kj ﬂfi(l) =(] ¢j(2) lVi(Z) 'r—;; d 'le) ‘Fj(l) . (27)

The first term in the SCF Hamiltonian is the simple one electron
Hamiltonian given by equation 24. The remaining two terms, Jj and
Kj’ account for electron-electron correlation. The value of these
terms depends upon the molecular orbital wave function 17 which,

in turn, depends upon coefficients 2, determined from the evaluation

of the secular determinant 19 .



45

The problem is solved by assuming reasonable initial
values for the coefficients necessary for evaluation of J. and K ..

A new set of coefficients may then be obtained by solving the secular
equation. The newly determined coefficients are then used for the
evaluation of matrix elements in a second approximation matrix,
which in turn yields a third set of coefficients. The process is
reiterated until the coefficients obtained from the sclution of the
secular determinant are the same as those that went into the evalu-
ation of the matrix elements. A major disadvantage encountered
during this type of calculation is the necessity of evaluating a for-
biddingly large number of integrals of type 26 and 27 during the
reiteration processes.

A reduction of the number of terms requiring evaluation
for each matrix element may be effected through the introduction of
a core potential into the Hamiltonian (39). The o ~orbital system of
a polyatomic molecule is considered to be sufficiently localized to
allow the approximation that a specific o ~electron configuration is
confined to given atoms within the molecule. The localized o~electrons
shield the nucleus from outer m=electrons. Therefore the m=electrons
move in a coulombic field of shielded atomic nuclear charges. The
Hamiltonian given by expression 25 may be altered by substituting
effective nuclear charges for the actual cnes. The problem is there-

fore reduced to making calculations for m-orbital systems only.
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The effective nuclear charges remain constant throughout calculations

of m-orbital energies and wave functions. The new SCF~Hamiltonian is

~s

H=H +
- —c

: b}
.4
4

n
7, z K, (28)
=1

L3
1

and is similar to expression 25 but differs in that itis used only
to operate on m~molecular orbitals.

Energies and wave functions for polymatomic molecules
may also be determined by a perturbation treatment. The problem is
first solved using a simple one-electron approximation. Electron..
electron repulsion is then considered as a perturbation on the simple
one-electron antisymmetrized state wave functions. New wave func-
tions are built from linear combinations of the unperturbed state wave
functions.

Both procedures described above for obtaining polyatomic
molecular orbitals and calculation of the corresponding energy levels
involve prohibitive amounts of arithmetic when considering large
molecules. Chelates of the ML3 type contain eighteen m-orbitals into
which are placed an average of twenty~-one electrons. In addition,
there are electrons located in the chelate o~bonds, as well as in non~
bonding orbitals. A computer program necessary for the solution of
these problems by the above methods was not available.

When a SCF Hamiltonian is used in evaluation of the
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matrix elements for the secular determinant, the K. and J. integrals
- —J

give rise to a series of terms represented by the general expression

sl = [o (Do (1) — o (2o (darar,  (29)
12

These terms are electron repulsive interactions between electron dis~
tributions on centers r, s, t, and u. The largest value for these
integrals occurs when r=s=t=u (that is, when both electrons are
located in atom:';c orbitals centered on the same atom). The second
largest interaction results when the electrons are localized on adjacent
atoms when r=s#t=u, and r = t +1{39).

It has been shown, from studies of atomic systems, that
repulsion between electrons localized on a given atom can be effectively
approximated by the proper selection of nuclear shielding Pérameters
(40). An effective nuclear charge so obtained is used in place of the
actual unshielded charge in making calculations. The core potential
used in making SCF calculations for m-orbital sys\tems is an effective
nuclear charge of this type; the nuclear shielding parameters arise
from shielding by low-lying c-electrons.

In order to make the simplifications which were necessary
for solution of the chelate problems using the facilities available, a
one-electron Hamiltonian was developed which had built into it a

method of compensating for some electron~electron repulsion. The
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Hamiltonian which was used differs from that defined by equation 24
in that effective nuclear charges are used in place of unshielded

charges. The Hamiltonian is

A , Z.eff
H = - %v - J (30)
—n n r o,
J nj
where
ff
.e = Z.~- O .~ O_. . (31)
J J cJ ]
) eff
Values for the effective nuclear charges, Z. , are deter -
' J

mined from the unshielded atomic nuclear charges, Zj » and two
shielding parameters ch and o _— The parameter o, is essen-
tially the one used for evaluating core potentials in standard SCF
calculations and concerns low-energy non-bonding and o~-bonding
electrons. The second parameter O'ﬂj is concerned with nuclear
shielding by m~electrons and is determined from the m-electron con-
centration on the center j.

An initial m-electron distribution is assumed which enables
the evaluation of first order matrix elements for the molecular secular
determinant. Solution of the determinant provides a new m-~electron
charge distribution. The new charge distribution is used to re-
evaluate the matrix elements of the molecular determinant. The

process is reiterated until the molecular electron distribution and

state energy become self-consistent within given limits. This
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calculation is conducted for ground and excited state electron con-
figurations. The specific operations used in the evaluation of the
shielding parameters and secular matrix elements are given in detail
later,

Although this method has some shortcomings, it is able to
include some electron correlation. In addition, the method simplifies
calculations involving systems containing many hetero-atoms and d-p,

m-bonding.

Determination of Effective Nuclear Charge Parameters

The method for evaluation of shielding parameters and
effective nuclear charges described here was employed consistently
throughout this series of calculations,

Thére are three possible cases for which contributions to
shielding parameters must be evaluated. In the first, both atomic
orbitals are centered on the atom whose effective nuclear charge is
under considei‘ation. In the second, one orbital is centered on the
atom whose effective nuclear charge is being considered, while the
other orbital is centered on an adjacent atom. These two cases are
treated in the same manner.

In the third case, the atomic orbitals are centered on a
nucleus or nuclei other than the one for which the effective nuclear

charge is being evaluated. The method for determining the contribution
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to the shielding parameter in this latter case will be outlined when
the integrals in which-they arise are discussed.

Slater's methed for evaluating shielding parameters has
been considerably successful in accounting for electron repulsion in
atomic systems, thereby allowing the calculation of atomic ionization
potentials with a fair degree of accuracy (40). In evaluation of shielding
parameters for low energy core electrons, Slater's procedure is used
with slight modifications.

In using this method, atomic orbitals are first combined

into the groups

(1s), (2s,2p), (3s,3p), (3d), (4s,4p), (4d), ----

The shielding parameter for a given electron is then determined as
follows: A value of 0.35 is contributed to the shielding parameter
for every other electron in the same group. When the electron under
consideration is in an s-or B—orbital, a value of 0.85 is contributed
to the shielding constant for each electron in the preceding group.

If fhe electron under consideration is in a é-orbital, a value of 1.0

is contributed for each electron in the preceding group. A value of
1.0 per electron is assigned‘ for all lower-lying electrons. Electrons

in orbital groups succeeding the one being considered have no effect

on the shielding constant.
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Since low-~angular momentum atomic orbitals may have
radial distributions which penétrate closer to the nucleus than the
radial distributions of high-angular momentum orbitals, it was felt
that electrons in low-angular momentum orbitals in immediately suc-
ceeding groups should contribute to the shielding parameter of high-
angular momentum orbitals. Therefore, to account for this effect, a
modification of Slater's procedure was used in these calculations.

When calculating the shielding parameters for electrons in
3d-metal orbitals, a quantity of 0.15 was added for each electron
in the 4s- and ig—orbifals. The choice of 0. 15 was motivated by an
implication made in Slater's rules. Since the radial distributions
of orbitals with principal quantum numbers greater than or equal to
three do not differ considerably, the value of 0.15 is probably a lower
limit for this contribution to the shielding parameter.

For the purposes of making molecular orbital calculations,
atomic shells are grouped according to Slater's classification. The
number of electrons assigned to each atom is determined as follows:
All electrons localized in non-bonding atomic orbitals are assigned
to the atom on which they are located. Electrons in specific o-bonds
are distributed between the two atoms connected by the bond according
to the electronegativities of the two atoms. The number of m-electrons

assigned is given by the m-electron concentration (on the atom under
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consideration) as determined from the solution of the molecular
determinant.

Since the molecular orbital calculations are conducted only
on the m-orbital system, the non-bonding and o-bonding electron dis-
tribution will remain constant for each atom while the m-electron
distribution may vary. Therefore, shielding by the former is con-
sidered separately from the latter.

Following the classification of atomic orbitals, the shielding
constants, ch and O‘ﬂj, are determined in the following manner.
Non-bonding (n) and o-electrons in atomic orbitals belonging to the
same class as the atomic orbitals out of which the m-molecular orbitals
are constructed each contribute a value of 0.35 to the shielding constant.
If the atomic orbital contributing to the tm-orbital system is p> a value
of 0.85 is contributed for each n- or o=-electron in the preceding
group. When the atomic orbital is d, a value of 1.0 is contributed
’for each n- or g_—electron in the preceding group. All electrons in
groups lower than the immediately preceding group contribute a value
of 1.0 to the shielding constant. Where the atomic orbital contributing
to the m-system is 3d, a value of 0. 15 is contributed to the shielding
constant for each electron in the 4s and 4p atomic orbitals.

The two most commonly encountered situations for which

. . il . T
shielding constants must be evaluated are for 2p ana 3d electrons.



TT ™
for 2p electrons the core~shielding parameter, ch (2p ), may be

written as:

o (2p") = 0.35 (N) + 1.70 (32)
j

where N is the number of 2s and 2p non-bonding and o-bonding elec-
i
trons. The core shielding parameter for 3d electrons, o (3dﬂ), may
c,

J

be written as:

o_ (3d") = 0.35 (M) +0.15 (R) + 18 (33)
J

where M is the number of non-bonding and o-bonding 3d-electrons,
and R is the number of 4s and 4p o-electrons.

The problem of allocation of bonding pairs of oe-electrons
to the two bonded nuclei is complicated somewhat if the two atoms are
different. The method described here is felt to give the best possible
distribution of electrons in non-symmetric o-bonds.

Atomic electronegativities X, obtained from Pauling's
electronegativity table{41,42) are related to the fraction of ionic
character (P) in the o bond between two atoms a and b by the
expression (43)

1.4

P=0.18 [x -x (34)

b
The electrons in a o~bond with P ionic character are

divided between the two bonded atoms as follows: The value of P
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multiplied by the number of electrons in the bond is assigned to the
most electronegative atom. The remaining fraction of electrons is
considerea to be in ti'le covalent part of the bond and therefore is dis~
tributed evenly between the two atoms. Values for P obtained by
the application of equation 34 to atom pairs forming bonds within the
chelates studied are given in Table V .

Slater's method cannot be applied in the evaluation of the
shielding parameters for delocalized m-electrons, S For this
purpose the following method of evaluation was developtad. ‘When
making calculations for atomic systems, electrons under consideration
are located in orbitals localized on the same center. KEach electron
in the shell (or grouping of shells as defined by Slater's rules) under
consideration is shielded from the nucleus by all other electrons in that
shell. Therefore, it was analogously assumed that each m~electron
located in a molecular system is shielded from the molecular core
potential by all other electrons in the m-system.

That portion of an electron located at any time on a given
center will be shielded by all other portions of m-electrons located on
that center. v.In a large molecular system, the density of any one
m-electron in a particular orbital on a given center will be small com-~
pared to the total mm-electron density on that center. Therefore, it
is assumed that the shielding parameter o is proportional to the

i
m-electron charge distribution at each atomic center. A numerical
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TABLE V

Ionic Character of Chelate Atom Pairs

Atom Pair Ax_, P,

ij ij
Fe-O 2.05 0.480
Cr-0 2.45 0.630
Co-0 1.95 0.458
Al-O 2.35 0.593
Ni—O 1.95 0.458
Cu-0 1.75 0.394
O-C 1.10 0.205
c-C 0.00 0.000
C-H 0.50 O 067
x, = electronegativity of atom ;
Axij = !Xi - XJ ‘
P.. = fraction of ionic character in bond 1ij
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value of 0.33 was chosen as the proportionality constant in making the
calculations.

The charge distributions were calculated by solution of a
secular determinant starting with a first order charge distribution
assumed. Each new charge distribution was used to calculate new
effective nuclear charges on each atomic center. These nuclear
charges were then used for the evaluation of a new set of secular matrix
elements. The process was reiterated until the T~electron charge

distribution remained constant.

Coulomb, Resonance, and Overlap Integrals

Two basic types of atomic integrals result from the appli-
cation of the Hamiltonian to molecular orbitals expressed as linear

combinations of atomic orbitals. These are coulomb integrals
and resonance integrals

Hy= [o,He dr =(9, [Hlo,) (36)

Substituting the value of the Hamiltonian into these equations, one

obtains the expanded expressions



eff
2 Zk
H, = (o, |-3v7-z - | @)
k Tk | (37)
Zeff Zeff
- 1 2 i YN Kk
Hy = (o, -3V o) - (v, | - o) - ) (o, !rk le)
: 1A
,
Ae o |-897 -3 )
Zeff Zeff
2 1 i
i
| Zeff
U k
) o == Te.)
k#i, j

Orbitals ¢, are Slater atcmic orbitals (40) and are defined as

n+ %
(2¢C) -C.r
-1
© (0L, m) :\i'(_.iw e s, (9.9), (39)
2n)! ’
where
Zeff
_ ]
Qj - B_ 3 (4:0)

n is the principal quantum number, 1 is the orbital angular momen-

tum quantum number, m is the magnetic quantum number, and

S2 (6,9) are the normalized real spherical harmonics of hydrogen-~
, M

like wave functions. The one and two center integrals in expressions

37 and 38 may be evaluated directly., The three center integrals, on

the other hand, cannot, but can be approximated by terms which may be
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directly evaluated. Such an approximation (44) is
Z Z Z

(05157 To) = 2T(e, [75 o) + (o] 7210010, 9. (41)
P P P

In the present series of calculations, integrals of the three center

variety were found to make no significant contributions to the values

of the resonance integrals (Hij)' They were, therefore, neglected.
Expressions 37 and 38 contain two classes of integrals

which need to be evaluated. They are kinetic energy integrals
(9 0 tm) [ -2 % [oyfntatim)) = [0 (-39 )5 ar (42)
a " b ‘ a b
and two types of nuclear attraction integrals

Z

(. t,m) [ =2 o (n'a'm)) =2 [o = ¢ dr (43)
and
Zb 1
(9 (0,0, m) | — |0 {n.2,m)) =2, Icpat_;; ¢, dT . (44)
b

The kinetic energy integrals may be expressed in terms of

ordinary- and quasi-overlap integrals by the expression (45)

(o (0,0, m) [B7 % g (nt 0" m) = (<37 %¢_(n0,m) | o, (n',0",m))

= - 362 T(o () Loyt m)) ~2(20)7 (20-1) (o (01,2, m)fg (nt e mm))

N 4n+4)(n ~2-1) (wa(n-z»f»m) l cob(n',ﬁl, m)) 1 . (45)
[ 2n(2n-1)(2n-2)(2n-3)7%



58

Of the two types of nuclear attraction integrals, those defined by

equation 43 may be expressed, in terms of overlap integrals, by

Za.
(cpa(n,ﬂ,m) ‘;— ‘ Cpb(n",e ',m) ) =
ZZa .
R (o (nebtem) gt ) (36)

[2n(2n-1)1%

Nuclear attraction integrals of type 44 may be evaluated
directly without reduction to functions of overlap integrals. These
integrals describe interactions between electrons localized on one
center and a shielded nuclear charge on another. Only cases of
adjacent atoms were considered here. If the atomic orbitals on the
first center are pure P they cannot penetrate to the second center
because the second center lies in a nodal plane of these orbitals.
These nuclear attraction integrals are very similar to the coulombic
repulsion integrals of the type described by equation 29, when
r=s#t=u., As mentioned previously, these coulombic repulsion
integrals have the second largest magnitude of the repulsion integrals
encountered. Since there is little or no penetration to the positive
center of the second atom by orbitals localized on the first, and since
a large coulombic repulsion exists between electrons localized on the
two centers, a nuclear-charge shielding parameter (necessary for

. . ef
evaluating the effective nuclear charge, Zj , of the second atom) was
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chosen as the product of 1,00 times the number of m-electrons located
on that center. This may result in either a negative or a positive
contribution from these integrals in the value of the matrix elements
gﬁ. The magnitude of the effective nuclear charge on the isolated
center calculated in the manner described is usually small. In addition,
it was found that the values resulting from the solution of the "integral
part'' of expression 44 are generally small. Therefore, the con-
tribution to the numerical value of the matrix element —I:{ii by the total
integral 44 is usually not very significant.

Treatment of the integrals 42, 43, and 44 as Jdescribed
leads to a good approximation for the opposing effects of neighboring
nuclear attraction and electron repulsion which are normally considered
by standard self-consistent field calculations.

In order to arrive at numerical values for the matrix ele-
ments Eii and I—{ij’ a number of ordinary- and quasi-overlap
integrals ((pa‘ cpb) must be evaluated. The general procedure for
making these calculations will be given below.

Slater atomic orbitals (40) are given in terms of spherical-
polar coordinates. One center integrals may be solved in this co-
ordinate system while two center integrals require prolate spheroidal

coordinates for solution. The atomic orbitals are placed in the

"spheroidal coordinate system in the following manner: One atom is
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placed in a left-handed, and the other is placed in a right-handed
cartesian coordinate system. The positive z-axis (where 6 = 0) for
each atom is chosen to point toward the other atomic center. A point
in the spheroidal coordinate system is located in terms of the spherical

coordinates by:

1 _ 1 L
E=(r tr)g s T]—(ra-rb)ﬁ,and 9=, =@ (47)

“where r and ¥, are the radial distances of the point from the
centers a and b, respectively, and R is the internuclear distance
expressed in units of Bohr radii. Expressions given in spherical polar

coordinates are related to prolate spheroidal coordinates by

T
a

s(E+MR

1}

T

b
cos Ga =(1 -en)/(E+7)

F(E+M R

cos 8, = (1+EM/(E - M)
. 2 2y 4%
51n9a=[(§ -1 (-1 1% g +M)

and sin 6, =[(2%-1)(1-1% 1% /(z - 1) (48)

The integration volume element is given by the expression

3
R (§2

ar = B (5% - 1% azanae (49)

The limits of integration are:

0 gp=<21, -l=T<1 and 1< < . (50)
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Overlap integrals are functions of parameters Qa, Qb, and

R. In order to facilitate the solution of the integrals, these terms are

replaced by new parameters defined by

C=2(C_+¢C,)
T, -0 (C +cy)
p=CR (51)

After making all necessary substitutions, the overlap integrals may

be expanded in terms of incomplete vy -functions given by

ool -p & -p kt+1
Ak(p) = J, §k e dE = e Z [k!/ e (k~p+1)!7] (52)
1 u=1
! k ~-1p7 k
Bore)= [ e P lan=-a (vp) = (-1) A (-70) (53)

-1

Bk(O) = 2/k+t1l for k even; =0 for k odd.

These functions have been tabulated for many values of (&) and (Tp)
(4.6,47). Unfortunately, these tables are usually not very complete.
From the available values of Ak(p) and Bk’('T p), the overlap
integrals were evaluated. The values were plotted against (p). These
plot‘s yielded by interpolation values for all overlap integrals in the
regions of interest. In addition, Mullikan has evaluated some overlap
integrals involving ls, 2s, 2p, 3s, 3p, 5s, and 5p orbitals, for both

o- and m-bonds (48). When possible, values were taken from his tables.
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Evaluation of the overlap integrals is greatly simplified
when Ca = ‘C’b and thus 7= 0. Therefore, when [ can be used in
place of ( A and Qb » a great deal of arithmetic involved in the
calculation of matrix elements is eliminated. When both atomic centers
are identical, or have nearly the same effective nuclear charge, the
substitution of [ in .place of the other terms is undoubtedly valid.
For evaluation of the integrals of interest in the chelate calculations,
it was found that this approximation served very well even when the
values of Qa and Qb were considerably different.

In many cases rather large approximations were necessary
to obtain the value of the integrals 45 and 46 when using Qa and
Qb. These approximations were necessary becausg of the inadequacy
of the tables of incomplete y~functions. When using ., the necessity
of making these approximations was eliminated. Therefore, since
numerical values determined for the resonance integrals, Hij’ using
either approximation were very similar, they were taken to be
‘identical.

The same corresponding bond lengths were used throughout
the series of chelate calculations. Crystal structures of most of the
compounds studied here have not been determined. Ferric acetyl-

acetonate is the only ML_ chelate whose crystal structure has been

3
studied in detail (49). The bond-lengths found for this chelate are

1.95 A for the Fe~O bonds, 1.28 A for the O—C bonds, 1.39 A for
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the C=C bonds, and 1.53 A for the C—C bonds. In addition to the bond
lengths given above, metal-oxygen bond lengths have been measured
for other complexes between various metals and ligands (50), When
the ligands are o ~-diketones, B-diketones, oxylate esters, and similar
compounds, the metal-oxygen bonds vary consistently between 1.95 A
and 2.05 A with the ma jority measuring about 2.00 A . Therefore,
the metal-oxygen bond length chosen for the purposes of these cal-
culations was 2.00 A. The carbon-oxygen and ring carbon-carbon
distances that were used are those given above for ferric acetyl-
acetonate.

Important kinetic -energy and nuclear -attraction integrals,
evaluated in terms of overlap integrals for specific atomic orbitals,
are given in Appendix A. Specific regular- and quasi—oveﬂap integrals
evaluated in terms of the incomplete v~ functions A.k(p) and'Bk‘(Tp)
are also reported in Appendix A. The second type of nuclear attraction
integrals (given by equation 44) are functions of two parameters Qa
and the internuclear distance R. These integrals may be evaluated
directly in terms of the incomplete v-functions Ak((; aR) and Bk(‘gaR) .
Some nuclear attraction integrals of this type are also evaluated and

reported in Appendix A.
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1\/[L.3 Chelate Molecular Orbitals

Metal-ligand ¢ -bonds are considered to be formed by inter -
actions between sp2 hybrid oxygen orbitals and 4s, 4p, and 3d or 4d
transition-metal atomic orbitals. Neglecting strain or distortion
resulting from the ligands, oxygen atoms are arranged about the central
metal atom with octahedral symmetry. This is a valid assumption on
the basis of the crystal studies on ferric acetylacetonate (49). The
o-molecular orbitals should, therefore, transform like representations
of the Qh symmetry group.

The atoms may be placed in a cartesian coordinate system
with the metal atom located at the origin and oxygen atoms lying
equidistant from the origin along the x, y, and z axes. Linear com-
binations of individual oxygen atomic orbitals can be taken which may
be classified by various symmetry classes of the Oh group. In
addition, the metal atomic orbitals may also be classified according
to symmetry classes of this group. Only orbitals with exactly matching
symmetry may- interact to form bonding and antibonding molecular
orbitals. Table VI shows the classification of metal and isolated
ligand atomic orbitals according to the symmetry classes of the O
group.

The oxygen sp2 hybrid orbitals may be represented as

1
X 2:———-—S+
sp /3

wir

p (54)

where p  is directed along the internuclear axis.
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Chelate o-molecular orbitals may be written as

\pg =NC(MCPC+ eTC) (55)

where 1_\1__C is the normalization factor, subscript ¢ refers to the
symmetry class. The constant & is either positive or negative,
depending upon whether the orbital is bonding or antibonding, and has
a magnitude which depends upon the degree of interaction between the
metal orbital e and the ligand orbital FC.

Only the lowest energy m-T#% transitions were of interest
in this study. These transitions will be described in detail later.

The chelate m-molecular orbitals which are involved in these low-
energy transitions were, in all cases, lower in energy than the isolated
4s-, 4p-, and 4d-orbitals of the metals. They were also all higher

in energy than the isolated atomic orbitals of oxygen. Chelate orbitals
resulting from interaction ’between pairs of these isolated atomic
orbitals may have eithér lower energy, if they are bonding, or higher
energy, if they are antibonding, than the lowest or highest energy
isolated atomic orbitals from which they are constructed,

Since the Alg and TluO'—orbitals of the ML3 chelates
arise from combinations of metal 4s- and 4p-atomic orbitals with
localized oxygen orbitals, numerical calculations were unnecessary
for these bonds because their energies would be higher and lower than

those of the m-orbitals of interest. It was necessary, however, to
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calculate the energies resulting from interactions of metal SdZZ and
3dx2—y2 with oxygen atomic oc-combinations belonging to the E sym-
metry class. In general, these energies were intermediate with respect
to the m-orbital energies of interest. The numerical values resulting
from first order calculations for these molecular orbitals are reported
in conjunction with the results from the m-orbital calculations.

The m-orbitals of the ML3 chelates are considered in the same
cartesian coordinate system as the c-orbitals. They are formed by
interactions between 3§xy’ 3§XZ, and 3£1_YZ metal atomic orbitals and
_ETT atomic orbitals of atoms comprising the ligands, The general
secular determinant used for the evaluation of the m-orbital energies
and wave functions is given in Figure Va. The matrix elements were
determined by the methods outlined in pages 41 through 63. The cal-
culated energies of the lowest electronic states of the iron, chromium,
co‘balt, and aluminum chelates of acetylacetone and dipivaloylmethane
are given in Figure VI.

The ground state m-orbital system of the ML3 chelates has
'D3 symmetry, and therefore the orbitals may be classified by
representations of that group. Representative energy levels of the
orbitals obtained from the solution of a ground state molecular deter~
minant are shown in the orbital diagram given in Figure VII. This
diagram denotes a general situation and does not refer to any specific

chelate. The orbital symmetries are recorded along with their

degeneracies.
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Since there are a number of _a_-l-, 32— and E—orbitals,
superscripts in parentheses are added in order to give more specific
designations to the individual orbitals for the purpose of clarity and
reference.

Of the eighteen chelate m-orbitals, the lowest nine are filled
by the eighteen electrons contributed to the m-system by the three
ligands. The next highest energy m-orbitals are occupied by electrons
contributed by the metal ion. Both iron and chromium contribute
three electrons to the Tm-system, cobalt contributes six, and aluminum
cont.ributes none, The number of electrons contributed to the m-system
by the metal is determined from the number of 3d electrons contained
on each metal ion when isolated from the ligands, and by reference to
the results from paramagnetic susceptibility measurements made on
the chelates.

Magnetic measurements have been made on iron(III),
cobalt(III), and chromium(Ill) acetylacetonate chelates at liquid helium
temperature {51,52,53). These measurements indicate that the ground
states of the iron(IIl) and chromium(III) chelates have five and three

unpaired electrons, respectively. Cobalt(IlI) acetylacetonate, on the
other hand, is diamagnetic, indicating that an inner d-complex is formed.
The aluminum dipivaloylmethide and acetylacetonate chelates are dia-

magnetic
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The dipivaloylmethide chelates are assumed to have the same
magnetic susceptibility in their ground states as the corresponding
acetylacetonate chelates., Even though magnetic measurements have
not been m;de on these chelates, available experimental evidence sup-
ports this conclusion. Nuclear magnetic resonance spectra were obtained
for both the dipivaloylmethide and acetylacetonate chelates of cobalt(III)
and aluminum, while none could be obtained for either the chromium
or iron chelates (54, 28). In the latter two cases, both chelates have an
odd number of electrons and therefore must be paramagnetic, thus
accounting for the inability to obtain spectra. The fact that spectra
could be obtained in the first two cases indicates that both chelates are
probably diamagnetic. The NMR results, however, do not show whether
the iron and chromium chelates are electronically identical to their
acetylacetonate counterparts. The strongest evidence for a close
relationship comes from the similarity of their ultraviolet and visible
spectra. Corresponding acetylacetonate and dipivaloylmethide chelates
have spectra which are practically superimposable. In addition,
molecular orbital calculations predict identical electronic structures
for corresponding chelates.

Two of the five unpaired electrons in the ground state con-
figuration of the iron chelates are considered to be located in _e_g non-
bonding or o-antibonding orbitals. The three remaining unpaired

electrons are therefore located in the tm~system. All three of the
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unpaired electrons in the ground state of the chromium chelate are
considered to be located in the m~orbital system, thereby making the
T-systems of the iron aﬁd chromium chelates isoelectronic.

Since the o - and m-orbital systems belong to different sym-
metry species, they were considered separately in these calculations.
The lowest energy configuration of the o part of the chromium chelate
has an even number of paired electrons and is therefore hypothetically
a singlet. On the other hand, the two unpaired electrons in the o part
of the iron chelates can give either singlet or triplet hypothetical states.
The ''triplet" will have 1owerlenergy than the "singlefs,” and therefore
is considered to be the ''ground state'' of the o electronic system of
the iron chelates. The possible o states may exist for all possible
"mm''-states. The degree to which the o~ and 7- states are mixed is
unknown; however, it is felt that the mixing is not large.

The lowest energy m-states of the FeL3 and CrL3 chelates
are quartet states where the total m-electron spin angular momentum
quantum number is 3/2, and where each of the three electrons con~
tributed by the metal to the T-system singularly occupies one of the
three lowest energy unfilled m-orbitals. These molecular orbitals are
a singly degenerate a(z)

(4)

higher energy e orbitals. This electronic configuration gives an

orbital and a degenerate pair of somewhat

electron distribution which is symmetric about the central metal atom.
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Combination of the quartet mw-electron ground state configurations for
the chromium and iron chelates with the proper o-configurations

gives the total ground state electron configurations for the chelate
molecules. The o- and m-orbital parts of the cobalt(IlI) and aluminum
chelates do not contain any unpaired electrons and therefore allow

only singlet ground state configurations.

Only energies for the lowest excited states were calculated.
These excited states may result from E'ﬂ*’ m-nk, T-g*, g-T%, or
T-1* transitions. The ones of primary interest in this study involve
0-0% and T-0% or T-n%¥ transitions. In general, the m-m% transitions
lie at such short wavelength that they were not considered (see page 65).

First, consideration is given to the low energy m-c% or
m-n* transitions, which are similar to the transitions occurring in an
ordinary, ionic crystal field (55). These transitions are between the
lowest unfilled o*=orbitals and the highest energy occupied m~orbitals
and are symmetry forbidden.

It is observed from the results of the molecular orbital cal-
culations that the highest energy occupied m-orbitals contain consider-
able d character. Thed -, d -, and d ~orbitals, when considered

—_ 9 —Xz —vyz
in the same coordinate system as the chelate o-orbitals, belong to the
ng symmetry class of the Oh group. The lowest energy available
o% or metal non-bonding orbitals belong to the Eg symmetry class.

Transitions between tZ and eg orbitals are symmetry forbidden,
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For the cobalt(Ill), iron(lil), and chromium(III) chelates, these
transitions occur in the visible region of the spectrum and have normal
extinction coefficients of about 102. Specific transition assignments
will be made later for each chelate under consideration.

The m=m%* transitions are of particular interest because they
are probably the ones responsible for the quenching of benzophenone
triplets (see page 40 ). The calculated m-states and transition
energies for the chromium and iron chelates will be discussed first.

A discussion of the cobalt(III) and aluminum chelates will follow.

Since the Tm=~electronic systems of the chromium and iron
chelates are isoelectronic, they will be discussed in terms of the spin
multiplicities of the m-~electronic states only. It must be remembered
that while a specific spin multiplicity of a m-state of a chromium
chelate corresponds to the spin multiplicity of the complete chelate,
this is not true for the iron chelates. As a result of there being two
unpaired non-bonding electrons on the metal ion, the total spin mul~
tiplicity of the iron chelates will be two greater than that reported for
the m-system alone. In other words, a quartet m-state will correspond
to a sextet chelate state and a doublet 1-state will correspond to a
chelate quartet state for the iron chelates. As mentioned on page 69,
the lowest energy ground T-state configurations for the iron and
chromium chelates are quartet states (QO), where one of the three

(2)

unpaired electrons is located in the a orbital and two electrons
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(4)

are each located in separate degenerate e orbitals. In both che-

lates, a pair of nearly degenerate low energy doublet states exist (D l)

which are slightly higher in energy than the ground quartet., These

(2)

doublets have two electrons in the al

4 :
e( ) orbital. The energies of these two low energy dcublet states are

orbital and one electron in an

probably sufficiently close to the ground quartet state to allow con=-
siderable occupation of the higher doublet states at room temperature.
At liquid helium temperature , exclusive occupation of the lower
quartet state may be effected, thus providing a high spin measurement
at this temperature. Experimental evidence supporting this hypothesis
will be given later.

The next lowest energy m—~1m#% excited state is a doublet
(DZ) and has the same orbital composition as the ground state quartet.
This doublet is followed in energy by another nearly degenerate pair of

doublets (D3) which have one electron in the a(lz)

(4)

paired electrons occupying one of the two e

orbital and two
orbitals. The two 3(4)
orbitals are degenerate for the symmetric ground state electron dis-
tribution as shown in Figure VII. However, in this latter pair of

D3 doublet excited states and in the lowest energy Dl doublets, the
electron distribution is not symmetric about the central metal atom.

The chelate no longer possesses exact D_ symmetry when in these

3

excited states. The distortion is not large, but is sufficient to cause

a removal of the degeneracy of the e orbitals.
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Following the doublet states described above are the lowest
excited quartet states QI' There are four states which would be
degenerate if it were not for the removal of the e orbital degeneracy
through the formation of unsymmetrical charge distributions in the
excited states. The separation of the orbital degeneracies here is
greater than encountered in the case of the doublet states mentioned
above.

Still higher in energy is a singularly degenerate quartet state

(2)

QZ, formed by the excitation of an 2,

(4)

One electron is contained in each e

electron to the’ al(z) orbital.
orbital and the excited molecule
retains its D3 symmetry in its excited state. Above this state is
another nearly degenerate doublet pair D4 which contains three
electrons in the two 3(4) orbitals. These states have unsymmetrical
charge distributions and are therefore not expected to be degenerate.
The procedure used for making molecular orbital calculations
is unable to distinguish between states of different spin multiplicity.
However, the calculations do yield relative energy separations of
electronic states of identical multiplicity. Therefore, it was necessary
to find some method by which the energies of electronic states with
identical space parts but different spin functions could be established
relative to each other. By assuming that the QO quartet and D

1

doublet fr-states of the CrL3 and the F‘eL3 chelates were sufficiently
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close that significant occupation of the higher energy Dl states was
possible at room temperature, the ultraviolet and visible spectra of
the chelates could be predicted with reasonable accuracy.

Observing Figures VI and VIII, itis seen that the calculated
transition energies follow the same energetic trend as is demonstrated
by the ultraviolet spectra of the chelates. Table VII shows the rela-
tionship between calculated transition energies and the spectrally
observed transition energies. The calculated transition energies were
determined by assuming that the calculated energy separations were
proportional to the wave number of the transition. A single calculated
transition energy was assigned a wave number corresponding to an
observed transition to which it was believed that the calculated trans-
ition belonged. All other transition energies for all chelates were
then estimated by using the first assigned transition as reference.
This reference transition is designated in Table VIL

The assumption that the QO and D1 states are close in energy
alone is not enough. Moderate occupation of both states is required
if the optical transitions have been properly assigned. According to
Table VII, the lowest energy = T* transitions result from the
excitation of an electron from some low energy ''ground' state to the
DZ and D3 doublets. If all of the molecules are in the ground quartet

state (QO), then these lowest m— % transitions would be multiplicity

forbidden. A spin orbit perturbation may allow a small transition
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Table VII

Calculated and Observed T~ T7* Transition Energies

and Spectra

Chelate Tran- Tran~ Tran- Calc. Obs. Remarks
sition sition sition Wave- )
Energy Ener%y length m;x
(ew)  (ew™l)  (my) (o)
FeL3 QO"> Q, 0.2855 28550 354 380 Broad absorption,
0.2868 28680 349 1(350 no separation of
0.2889 28890 346 max) bands-
0.2902 29020 344 330 e~ 5x 107
QO—-> QZ 0.4637 46370 226 270 e~ 30000
Dl—>DZ 0.2225 22250 450 550 Very broad peak,
0.2232 22320 4438 no separation of
0.2524 25240 396 (435  bands. ¢~ 4x103.
0.2531 25310 395 max) T-g¥ transitions
0.2531 25310 395 also occur in this
0.2538 25380 394 380 region &~ 10
]:)1~>D4 0.4756 47560 210 235 e~ 15000
0.4763 47630 210
0.4763 47630 210
0.4770 47700 210
CrL3 QO—> Ql 0.3428 34280 300 350 Strong a4bsorption
0. 3444 34440 298 (330 e=2x10%, sharp
0.3450 34500 297 Imax) peaks some indi-
0.3466 34660 296 300 cations of more
than one band,
0 Q, 0.4762 47620 221 242 e~ 10%
D.~D 0.2336 23360 428 440(430) Broad band with
L2 0.2353 23530 425 (410) ¢ ~10.Separation
D~D, 0.2633 26330 380 (390) of band observed
0.2650% 26500% 378 (380) into maxima given
0.2650%  26500% 378 (380) in parentheses.
0.2667 26670 375 365(375) *Used as wave no.
reference 1
(.2650 eu=26500cm )
Dl-*’D4 0.4969 49690 202 220
0.4986 49860 201 (- g% transition
0.4986 49860 200 at 5600 A,
0.5003 50030 200 ¢ ~102)
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Chelate Trane~ Tran- Tran- Calc. Obs. Remarks
sition sition sition Wave= A
Energy Energy length (rr;a;{
(eu) (cm=1)  (mp) "
CoL So-—*S1 0.3472 34720 290 less m— o% transition
0.3507 35070 286 than observed at 600
0.3606 36060 277 360, my, e¢~200
0.3641 36410 274 e>10
SO—’S2 0.5510 55100 181 257 e~ 32000
0.5620 56200 178 very broad
SO—>S3 0. 8830 88300 113 228 e~ 34000
0. 8890 88900 114 very broad
SO—> T1 0.2625 26250 382
0. 2660 26600 376
0.2759 27590 363
0.2794 27940 358
SO--> T‘2 0. 2837 28370 352
AlL3 SO—>Sl 0.7947 79470 126
SO--*S2 0.8134 81340 123 270
0, 8140 81400 123
SO-—> T1 0. 5407 54070 185
SO—> T 0. 6677 66770 150
0. 6683 66830 150
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probability. However, the extinction coefficients observed for these
transitions for both FeL3 and CrL3 chelates are of the order of 103.
The extinction coefficients for the iron chelates are larger than that
for the chromium chelates by a factor of five. The only way in which
the high transition probabilities may arise is that the transition be
multiplicity allowed. This can only occur if there is significant occu-
pation of the Dl doublet states at room temperature. Some additional
evidence supporting this assumption was obtained experimentally and
will be described following the discussion of the electronic spectra
of these chelates.

Consideration is given first to the spectra of the CrL3 chelates.
An absorption observed at 5600 A with an extinction coefficient of 10
is considered to correspond to a m— o* transition of the type described
on page 70. The grouping of four or possibly five absorption bands
which lie together between 3700 A and 4200 A are felt to correspond
to the D1 -’DZ and Dl"D3 transitions. The separate maxima of these
peaks are distinguishable and are reported in Table VII. The extinction
coefficients of these transition maxima are about 103. The very
intense absorption band observed at 3370 A is assigned to the QO—)QI
transitions. The fnolecular orbital calculations indicate that there
should be four closely spaced transitions in this region. All four are

felt to lie under the same absorption peak. This absorption band has
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an extinction coefficient that is twenty-five times greater than the
D~ DZ and D1—>D3 absorption bands.

No separate m— o % absorption bands are observable with the
iron chelates, in contrast to the case of the chromium chelates. It
is felt that these transitions, of which there are several, lie under the
low energy m—m* doublet-doublet absorption bands., These latter
bands are found in the region between 3750 A and 5250 A. There is
no apparent separation between various component absorption bands
within this particular grouping as observed in the chromium chelates.
This may be accounted for by the increased number of transitions which
may occur within the same wavelength region, and the fact that the
transition energies are not as greatly separated in the case of iron
as in the chromium chelates. The observed composite absorption band
exhibits no fine structure and has a maximum extinction coefficient of
about 5 x 10° at 4300 4.

The higher energy m— 1%, QO—> Ql bands are found in the region
between 3250 A and 3850 A and have an observed maximum extinction
coefficient of about 5 x 103 at room temperature in benzene. The
molecular orbital calculations predict that there should be four trans-
itions in this grouping; however, the energies of these transitions are
apparently so close together that no separation may be expected to

be observed.
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Returning now to the assumption that the pair of D1 m-states
are close to the ground quartet state, it is apparent that unless all of
these states have exactly the same energy, the spectra should be sub-
ject to variations corresponding to changes in temperature. These
states cannot have the same energy since magnetic measurements
indicate that Fe(AA)3 and Cr(AA)3 have five and three unpaired
electrons at 10°K. (51). Experiments concerning a possible tempera-
ture effect were attempted and the predicted varivation was observed.
Since the lowest m— 1% multiplicity allowed transitions probably origin-
ate from Dl doublets, a decrease in temperature should and did
bring about a decrease in the ratio of these lowest energy absorption
bands to the higher energy bands assigned to the QO—)QI transitions.
An increase in temperature, on the other hand, should and did induce
an increase in the ratio of band intensities. Unfortunately, however,
the results were not as definitive as had been hoped.

Spectra were taken of the chelates at room temperature and
at the temperature of a slush made from Dry-ice and isopropyl
alcohol. The solvent used was 60-70 ligroin. This solvent was chosen
because it is non-polar and does not significantly complex or exchange
with ligands of the chelate, It also does not freeze or solidify at the

temperatures where the spectra were made,
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The spectra of a particular chelate taken at the two different
temperatures were very similar, There was no shift in the peak
maxima or shape. The only variation observed was in the relative
intensities of the two composite bands. It was impossible to determine
absolute changes in the separate extinction coefficients since cooling
produced a decrease in volume of the solvent and therefore produced
an increase in the chelate concentration.

The chromium chelates presented the greatest difficulty in
observing a temperature effect, Since the QO’“’ Ql absorption bands
are twenty-five times greater than the lower energy bands originating
from the Dl doublet states, it became quite difficult to measure
accurately relative changes in peak maxima produced by lowering
the temperature. However, a definite decrease in the ratio correspond-
ing to a decrease in the temperature was observed.

The iron chelates present a quite differentpicture from the
chromium chelates. In ligroin the ratio of the two absorption bands
of interest have equal extinction coefficients of 5 x lO3 at room tem-
perature. The main difficulty encountered here is that the temperature
effect is not large. By assuming that the temperature difference
between the sample at room temperature and at the temperature of a
slush of Dry-ice and isopropyl alcohol is 100°, the difference in energy
between the ground QO quartet and the Dl doublet states could be

estimated from the Boltzmann factor relating the population of the

higher to lower energy states at the two temperatures.
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The results from these experiments concerning both chelates
are given in Table VIII. The energy separation (AE) in ligroin solvent
for the iron chelate is 102 cal./mole. Using this energy value, the
relative absolute extinction coefficients for the upper to lower states
(e u/€ i) can be estimated. This ratio is 1.19 for the iron chelate in
ligroin. Using the value for AE given above, the relative population
of the upper to lower states was estimated for various temperatures
between 4° and 20° K. Itis seen that almost exclusive occupation of
the ground QO, T ~-states is attained at temperatures less than 20° K.

The value of AE for the chromium chelates is subject to
more doubt than for the iron chelates because of the large differences
in the extinction coefficients of the two absorption bands. By assuming
that the ratio of absolute extinctién coefficients, e u/e e for the two
transitions is the same as for the iron chelates, AE may be calculated
at a single temperature, This value so obtained is 800 cal./mole.
However, using the best approximation for the change in the ratio
between the twotemperatures, AE is 580 cal./mole, and eu/eﬁ. is 0,5,

In addition to the above temperature effect, the specira are
. subject to a variation with solvent as well. No shifts in the wavelength
maxima of the absorption bands were observed; however, the extinction
coefficients underwent a considerable change. The most significant
variation was observed for the iron chelates, where the relative

intensities of the two bands are similar. In ligroin the ratio of peak
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Table VIII

Temperature Effects on the Electronic Spectra of the Fe(AA)3 and
CI'(AA)3 Chelates

Chelate Temp. R AE Remarks
o) €
(°K) “u (cal./
sy mole)
Fe(AA.)3 300 1.0 L -- - ) Used for calculating AE and
200 0.91 L. 1.19 102) e /eﬂ for this chelate in
20 0.084 1.19 102 oo
14 0.031 1.19 102 TeToM
10 0. 007 1.19 102 Calculated assuming AE = 109
4 0.000+ 1.19 102 cal. /mole and ¢ /eﬂ =1.19
u
Fe(AA)3 300 0.75 A -~ --) Used for calculating AE and
200 0.69 A 1.11 102) eu/eﬂ for this chelate in
ethanol
Cr(AA)3 300 0.055L 0.5 =-- Calculated directly assuming
200 <0,027L 0.5 580 temp. variation of R accurate.
(Subject to much doubt)
Cr(AA), 300 0.055L 1.19 800 AE calculated assuming
3 ¢ /e =1.19
u £
ODu euCu RTsz
1. R = — = 7. AE=2,303 =——— logR
o ODE €, Cg Tl—T2 o]
2. Du = optical density of the 8. AE = difference of energy
DIHDZ’D.% transitions. between the QO and Dl
K . states.
3, ODﬂ = optical density of the
QO—> Ql transitions. 9. T = Temp. (" K)
4, e. = extinction coefficient for 10. I, = ligroin solvent
the transition involving the A = alcohol solvent
ith ground state.

5. C. = concentration of mole-~
cliles in the itP ground state.

eu -ANE
6, R = .g.._ e T

o
£
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maxima is 1.0, while in ethanol the ratio drops to 0.75 at room tem-
perature. The temperature variation in both solvents is the same

(see table VIII), therefore yielding the same value for the energy
difference (A E) between the two ""ground' states. The difference
observed between the two solvents therefore probably results from
an effect on the absolute extinction coefficients of the absorption
bands by the solvent. The polar solvent apparently decreases the
transition dipoles by different amounts. In non-polar solvent (such
as ligroin) the extinction coefficients for both transitions at room
temperature are 5 x 103, while in ethanol the extinction coefficients
are 4.4 x 103 and 3.3 x lO3 for the QO—>Q1 and the Dl—’DZ, D3
transitions respectively.

The ground states of both the CoL _ and the _A.lL3 chelates

3

are singlets (SO). The al(z) and e(4) orbitals of the cobalt chelates
are filled, while they are vacant in the aluminum chelates. The
ground states of both sets of chelates have symmetric electron distri-
butions about the central metal atom and therefore possess D3 Sy m-
metry.

The lowest energy excited singlet states (Sl) and corresponding
triplet states (Tl) of the cobalt chelates result from the excitation of
an 3(4) electron to one of the two 3(5) orbitals. There are four possible

combinations of e orbitals which can lead to four states for each

possible spin multiplicity. The energies of the excited states are close
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together but not degenerate due to their unsymmetrical charge distri-
butions.

The next highest energy singlet and triplet m-states result

. ; 5
from the excitation of an 31(2) electron to an _e_(\) orbital. Disre~

garding spin, two possible states resulting from this type of excitation
can be formed. The highest enérgy singlet and corresponding triplet
states on which calculations were made for the cobalt chelates result

(4) (3
1

from the excitation of an e electron to an a orbital. Here also
there are two possible étates for each spin multiplicity.

The cobalt chelates exhibit two types of visible and near ultra-
violet transitions. A strong SO“'> Sl’ m= 1% transition is observed in
the region of 3300 A with a maximum extinction coefficient of 104.

A weak transition, with a maximum extinction coefficient of about 102
at 6000 A, is observed to occur between 5100 A and 6900 A. This
latter transition is assigned to low energy m— o * transitions.

The lowest energy excited singlet (Sl) and corresponding triplet
states T1 of the aluminum chelates result from the promotion of an
22(2) electron to an 31(2) orbital. Since both orbitals are singularly
degenerate, there is only one singlet and one corresponding triplet
with this excited orbital configuration. The next highest singlet (SZ)
and corresponding triplet states (TZ) result from the excitation of an

(2) (4)

az electron to one of the e orbitals. Both triplet states described

for the aluminum chelates are probably of sufficiently high energy that
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they are unable to accept excitation energy from the triplet state of
benzophenone.

The aluminum chelates exhibit no visible absorption spectra
and none is predicted on the basis of the molecular orbital calculations.
The maximum of the lowest energy absorption band is observed at
260 my .

As will be shown later, the results from the quenching experi-
ments run with these acetylacetonate and dipivaloylmethide chelates
support the assignment of electronic states made here. The ability of
the chelates to quench triplet benzophenone parallels the predicted
availability of m—m* electronic states and shows no correlation with
the energies of m— g% transitions. This is in accord with an observation
made by Porter (17), who found no correlation between the transition
energies of solvated transition metal ions and their abilities to quench
anthracene triplets. More will be said in this connection in following
sections,

It should be emphasized that the assignment of excited states
made here is based on the results of the present molecular orbital
calculations and several experimental observations. Therefore, they may
be subject to change when better calculations are made and additional

experimental observations are made,
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MLZ Chelate Molecular Orbitals

Only brief consideration was given to the ML2 chelates. The
dipivaloylmethide chelates of cobalt(ll), nickel(Il), and copper(Il) are
planar (54, 56,57, 58). The cobalt and copper chela’tes are paramag-
netic, and the nickel chelate is diamagnetic.

The 1\/IL2 g-orbitals may be classified by representations of
the D4h symmetry group. The symmetry classification of isolated
ligand oxygen and metal atomic orbitals are given in Table IX.

The T -orbitals may be classified by representations of the DZh
symmetry group. Metal atomic orbitals that are unable to interact
with oxygen atoms to form ¢ bonds and which may interact with ligand

T -orbitals are reclassified according to the D group. The 39—xy and

2h
the 3d > metal orbitals do not interact with the ligand in either the
Z

o - or m-orbital systems. These orbitals are thus non-bonding in the

chelates. The 4p =, 3d -, and 3d - orbitals do interact with ligand
=z —XZ vz

7 -orbitals, In all three cases considered, transitions between ng

and blu chelate ™ -orbitals are lowest in energy. These transitions

are symmetry allowed. This low energy transition involves an electron

shift from the ligands to the metal 4pZ-orbita1. This causes a general

lowering of total T -~energy of the excited state with respect to that

estimated from the separation of the ng_ and blu—orbitals obtained

from the ground state calculation.
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TABLE IX

Symmetry Classification of Metal-atomic and Ligand-atomic Orbitals
Constituting the o-Orbital System of the l\/[L2 Chelates According to

the D Symmetry Group.

4h
Symmetry Metal Ligand
Class Atomic Atomic
1
= 5 +
Al P Fa g(Xl x2+x3+x4)
g lg
r () - x)
o) = —(x, -x
px e ,X l 2
u 2
E v
) r (- x,)
@ = —({x_~-x
Py eu,Y \/-2 3 4
B © r 2 2= 3(x, +x_ -%x_-x)
b, ,x%-
le dxoy? 1g? XY 17 %2 T Ty
A '
lg deZ
A'Zu ?pz
B
2g wdxy
Eg tpdxz’q)dy'z

%, are localized oxygen atomic orbitals and described by equation 55,
i

The oxygen atoms are numbered as showr below.
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Figure IX is a diagrammatic representation of the blg-
o -, and T ~orbitals of the I\/[L2 chelates. As with the ML.3 diagram,
the orbitals shown do not represent those for any specific chelate,
but rather describe the general relative energy locations of these
orbitals for this particular class of chelates. The corresponding
orbital symmetries are given.

Only values for lowest energy transitions were computed.
These values were determined from a single reiterated computation,
whereas six or seven reitera-t‘tions were normally performed in estima-
tion of the levels of ML3 states. T-o%* transitions were not considered
in the actual numerical calculations. The results indicated that the
cobalt(Il), nickel(lI), and copper(Il) dipivaloylmethide chelates, which
are all planar, have low energy m— 7* electronic states. The energies
of these transitions are all close to the lowest energy iron and
chromium m— % transitions. The calculations predict that all three
chelates should probably be approximately equally efficient quenchers

of triplet benzophenone.
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QUENCHING OF TRIPLET BENZOPHENONE

The reaction system used in this investigation was the
photoreduction of benzophenone by benzhydrol in benzene. A simple
reaction sequence which describes the overall photochemical process
in the absence of oxygen or other quencher was given in the dis~
cussion on actinometry. Following is a more complete reaction

sequence than the one given earlier,

cpZCO + hv > cpZCO (56)
k
*S f
¢,CO ‘ > 9,CO+E (57)
J,S le >'<T
9,CO —> 9,C0 (58)
*S k b
9,CO7+Q —2i, 9,CO + 0 (59)
%S k °
9,CO " + ¢ CHOH = 29,COH (60)
k
¢ ,CO T _4. 9,CO + E (61)
k
*T q sk
CPZCO +Q > cpZCO +Q (62)
>'<T kr .
©,CO = + ¢,CHOH > 29,COH (63)
k,
2¢,COH € > HOC,Co,0H (64)
k

2@2601—1 —L2 9,CO + ¢,CHOH (65)
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Reaction 56 describes the formation of excited singlet benzophenone
through the absorption of light. Equations 57, 58, 59, and 60 describe
the fate of singlet benzophenoﬁe. Application of the steady-state
treatment to the singlet benzophenone concentration yields the expres=-

sion for the rate of formation of triplet benzophenone;

T] kis Ia

= . (66)
k

dt o TR T ksq[Q] + kerLPZCHOH]

1

d[cpzco>‘<

Ia’ as before, is the intensity of absorbed radiation in Einsteins/sec.,

k, 1is the rate constant for intersystem crossing between excited
is ‘

singlet and triplet states, k. is the rate constant for radiative and

f

non-radiative first order decay of the singlet state, ksq is the rate

constant for deactivation of the excited singlet by a specific quencher

through some non~radiative process, krs is the rate constant for the

abstraction of hydrogen from benzhydrol by the excited singlet
benzophenone, and [Q] is the quencher concentration.

The efficiency factor (e) for the formation of chemically
reactive excited states‘is given by

k,
e = S . (67)
ko o+ ko + ksq[Q] + ksr[cpchOH]

If

k> k ksq[Q]+ k. [p,CHOH], (68)

18



87

the efficiency factor for the formation of triplets will be very close

to one. Itis known that kis >> kf from the observation that fluor-

escence is absent from the emission spectrum of benzophenone in
either glass at liquid nitrogen temperature or in solution. Itis also
apparent from the observation that intensities calculated using uranyl
oxylate actinometry correspond to the effective intensities calculated
from the benzophenone-benzhydrol procedure. The latter also sug-
gests that the value of ksr[cPZCHOH] is insignificantly small for the
benzhydrol concentrations used.

The value for ksq[Q] may be significant in certain instances.
This value depends upon the efficiency of a quencher toéward the
deactivation of the excited singlet state of benzophenone. The
quenching mechanism may be similar to that proposed by FBrster (35).
If conditions are right, coupling between the electronic states of |
benzophenone and quencher may be sufficient to allow long range
energy transfer.

In order for the term ksq[Q] to be measurable, it must be
about the same order of magnitude as the rate of intersystem crossing.
Moore (11,36) has estimated the rate constant for fluorescent decay of
the lowest singlet state of benzophenone, kf, to be approximately 106sec—l.

Therefore, the rate constant
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1—<-is must be very large {at least of the order of 108) in order for this pro-
cess to compete effectively with fluorescent decay. Since the quencher
concentration was kept very small {on the order of 10“4 molar) during
the course of study, the singlet-quenching constant ksq must be extremely
large (on the order of 1012) for the quenching term, ksq[Q] to be signifi-
cant. Therefore, an extremely strong dipole coupling interaction must
be involved. The only cases where singlet quenching apparently occurred
were in experiments in which ferric and chromium dibenzoylmethides were
used as quenchers. More will be said about these experiments later.
Equations 61, 62, and 63 describe the fate of benzophenone triplets.
Step 61 is the reaction accountingfor all first order radiative and non=-
radiative decay processes excluding catalytic effects produced by added
quencher. Reaction 62 describes the deactivation of the triplet state
thr ough energy transfer to a quencher or through a catalyzed deactivation
by a specific quencher. St‘ep 63 describes the reaction of triplet benzo-
phenone with benzhydrol and accounts for the destruction of benzophenone.
Reactions 64 and 65 describe the fate of the ketyl radicals produced from
reaction 63. Reaction 65 probably plays an insignificant role in the over-~
all reaction scheme. It corresponds to a non-radiative decay process of
triplet benzophenone catalyzed by benzhydrol. The reaction is felt to be

insignificant because the ordinate intercept of a plot of 1/¢ against 1/[BHZ"I

is apparently 1.0. If this reaction was significant then the intercept would

be greater than 1.0.

Considering the triplet benzophenone concentration by the steady

state treatment, one obtains for its concentration the expression
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el
a

1 = (69)
kr[(PZCHOH] Tkt kq[Q]

T

[CPZCO

The rate of the disappearance of benzophenone is therefore

- d[cpZCO] ] kreza[cPZCHOH] (0
dt kr[cpz(:HOH] Tkt kq[Q]

Substituting the value for the effective quantum yield described by

equation 16 into equation 70, the following rate law is obtained:

k. +k [Q]
L L
{
® kr[cpZCHOH]
av

(71)

This equation is the same as equation 6 except that a term for‘ de- .
activation by a known quencher has been added. As long as benzhydrol
concentrations are kept between 0.15 and 0,03 molar, the equation is
appropriate.

Equation 71 was used for the treatment of all experimental
data with regard to quenching experiments. Since the value for kd/kr
is known, the data can be plotted in the following manner. The
quantity 1/¢' - 0.033/(yp 2CHOI—I) is plotted as ordinate against
(Q)/(cpZCHOH) as abscissa. Ta:l:e slope of the line obtained will be

av

the value for the ratio of rate constants, kq_/kr° The primary advantage

for plotting data in this manner is that it is possible for the same point
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on a curve to be determined with a number of different benzhydrol
and quencher concentrations. This enables one to observe peculiar
effects associated with variation in the concentrations of quenchers.
These effects may include quenching of singlet benzophenone, as may
be exhibited by the DBM chelates, effects resulting from improper
compensation for internal filtering by chelates, and effects resulting
from the decomposition of chelates during irradiation. More will be
said about these effects later when the experimental results are dis-
cussed in detail.

The data for quantum yields for disappearance of benzophenone
in quenching experiments are reported in Table X. The results are
plotted according to equation 71 in Figures X through XVIII,

It was of primary importance to know whether or not the
chelates were stable during irradiation, Moore (36) observed the
formation of a green precipitate when Fe(DPM)3 was irradiated with
benzophenone and toluene. He also observed a lightening in the color
of the solution due to Fe(DPM)3 when a sample was irradiated in the
presence of benzophenone and benzhydrol, The latter observation
was also made in this investigation when irradiation was conducted
over extended periods of time. When the sealed sample was opened
and its contents exposed to the air, the color of Fe(DPM)3 returned,
‘and in the toluene solution, the green precipitate disappeared. A

possible sequence of reactions to account for these phenomena is:
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Table X

Experimental Data Concerning the Quenching of Triplet Benzophenone

by Transition Metal Chelates

No. Quencher Quencher 1 0.033 Q] 16 {@ZCHOH ;Lv
Concen. - " TBH BH._ 1 .
rQlx 104 ch o ! T2 {mol. /liter)

1 Fe@DPkQ3 1.107 1.594 1.120 15.91 0.080

2 i 1. 165 1.890 1.236 23.07 0.060

3 f* 1.132 1.500 1. 147 12,11 0.100

4 i 1.132 1.634 1. 174 15.80 0.080

5 Cr@)PhﬂB 1.329 1.579 1.104 19.12 0.080

6 " 1.329 1.769 1.104 26. 66 0. 060

7 i 1.124 1,560 1. 096 15, 80 0.080

8 i 1.130 1.420 1.019 13,73 0.090

9 Fe(AA}B 1. 020 2.225 1.770 14,06 0.080

10 i 1.700 2.298 1,951 17,84 0. 100

11 " 1.700 3.253 2.662 30. 47 0.060

12 i 1. 000 1.950 1. 505 10, 44 0.100
13 CrQAAj3 1.529 2.302 1. 849 21.01 0,080
14 r 1. 529 2.601 1.980 28.79 0.060
15 i 1.349 1.904 1.553 14, 35 0.100
16 " 1,349 2.558 1,956 24.62 0.060

17 Co(DPM) 1. 00 1.243 1,008 7.110 0.150

18 i 0.987 1.530 0.936 17.78 0. 060

19 i 1.033 1,440 0.983 14, 84 0.080

20 i 2. 066 1.420 0.958 28.90 0.080
21 Co{AA)3 1,222 1.500 1.035 17,21 0.080
22 " 2. 444 1. 640 1,188 33.50 0.080
23 i 1,222 1,418 1. 066 13,18 0.100
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No. Quencher Quencher 1 1 0.033 Lal [Q CHOH]
Concen. - T BH.] BH ”leO N
"Olx 10 @ © 2av 2 {mol. /liter)

24 AJUDPLQ3 1,014 1.441 0.970 14, 45 0.080

25 ik 2.028 1.533 1.070 28.50 0.080

26 " 1,014 1.350 0.998 13.18 0.090

27 AJQAA}B 1.454 1.698 0.984 24.16 0.080

28 H 1.454 3.395 0.990 47.35 0. 040

29 i 1. 454 1.354 1,002 13.20 0.120

30 Fe(MAA) 1. 190 2.385 1.933 16.29 0.08

31 1 1. 190 2.805 2.189 22.20 0.06

32 A 1. 448 2.398 2.054 15.08 0.10

33 " 1.122 1.979 1.520 15. 60 0.08

34 Fe@AC)B 1,057 2.960 2.516 14. 20 0.08

35 " 1.057 3.590 2.990 19.21 0. 06

36 ** 0.547 1.653 1.310 5.68 0.100

37 v 1.093 2. 140 1.801 11.25 0.100

38 v 1. 640 2.520 2.181 16. 80 0.100

39 Gd@)Pkﬁs 1.028 1. 440 1. 039 12.49 0.09

40 La@)PkQE 1.087 2.326 1,026 42.83 0.04

41 i 1.00 2. 500 1,206 39. 20 0.03

42 a 2. 00 1.462 1,116 21.00 0. 10

43 n 2. 00 1.772 1,040 44,34 0.05

44 i 0.913 1.500 1.114 10. 67 0. 10

45 Erﬁ)Ph@3 1.085 1.433 1,032 13,18 0.09

46 A 1.00 1.430 1.027 12.20 0.09

47 o 1.00 2.430 1. 136 39.20 0.0
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1 0.0 rQl r ]
No. Quencher Quencher —_— — - TB}fg" ’%?I—é ,.Ex104 “'QZCHOH{;LV
Concen.4 o CHE Y Ut {mol. /liter)
[Qlx 10

48 h&n@IPhQS 1. 00 1.690 1.071 18.75 0.06
49 T 1.00 1.418 1.015 12. 20 0.09
50 COODPKQ7 1.00 1.720 1.333 11.72 0.09
51 a 1.07 2.190 1. 606 18,94 0.06
52 3 1. 00 1.718 1.322 12.00 0. 09
53 N&U}PAQS 1.00 2.063 1,458 18.35 0.06
54 A 2.00 1.995 1.598 24.06 0.09
55 i 2.00 2.374 1.765 36.90 0. 06
56 i 1.00 1.700 1.309 11.85 0.09
57 n 1. 00 1.637 1.288 10.57 0.100
58 g 1. 00 2.286 1. 560 22.00 0.05
59  Cu(DPM) 1,116 1.610 1.225 13.01 0.09
60 i 1,163 1,445 1.098 12.25 0.10
61 FeCl, 1.231 1. 694 0.972 13.97 0. 109
62 " 1.231 2.327 0.890 28.73 0. 050
63 Y 1.231 1.956 1.027 18.55 0. 075
64 Fe@)Pkﬂg 1.041 1.937 1.250 11. 62 0.10@)
65 " 1.041 2. 400 1.493 15.32 0. 0750

t
66 i 1.041 2. 869 1.476 23.55 0.050()
67 DPM 1.876 1.587 1,125 26,24 0.080
68 i 4,690 1. 606 1.145 65.50 0.080
69  AA 2. 080 1.524 1. 060 29.23 0.080
70 a 4,160 1. 650 1.185 57.94 0.080
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Table X {continued) (4)

No. Quencher Quencher 1 0.033 Kol 4 [Q CHOH]
Concen . B BH_] BH fdo 2 v
e y " 0 .
"Qx 10 © ] 2av 2 (mol. /liter)
71 DBM 1.295 2.326 1. 881 17.45 0.080
72 h 2.590 3. 457 3.030 33.46 0.080
73 AC 1.601 2.091 1.643 21.77 0.080
74 " - 3.203 2. 846 2. 407 42.56 0,080
75 MAA 1.754 1.895 1.350 23.70 0.080
76 " 3.509 2.028 1,578 87. 84 0.080
a. The initial benzophenone concentration in all of the experiments
listed above is 0. 10 molar.
b The solvent used for all experiments listed here was benzene
with the exception of those designated by (t) where t-butylalcohol
was used.
C. Initial benzhydrol concentrations are listed for each experiment.
d. ©' is the effective quantum yield and is defined by equation 1é.
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v ,C0 + Fe{me)z + HDPM

o

> 9 ,COH+ Fe(DPM),~

v _COH + Fe(DPM)

2

+
> [o,-CH," ‘Fe{DPM)3 (72)

© -CH_ + Fe(DPM)

2 3

In addition to chelate destruction described above, the chelate
concentration was also observed to decrease slowly in the presence
of alcohols. Destruction was much more rapid with benzpinacol than
with benzhydrol. The half-life of the most rapid exchange process
measured for any chelate was greater than forty hours in the dark
at room temperature.

A common observation which was made during the course of
the present investigation was that all chelates capable of quenching
triplet benzophenone were observed to be decomposed irreversibly
to some extent during irradiation. This situation differs from that
described by equation 72, which should be reversed upon exposure
to oxygen. Irreversible decomposition is believed to occur as a result
of the dissipation of energy accepted from the excited ketone during
the quenching step. This process will be discussed in detail later.

After lengthy investigation, experimental conditions were
determined such that no significant decomposition of the dipivaloyl-
methide and acetylacetonate chelates of iron, cobalt, chromium, and

aluminum occurred. The experimental conditions were also selected
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such that internal filtering by the chelates was not significant. In
addition to the chelates described above, decomposition of other chelates
was followed and minimized when possible.

Figures X, XI, XII, and XIII show the results obtained
from quenching experiments conducted with added quantities of ferric,
chromium, cobalt and aluminum acetylacetonates and dipivaloylmethides.
The results demonstrate two effects. The first shows how the different
transition metal atoms Tinﬂuence the quenching ability of the general
ML3 chelate. The quenching efficiency of the chelates decreases as

s to Cols_, to AlL._. The trend parallels

£ ,
one goes from E‘eL3 to CrL3 3 3

the availability of low-energy chelate 7™ - 7™ * orbitals which are ener-
getically and statistically available for interaction with the excited donor.

The second result obtained for this series of chelates demonstrates
an apparent steric effect which is exhibited by the dipivaloylmethide
chelates toward interaction with the triplet ketone. The acetylacetonate
and dipivaloylmethide chelates having the same central metal atom have
equivalent excitation energies , as shown by both molecular orbital
calculations and comparison of absorption spectra. However, in all
pairs of chelates studied, it was observed that the dipivaloylmethide
chelate was consistently less effective as a quencher than the correspond-
ing acetylacetonate chelate. A difference in diffusion rates for these

chelates resulting from differences in molecular sizes may account for
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some of the observed variation in guenching rates, but it is félt that
the effect found is larger than may be expected purely on this basis.

Both the chromium and cobalt chelates have low energy me o%
transitions that are moderately separated from 7-7¥ {ransitions. These
m-0% electronic states have sufficiently low energy that they should be
very favorable for accepting energy from triplet benzophenone. How-
ever, the quenching efficiencies of these chelates do not correlate with
the energies of these transitions. On the other hand, a correlation
between the quenching efficiencies and the predicted and observed =¥
transition energies is obtained. From the above experiments, it was
reasonably felt that, at least in these situations, the low energy chelate
m-orbitals were those which were primarily involved in the energy
transfer process. The chelate m=molecular orbitals are distributed
thr oughout the ligands and offer maximum opportunity for interaction
with the m-orbital system of a donor molecule. The low energy chelate
E o-antibonding and nonbonding orbitals are localized well within the
interior of the chelate and are thus shielded effectively from direct
interaction with the excited donor orbital system by the ligands.

In order to demonstrate the importance of chelate m-orbitals
for the quenching of triplet benzophenone, experiments were run using
_t-butyl alcohol as solvent and where known amounts of FeCl3 and
Fe{DPM}3 were added. The results are shown in Figure XVII. The

samples containing FeCl, showed no quenching effect, even though the

3
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fact that the solution is yellow guarantees that the solvated metal ion
has low energy transitions. It was assumed that the ferric ion was
octahedrally complexed by t-butyl alcohol. Some Cl ions may also
be directly attached to the metal ion. The visible transitions probably
result from ordinary ligand field splittings of ion d-orbitals into ng
and E sets. The t-butyl groups prevent effective interaction of these
orbitals with the ketone orbital system which is necessary to effect
energy and electron exchange. For this reason no apparent quenching

occurred. The above transitions in Fe(;t-buOH}éCl probably cor -

3
respond to low energy m-c* transitions in the chelates. Fe(DPM}S,
which has available low-energy m-orbitals, did effectively quench triplet
benzophenone in the t-butyl alcohol solution.

Of the four pairs of chelates studied in the acetylacetonate-~
dipivaloylmethide series, two were paramagnetic and two diamagnetic.
An important result found in these experiments was that the diamagnetic
chelate of cobalt acetylacetonate was able to quench benzophenone trip-
lets, thus demonstrating that paramagnetism is not necessary for
quenching by the chelate. Unfortunately, the quenching efficiency of
the cobalt chelate is not large.

Since diamagnetic La(DPM)3 had been reported to quench I-
naphthaldehyde triplets k‘\{34), it was used here in an attermnpt to find an
additional case of quenching of triplet benzophenone by a diamagnetic

chelate. However, rough consideration of the type of m-bonding inter-

actions that one might expect between metal and ligand indicates that
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there should not be any low-energy m=m#¥ electronic states available

for accepting energy from the excited donor. This seemed to be verified
by the spectra of this chelate. Spectroscopic studies made on selected
rare earth chelates by Crosby (24} indicate that the lowest energy m-m%
triplet should be somewhat higher than that of benzophenone for a rare
earth chelate with ordinary B=-diketone ligands.

In addition to those conducted on La(DPM}3, experiments were
carried out with the dipivaloylmethide chelates of erbium, gadolinium,
and samarium. The results of the experiments performed with La{DPM)3
and Er(ﬁDPl\/I)3 are given in Figure XV.

All four rare earth chelates were found to be very poor quenchers.
They were found to be stable with respect to decomposition during ir -
radiation. Their quenching efficiencies are all very nearly identical
and within experimental error of having a nul quenching efficiency.

These results are in some disagreement with those reported earlier (34).
With the exception of the lanthanum chelate, the other two are para-
magnetic substances statistically capable of quenching by their ground
state, but do not have m-orbitals in the ligand available for accepting
energy from the donor.

Manganese {HI} dipivaloylmethide may be expected to have elec-
tronic transitions somewhere between those of the iron and chromium
chelates. Therefore, this compound was also expected to possess an

intermediate quenching efficiency. The experimental results shown in
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Figure XIV indicate that the chelate apparently is a poor quencher;
however, it was found to be very unstable during irradiation. A black
precipitate was observed to form which did not disappear when the
sample was exposed to air afterwards. Some slow precipitation was
observed in the solution even in the dark. Destruction of the chelate,
therefore, makes the results inconclusive.

- Chelates containing other ligands of varying steric requirements
were used in an attempt to extend this phase of the study. To accomplish
this, iron acetylcyclohexanonate and iron 3=methylacetylacetonate were
prepared. Their ultraviolet spectra are very similar to those of the
iron acetylacetonate and dipivaloylmethidechelates. (See Figure VIII.)
Both chelates were found apparently to be good quenchers, as shown in
Figure XIV , but the data are quite inconclusive. During irradiation,
the chelates were destroyed very rapidly, even though their stability in
the dark was good. Chelate destruction ran as high as fifty percent
for some runs.

It has been found that 8 -diketones with groups larger than methyl
or methylene in the =~ 3 - position are usually unable to form chelates.
In many instances, organometallic polymers result when chelation is
attempted. In addition, chelates containing those ligands which have
groups other than hydrogen in the 3~-position are usually more unstable
thermally than their hydrogen counterparts. The probable mechanism

for the destruction of these chelates will be discussed in detail later.
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When destruction of the chelate occurs, such as was observed
here, it is not known what species is actually performing the quenching
operation. It might be a combination of both ligand and chelate, or frac-
tional chelate. If both ligand and ''chelate' quench, the concentration
of quencher used for calculating quenching efficiencies will not be the
value corresponding to the actual quenchers present. In this instance,
the calculated results will be higher than the actual value expected for
the particular chelate in question. The plot of points in Figure XIV
showed no unique pattern with respect to initial quencher concentration
that would indicate the occurrence of a quenching process different
than expected as a result of chelate decomposition.

As a further check, quenching efficiencies of each ligand were
determined. The results from these experiments are given in Figure
XVIII . It was f;aund that acetylcyclohexanone and 3-methylacetylacetone
are moderately active quenchers, while acetylacetone and dipivaloyl-
methane are not. The quenching efficiencies of the former are sig-
nificant when compared to the kq/kr values obtained for the chelates.
Since chelate destruction does occur, and the 1igands are observed to
be moderate quenchers, the experimental results concerning these
chelates are inconclusive.

The planar dipivaloylmethide chelates which were studied are
believed to quench benzophenone triplets by the same mechanism as the

ML, chelates. Ni(DPM)Z has been shown to be diamagnetic over a large



temperature range. The corresponding Ni{AA}Z chelate, on the other
hand, is paramagnetic {58). This difference is not a result of a differ-
ence in the ligand's electronic capability toward bonding, but is due to
the formation of a nickel acetylacetone trimer. Each nickel atom within
the trimer is octahedrally complexed. The electronic structures of

the two chelates are entirely different. Dipivaloylmethide chelates
cannot form the trimer because of steric hindrance offered by the__t——
butyl groups.

The planar chelates of CO(DPM)Z and Ni(DPM)Z have paramagnetic
ground states which are required by an uneven number of electrons in
the chelate. Molecular orbital calculations indicate that all three
chelates have low-energy transitions which may be involved in energy
transfer. The results of quenching experiments using these chelates
are shown in Figure XVI . Itis seen that diamagnetic Ni(DPM}Z is
as efficient a quencher as the two paramagnetic chelates.

It is observed that the quenching efficiencies of these chelates
lie intermediate in value between those of the acetylacetonate and di~
pivaloylmethide chelates of iron and chromium. Planar chelates may
offer less steric hindrance to the approach of benzophenone than the
M(DPM)3 chelates. The intermediate values of the quenching constants
may arise from an intermediate steric effect as well as the availability

of suitable electronic states. Approach of benzophenone to the chelate
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is hindered by the t-butyl groups when this approach is made in or near
the plane of the chelate. Hindrance is similar to that encountered for
the M(DPM)3 chelates., However, when approach is made from above
or below the plane, much less hindrance is encountered. The inter~
action of the excited ketone with the ML acetylacetonates is approx-

3

imately independent of orientation. A more critical discussion of the

nature of the "

steric effect' will be given in a following section as a
part of the general theory of energy transfer in solution.

Destruction of all three chelates occurs to different degrees
during irradiation. Ni{DPM)Z and Co{DPM)2 are relatively stable,
and experiméntal conditions were selected such that decomposition of
these chelates was insignificant during the reaction period. Cu,(DPM)Z,
on the other hand, was found to be quite unstable, forming a black
precipitate upon exposure to light. Compensation for the decomposition
of this chelate was impossible.

In the dark, decomposition of the nickel and cobalt chelates

can occur but may be eliminated. Ni{DPM) may absorb water and form

2
an octahedral hydrated complex. Sublimation before use and storage
within a dessicator prevented this from occurring. The CO(DPM)Z is
oxidized at a moderate rate when dissolved in aerated benzene. Oxida-
tion was minimized by flushing the solvent with nitrogen and by adding

the chelate to the solvent under a nitrogen atmosphere at the last moment

before degassing.
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It is concluded from the results with planar chelates that, at
least in this situation, the diamagnetic and paramagnetic chelates are
equally efficient as triplet energy sinks.

The question arises as to what happens to the excited chelate
and how energy is dissipated after energy transfer. In general, there
are two processes possible. The first involves interaction with other
specific molecules either chemically or physically. Chemical reaction
results in the destruction of the specific quencher. Physical interaction
consists of transferring excitation energy to another molecule. The
second method covers unimolecular decay processes involving emission
of the energy by either fluorescence or phosphorescence, or non-
radiative decay to ground state by intersystem-crossing and thermal
relaxation. The relative importance of each process in the dissipation
of energy depends upon the nature of the molecules and excited states
involved, and mavy differ considerably as one varies quenchers.

Not much is known about the chemical reactivity of excited
chelates toward other molecules, but it is felt that any bimolecular pro-
cess of this type is slow with respect to other modes of deactivation
within the systems studied. Since the electronic states of the chelates
studied here are lower than the triplet state energies of all other mole~
cules present, it is felt that transfer of electronic energy from an
excited chelate to other molecules in the reaction system is ruled out
as a possible mode of deactivation. This leaves radiative emission and

thermal relaxation as the most probable mechanisms of deactivation.
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Diamagnetic chelates require the formation of an excited triplet
state upon absorbing energy from triplet benzophenone. Therefore,
phosphorescence might be expected from these chelates in the absence
of any faster deactivation process. Paramagnetic chelates, on the other
hand, form excited states which have no multiplicity restrictions against
transitions from excited to ground states. Since allowed transitions
may occur in the paramagnetic chelates, observation of induced fluor-
escence might be expected.

No sensitized emission was observed from any samples contain-
ing chelate and benzophenone at room temperature. A slight blue
emission was observed in benzene solutions containing benzophenone,
which may be due to benzophenone phosphorescence or fluorescence.
This emission was quenched by the addition of Fe(DBM)B, and no new
emission was observed. In addition, no emission was observed from
samples of chelates dissolved in ethanol-ether glass at 77° K. This
indicates that deactivation of the excited state of the chelates is probably
proceeding through an internal non-radiative process.

The molecular-orbital calculations indicate that the lowest
excited state bond orders are altered only slightly from those of the
ground state. ’The molecules should be distorted somewhat from their
original D3 symmetry when in their lowest energy excited states. It
seems reasonable to expect a large amount of vibronic overlap between

excited and ground states, thus making internal conversion favorable

and rapid.
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Evidence to support the above hypothesis that non-radiative
decay accounts for the loss of excitation energy comes from the experi-
mental observation that only chelates which actively quenched triplet
be_nzophenone were susceptible to decomposition during photolysis.

In addition to the possible reaction involving a reversible reduction of
chelate as shown on page 95 , thermal destruction resulting from the
internal dissipation of large energies may ensue. Chelates which bear
a hydrogen atom at the 3-position of the ligand are very much more
stable during irradiation than those chelates which have methyl or
methylene groups in this position. Introduction of these groups into the
3-position results in substantially weakening the metal-ligand bonds.
Therefore, these bonds are more likely to be broken in the vibra;tionally
excited ground state molecules which are formed by decay of excited
electronic states.

Decomposition through excited vibrational levels of excited
electronic states may also be possible when these states are formed
during energy transfer. When donor and acceptor transition energies
are close, the probability of the formation of an excited vibronic state
capable of decomposing directly is small if the potential energy surface
for the excited electronic state is relatively deep. Since molecular
orbital calculations indicate that the bond orders in the excited states
involved in energy transfer are not altered greatly from those of the

ground state, it seems likely that their potential energy surfaces should
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be similar. The stability of the metal-ligand bonds depends on the
structure of the ligands and may be fairly poor for ligands with hinder-
ing groups in the 3-position. In this case, decomposition from excited
as well as ground electronic states may be significant.

A summary of results from the quenching experiments is
tabulated in Table XI. Values for the ratio of rate constants kq/kr for
each chelate were obtained from the plots given in Figures X-XVIII.

No great precision can be claimed for values of -1—<—q‘/-1§-r less than 30.

As described earlier, all good quenchers underwent photodecomposition
at rates which varied considerably from case to case. Values derived
from runs in which decomposition was extensive are indicated in Table
XI as approximate {(~} or as a lower limit (<}.

Several things are immediately apparent from observing the
results given in Table XI. First, itis evident that there is no correla-
tion between the magnetic properties of the ground state of a compound
and its quenching efficiency. The six diamagnetic chelates studied
exhibited considerably different quenching efficiencies. Ni(DPM)Z is
almost half as efficient a quencher as paramagnetic Fe{AA)S, the best
quencher studied here. CO(AA)3 is about five times less efficient than
the nickel chelate, while the remaining diamagnetic chelates La{DPM)3,
cO(me)3, AL{DPM),, and Al{AA)3 do not exhibit any significant

quenching ability.
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Table XI

Summary of Experimental Results Regarding the Quenching of Triplet
Benzophenone by Transition Metal Chelates

No. Quencher kékr No. Quencher k({k
1 E‘e{AA)3 540 15 CO{_DPM)Z 296
2 Fe(DPM)3 100 16 Ni(DPM)Z 246
3 Cr{AA)3 380 17 Cu(DPM)Z >130
4 Cr{DPM)3 45 18 H DBM 577
5 CO(A.A,)3 47 19 H AC 320
6 CO(DPM)3 0 20 H MAA 128
7 AI{AA}S 10 21 H DPM 27
8 A;(DPM)3 0 22 H AA aT
9 Fé{AC)3 ~ 860 23 FeClS(t-buOH) 0
10 Fe{MAA)3 ~550
11 Mn{DPM)B > 32
12 La(DPM)B ~ 28
13 Er{DPM)3 30
14 Gd{DPM}3 ~ 31
AA = acetylacetonate
DPM = dipivaloylmethide
MAA = 3-methyl-acetylacetonate
AC = 2~acetylcyclohexanonate
DBM = dibenzoylmethide
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The paramagnetic chelates also show considerable variation with
respect to their quenching efficiencies. The best chelate quencher
accurately known, and reported in Table XI, is Fe(AA)S. {This com-
pound probably quenches benzophenone triplets at a rate that is near
diffusion controlled.} The poérest paramagnetic quenchers are
Cr(DPM)

Er(DPM}_, and Gd(DPM}B, the latter two showing no effective

3’ 3
quenching ability.
The second general observation made from Table XI is that the
ML3 dipivaloylmethide chelates are consistently less effective as’
quenchers than the corresponding acetylacetonate chelates, thus suggest-
ing some type of steric effect. Finally, the quenching ability of the
series of ML3 ‘acetylacetonate and dipivaloylmethide chelates is seen
to correlate with the calculated energies of their lowest m= 7% transitions.
Any mechanism for the quenching of triplet benzophenone by the
chelates reported here must be able to explain all of the above observa-
tions satisfactorily. In addition to satisfying these results, the mechan-

ism should be in agreement with all available information regarding

triplet energy transfer in solution.
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QUENCHING OF SINGLET BENZOPHENONE

Quenching by Dibenzoylmethide Chelates

Variations of the central metal atoms of the chelates described
previously have a marked bearing on their quenching abilities. Steric
effects were also apparent for different ligands which had identical
electronic structures. The existence of energetically, statistically,
and sterically available electronic states involving chelate r-orbitals
is apparently necessary for quenching of triplet benzophencne. There-
fore, alteration of the electronic structure of the ligands was expected
to effect the quenching ability of the chelates,

The dibenzoylmethide chelates of iron and chromium were
chosen in an effort to demonstrate any effect of the type expected by
altering the ligand meorbital systems. It was felt that these chelates
would offer a larger number of favorable low energy m-orbitals nec~
essary for quenching than their acetylacetonate counterparts. Their
ultravioclet spectra are very similar to corresponding acetylacetonate
and dipivaloylmethide chelates but are shifted in their entirety to
longer wavelengths,

Experiments indeed showed that these chelates were very

efficient quenchers, more so than any other quencher thus far
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examined. Treatment of the experimental data by equation 71, as
done for all other chelates investigated, gave the results shown in
Figure XIX. The experimental points appear very scattered and
inconsistent. Mean slopes which best fit the experimental points and
which correspond to the Ec:q/kr values were found for both chelates
to be about an order of magnitude greater than the largest value
obtained for any other quencher. The maximum value found for any
triplet quencher apparently is from 580 to 650 for the benzophenone-
benzhydrol system in benzene. These values are assumed to core-
respond to ordinary diffusion-controlled processes. If the mean slopes
calculated from the experimental data as plotted in Figure XIX are
correct, the triplet quenching rates resulting from these chelates
must be faster than diffusion-controlled by an order of rﬁagnitude.
Long range triplet energy transfer does not seem reasonable because
conditions necessary for electron exchange are not satisfied. Quench-
ing of singlet states is possible over large distances because the spin
conservation requifement does not have to be satisfied through a
bimolecular interaction. Therefore, the possibility that quenching
of the benzophenone excited singlet state was occurring was inves=
tigated.

Cleser inspection of the data represented in Figure XIX
reveals a unique dependence on the quencher concentration. Lines

drawn through points obtained with the same initial quencher
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concentration give ordinate intercepts differing from unity and from
each other.

Returning to the kinetic discussion given on page 87 , the
assumption was made that the rate of intersystem crossing, kis’ is
much larger than all other terms in the efficiency factor (e} for most
quenchers studied. This assumption implies that the efficiency factor
approaches 1.0 and leads to the rate equation 71 normally used for
treatment of the experimental data. If, however; the value for ksq{Q}
z}s not negligible when compared to kis’ then the efficiency factprs
for the control runs as actinometers are greater than those for the

samples containing the quencher.

Equation 70 may be rewritten as:

aTe.col k., k_ I [9 CHOH]
> _ is rTa ""2 (73)
- - - ’
At (k, +k [0QI)k +k [QJ+k_[v CHOH]
is sqg d q

-

|

(74)

—
L]
4

© -k k_ [¢ CHOH]

-t
2]
=
§%
i

A plot of 1/¢ versus 1/(QQZCHOH) should yield straight lines for
av

each separate quencher concentration. The ordinate intercepts are
given by the term

k_[Q]

s
intercept = 1 + g——q
is




Their slopes will be

sq - .

— (76)
is T
If a first order dependence on quencher concentration really

exists, then a plot of intercept against quencher concentration should
give a straight line with an ordinate intercept of one and a slope given
by k /k, .

Y sq/ is

A plot of 1/w versus 1/{BH2), as suggested by equation 74, was

made for the Fe(DBM), and Cr{DBE\A}B experiments for each different

3
quencher concentration. These results are given in Figures XX and
XXI . A plotofintercept versus the quencher concentration yields
. . . . ; L4
lines which have slopes corresponding to qu/kis’ of 4 x 10" and
4 . . . . .
1.2 x 10 for iron and chromium dibenzoylmethide, respectively.
FUrster's theory (35) of singlet exciton transfer or resonance
transport is based on the assumption that two molecules capable of
interaction are isolated from one ancther at a mutual distance R.
Coupling between electric dipoles of donor emission and acceptor
absorption are responsible for the interaction necessary for energy
transfer.
In most molecules, due to the broadness of their spectra,

there is usually always some degree of spectral overlap between

donor and acceptor. In an ideal case, the acceptor will have an
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Table X1

Experimental Data Concerning the Quenching of Singlet Benzophenone
by the Dibenzoylmethide Chelates of Iron and Chromium.

1/w-
. L 1 0.033 [Q] 4
No. Quencher [Q7x10 © BH | BH, BH_.] A  BxIO K
2 2 2
<104
77 Fe(DBM)3 0.1812 2.240 13.77 1.786 2.495 0.061 4.31 1.725
78 i 0.2719 2.750 13.44 2.307 3.660 0,219 7.65 2.088
79 i 0.1812 2.287 19.18 1.654 3,478 -0.071 6.00 1.725
80 A 0.2719 2.940 18.55 2.330 5,050 0.242 10.55 2.088
81 i 0.554 3.525 10.38 3.183 5,750 -0.035 17,95 3.218
82 a 0.554 4.035 21.50 3.325 11.91 0.107 37.30 3.218
83 i 0.1812 2.0767 10.50 1.730 1,901 0.005 3.28 1.725
84 cf(DBM)?) 0.452 2.550 13.61 2.101 6.146 0.558 9.48 1.543
85 Cr(DBM)B 0.452  2.459 18.98 1.833 8.571 0.290 13.22 1.543
86 i 0.226 1,696 10.38 1.354 2.346 0.082 2.98 1.272
87 i 0.226 1.830 13.95 1.370 3.153 0,098 4,00 1,272
88 i 0.515 2,210 10.60 1.860 5.459 0.242 8.83 1.618
89 o 0.515 2.830 22.22 2.097 11.443 0.379 18.5 1,618
90 A 0.452 2.308 10.51 1.961 4.753 0.418 7.34 1,543
1 0.033
A m— 2 —— had
@ [ BH_ ]
a
Q]
B K+ == -
L sz
k [qQ]
sq
K 1+ A

The initial benzophenone concentration used in the experiments listed

above was 0. 10 molar.

The solvent was benzene.
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absorption band moderately displaced to the red with respect to the
first absorption band of the donor - The fluorescence spectrum
of benzophenone has never been observed but is expected to be the
inverse of its absorption spectrum. Both dibenzoylmethide chelates
have large absorptions in this region, whereas the other chelates
studied do not. (See Fig.VIIL.)

The coupling is strongest if the corresponding optical trans=-
itions of both molecules are electric dipole radiation., These trans-
itions are coupled not only with the radiation field, but alsc with sach
other. Interaction energies are of a dipole-dipole nature and depend
upon the inverse third power of the intermolecular distance. Since
the probability of energy transfer is proportional to the square of
the interaction energy matrix element, the probability is thus pro=-
portional to the square of the dipole~dipole interaction and decreases
as the sixth power of the distance (35.

The first order rate constant for energy transfer of this type may be

described by the simple equation
6

o

-1 1 ..
k (sec )= — ( 2 ) {77
o _ R

S
Here R is defined as the critical distance for which exciton transfer
=5 ]
and spontaneous deactivation of the sensitizer are of equal probability.

This parameter is dependent upon the magnitude of the dipole coupling.
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k<]
R values of 50 to 150 A have been measured{l).R is the distance
<o =
between donor and acceptor. Ty is the actual mean lifetime of the
excited sensitizer and is related to the intrinsic or radiative lifetime
o)

T by the expression

r o= o o (78)

where :;3: is the quantum yield of the sensitizer fluorescence without
transfer.,

The range of quencher concentrations used for the study of
the dibenzoylmethide chelates was confined to values less than or
approximately equal to 5 x 10”5 molar. In general, these concentra=~
tions were a factor of 2 to 10 less than those used for other chelates.
The choice of these lower concentrations was necessitated because
of the extrerﬁely large quenching efficiencies encountered and to
reduce internal filtering problems.

Assuming that quenching proceeds by a mechanism similar
to that proposed by Fdrster, a value for I_{_O may be determined by
equation 77 after making the proper substitutions. The actual mean

lifetime of the singlet state T, may be written as

) (79)
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Substitution of 79 into equation 77 gives the expression

o

e
o
St

(80)

?U

Considering the situation where the efficiency factor e is 0.5 or

when k, =k (Q), then
is sq

Le (=2 (81)

From Figure XX , the quencher concentration which cor=-

responds to an efficiency factor of 0.5 for Fe(DBM)3 is 2.5 x 10“5
molar. Assuming a complete random distribution of quencher
molecules throughout the solution, the average distance between
molecules R 1is calculated to be 202 A Substituting this value into
equation 81, I}—o is found to be 178 A .

This estimate is larger than would normally be expected,
since the largest values found for other molecules usually never
exceed 100 A (35). These values are §btained for dye molecules
where extremely strong electric dipole transitions are involved.

Only the lowest energy n » % singlet state is populated in
benzophenone under the reaction conditions. Since n — 7% transitions

are symmetry forbidden, there can be no strong dipole coupling

between this and the 7— 7% transition in the chelate. Vibrational
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mixing, however, will allow some. Therefore, a small value for ﬁE{__G
might be expected in this system. Granted that the experimental
results are by no means sufficiently complete to place definite con-
fidence in the values determined, the largest variation that can be
introduced into the results from the available data still requires that
the E__{__O value calculated by FBrster's formula must be greater than

- ‘
150 A .

A further discrepancy found, with respect to tﬁe application
of Fdrster's theory to this problem, involves the inverse sixth power
dependence on intermolecular distance. This dependence implies
that the rate of energy transfer should vary as the square of the
quencher concentration. A linear dependence is indicated experi-
mentally.

Thg dipolar i\nteraction‘ that Fbrster considers is between
molecules isolated from each other at a distance I_{_, in either a solid
matrix of inert gas, a crystal, or in solutions where interaction
between solvent and donor or acceptor isnegligible. The present
reaction system may be somewhat different. Itis felt that inter-
action between sensitizer and acceptor may involve coupling with
excited states of the solvent.

The dibenzoylmethide chelates are unique with respect to other
chelates studied in that each ligand contains two phenyl groups.

Benzene is found to be a very good solvent for these chelates, probably
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because of m-interaction with the ligands. In addition, benzophenone

is a carbonyl compound containing two phenyl groups. Coupling of the
dibenzoylmethide chelate states with those of benzophenone through
solvent may account for the large quenching effects. Interaction with

the environment may lead to the first order dependence on quencher
concentration that is found experimentally. If solvent interaction is
important, a large solvent effect on the quenching rates may be expected.
Unfortunately, no experiments of this type have yet been conducted.

The discussion thus far has ignored the possibility that the
predominate contribution to the rate of singlet energy transfer here
may resuit from dipole coupling between benzophenone and quencher
under resonance conditions. These conditions result when the energies
of the excited electronic states of both donor and acceptor are identical.
Under these conditions, the rate for energy transfer is directly propor-
tional to the dipole coupling matrix element. Therefore, the rate of
energy transfer should be directly proportional to quencher concentration.
This possibility for singlet transfer will be discussed more completely
in the following section where possible mechanisms for both singlet
and triplet energy transfer are considered.

The slopes of the lines plotted in Figures XX and XXI which
correspond to expression 76 depend on the period of the mixing cycles
to which the cells are exposed during irradiation. A discussion of dif-

fusion effects and their results as applied to these experiments are

given in Appendix B.
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DISQUISITION

Introduction

Two similar and closely related mechanisms for energy transfer
will be considered here. The first (a) involves a process whereby the
electronically excited donor and unexcited acceptor interact with a
weak perturbation. The interaction is considered of such a type
whereby the two distinguishable particle‘s, D (donor} and A (acceptor),
may retain their physical individuality during the time of the interaction.
Each molecule is considered to have its own characteristic 3N degrees
of freedom, where N is the number of atoms in each molecule.

The second mechanism (b} concerns a process where the inter-
action between two molecules is of the type and magnitude such that an
exchange complex is formed. The complex may be extremely short-
lived. However, formation of a complex requires that the number of
separable molecular particles in the systern decreases by one from
the number contained in the system prior to complex formation. This
in turn requires that the system alter 14 degrees of freedom upon the
formation of the complex. The three translational, three rotational, and
3N-6 vibrational degrees of freedom of the individual molecules D and
A must be replaced by three translational, three rotational, and

3N_. + 3N

D - 6 vibrational degrees of freedom of the complex as a whole.

A
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Each mechanism described above will be discussed in detail
and the cases where each process applies will be given.

All evidence concerning the rates of triplet energy transfer in
solution which has been obtained in these and other laboratories
indicates that the maximum rate approaches that which corresponds to
a diffusion-controlled process (4-20,22,34). This observation implies
that bimolecular contact, or very near contact, is necessary for efficient
ene\rgy transfer. These observations are also in accord with the require-
ment that electron exchange is necessary in order to conserve spin in
the overall transfer process.

Exchange interaction removes the distinguishability between
the electron systems of donor and acceptor. Therefore, the inter-
mediate particle composed of interacting donor and acceptor may be
considered distinguishable from both the donor and acceptor molecules.
This intermediate corresponds to an exchange complex of the type
described above and is necessary for triplet energy transfer. Further
evidence supporting a mechanism involving a complex intermediate for
triplet energy transfer is obtained from results contained in this thesis.

Mechanism {a) may be applied to energy transfer processes
where spin conservation requirements can be satisfied without electron
exchange. Some processes which satisfy these requirements are (1)
intersystem crossing, internal conversion, and vibrational relaxation

within a single molecule located in a fluid environment; (2) singlet
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energy transfer in fluid and crystalline media; and (3) the absorption and

emission of radiation.

Qualitative Discussion of the Mechanism for Triplet Energy

Transfer in Solution

The general mechanism involving a complex intermediate may

be written as

D¥ + A T G)AJ? (82)

(83)

¥ — {(DA)* +
(DA)i ( )fa AEi ,fa

(84)

! ES [ S S sk +
(DA)fa (DA)fb AEfa ,fb

(DAY —— = D + ax (85)
Equation 82 shows the formation of a complex between D* and A
which may be considered to be in an initial electronic state (DA)1 o« In
the absence of any strong long-range electrostatic effects, the rate at
which the two reacting molecules can diffuse together and apart will de-
pend on the factors that normally effect diffusion rates in fluid media. In

general, these factors include molecular sizes, fluid viscosities, and
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temperature. In the systems which are of interest here, the second
order collision rates are of the order of 109 liters/mole/sec. In the
absence of any interaction between them, D#* and A should remain
within close proximity of one another for about 10“9 seconds.

Equation 83 represents an internal conversion and vibrational
relaxation process between an initial complex electronic state (DA)E“

A

with energy close to that fof D* + A, and a second electronic state of
the complex (DA)?a’ which has energy that may be close to the energy
of D + A%, This process is expected to be very fast when the energy
differences between electronic states are small. There may be more
than one final electronic state to which the initial state may be directly
converted. In addition, all of these final states may be interconvertible,
as shown by equation 84.

Finally, the energy transfer products, D + A%, are formed
from the decomposition of the weak complex,as shown by equation 85.
The rate at which the complex may decompose depends on the amount
of bonding between D and A% in the complex. For very weak bonding,
the rate of decomposition should correspond to the rate at which the
complex partners diffuse apart. This will be shown later.

All processes shown in equations 82-85 are considered to be
reversible. However, it should be noted that complex formation and
decomposition may be able to proceed by several paths, some being

favored for decomposition and others for formation. A discussion of
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the different reaction paths that may be followed will be given in a
following section.

Thus faf in the discussion concerning the complex transfer
mechanism, the spins of D¥*, A, D, A%, and the complex (DA)* have
not been specified. It has been stated, however, that the mechanism
chosen for a particular mode of energy transfer must contain within it
a means for satisfying the spin conservation requirement. Itis now of
particular interest to see what that spin requirement is for systems
that are of experimental interest here.

From time to time the term ''triplet energy transfer' has been
and will be referred to. In general, this term will be used when con~
sidering any process where an excited triplet state donor is involved
and in which the triplet donor is converted to its ground singlet state
during the transfer reaction.

The following processes are allowed by spin conservation rules

under the specific conditions listed:
D*(x) + A(y) » (DA)* - D(x) + A%(y); x>0, y=>=0 (86a)
D#(x) + A(y) » (DA)*-D(x - 1) +A*(y + 1); x> 1, y=>0  (86b)

(86c)

v (o

D#*(x) + A(y) »(DA)* -~ D(x - 1) + AX(y); x> 1, y=
D#(x) + A(y) » (DA)* - D(x - 1) + Ax(y - 1); x=1, y=>1 (86d)

In the above expressions, x and y refer to the total spin S of the molec~-
ular wave functions of D and A . (_S_ is determined from the operation

of the S 2 operator on the particle wave functions.)
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In the absence of any energetic effects which may influence the
rates of product formation, the statistical probabilities for each of the
above processes depend upon the specific values of x and y. Of par=-
ticular interest here are the cases where x = 1, for the triplet state
of the donor molecule, and y takes values from 0 to 5/2. Table XIII
represents the statistical probability for each process for specific
values of x and y which are of interest.

The probabilities of processes 86ba through 86d occurring are
determined as follows: Molecules D* and A of spin x and y may combine

to form a complex (DA)* with spin S equal to

xty,x+ty-1,x+ty -2, ¢ae , y=xfory>x

(87)

eoe 3 X =y for x>y
The statistical weight for each of these complex spin states is given by
=25, +1
87 % (88)

The total statistical weight for the formation of complex with all possible
spin combinations will be the sum of statistical weights of the complexes
with spin functions given in equation 87. Therefore, the total statistical

weight of all complexes will be:

g, =

; g =2x+y)tl+2(xty-1)+1+...+2y~-x)+1
: 1

1
y > x
oo-+Z(X"‘y)+l;

y<x
(89)
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Table XIIT

Spin Statistical Factors for Formation and Decomposition of Collision
Complexes Requiring the Conservation of Total Spin.

(v) (x) Process 1  Process 2 Process 3 Process 4
0 0 1 - - -

y> 0 0 1 - - -

0 1 - 1 - -

3 ! : 3 5 :

1 1 - 5/9 5 1/9
3/2 1 - 3 3 1/6

2 1 - 7/15 3 1/5
5/2 1 - 4/9 3 2/9
Process 86a B(:><)>=< +Qly) - B(x)+ Q(y)* ;x20, y=0

Process 86b  B(x) +Q(y) - Blx-1)+Q(y+)" ;x

v
—
<
%
o

Process 86c¢ B(x)a< +Q(y) - B(x-1)+ Q(y)>l< s xz 1, y=3
Process 86d B(X)* + Q(y) - Bx-1) + Q(y-l)a: I St |

Only spin factors are considered in above processes.
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For each process only complexes which have spins given by

Process 86a. x+y,xty~1, e, , x-y; x>y
Process 86b. xty,xty=-1, ..., x-y; x>y
Process 86c. y+x-1l,y+tx=2, e, , y=x+1l;y>x
Process 86d, y+x -2, y+tx =3, «v. ,y=-x;y>X

(90)

*

can decompose to give products with proper spin. These complexes

will be referred to as deactivating complexes.

Since the spins of D and A do not change during the energy
transfer process described by equation 86a, an exchange complex is
not required as a reaction intermediate. Energy transfer involving
this process may, however, proceed by either or both mechanisms
introduced on page 119. Whichever mechanism takes precedence over
the other depends on the magnitude and type of interaction between
particles and on the physical nature of the system involved.

Triplet energy transfer may be described by equations 86b, 86¢c,
and 86d, where x = l. With the exception of experiments with para-
magnetic substances, such as certain transition metal chelates and
solvated paramagnetic ions, most triplet state quenching studies have
been carried out using diamagnetic quenchers (usually pure organic
compounds) which have available low-lying triplet states that can be
coupled with the occupied triplet state of the excited donor. These

reactions proceed exclusively by process 86b, where x =1 andy =0.
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As seen from Table XIII, this process has a spin statistical factor of
one, indicating that every complex formed may decompose into product.
Therefore, the primary factors which may influence the rate of energy
transfer by this process arise from the energetics involved in the forma-
tion, internal conversion, and subsequent decomposition of the complex.

Paramagnetic substances may quench a triplet state donor by
any or all of the processes described by equations 86b, 86c, and 864,
subject to the initial spin constraints givenfor each process, The spin
statistical factor for each reaction is given in Table XIII for all initial
quencher states with spins ranging from 1/2 to 5/2. The rates of energy
transfer through each of the different reaction paths for a given quencher
depend on the interaction energies between donor and quencher and the
separation of the electronic states of the donor and quencher which are
involved in the transfer process.

Observing the spin statistical factors reported in Table XIIL
for paramagnetic substances, it becomes apparent that only a fractional
number of the complexes formed by each process (86b-86d) are able to
decompose into product. These complexes are the ones that satisfy
the spin requirements shown in expression 90. The complex spin states
which do not satisfy the decomposition requirements are excited states
of complexes that do. These excited complex states have different spin

multiplicities than the ''deactivating'' complex states. However, they
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may be converted to ''deactivating'' states through intersystem crossing.
The probability that the necessary interconversion can occur during

the lifetime of the complex depends on the magnitude of the spin-orbit
perturbation that mixes the different spin states. The spin~orbit per~
turbation may be quite large in systerns containing heavy metals such
as in transition metal chelates.

The lifetime of the excited complexes may also be dependent on
the rate of intersystem crossing between an excited complex state and
the '"deactivating'' state. This may result when the energy of the final
electronic state of improper spin for product decomposition is sufficiently
low that reverse decomposition into reactants becomes unfavorable. In
this case, the complex would be trapped in a semi=~stable state until
converted by spin~orbit interaction to a final spin state capable of
decomposition into product. If this is true, then the quenching effici~
encies of the paramagnetic chelates should correlate directly with the
energies of their electronic states and not with their spin statistical
factors. Experimental evidence contained in this thesis indicates that
a process of the type described here probably does occur in some sys-

tems studied.
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Introduction to the Semiquantitative Discussion of the Mechanism

of Triplet Energy Transfer

A precise time=~dependent quantum mechanical treatment of
the mechanistic processes involved in triplet energy transfer is too
complicated and difficult to consider here. It is possible, however, to
consider the mechanism in a semiquantitative manner under certain
limiting conditions. Much valuable information can be obtained from
a treatment of this type. It is doubtful whether a more complete treat-
ment will be of any additional benefit, since most triplet energy transfer
reactions in solution are expected to proceed under the limiting con-
ditions where the approximate treatment applies.

In following sections, a discussion of the time-dependent quantum
mechanics involved in the partitioning of energy between possible states
of macroscopic systems will be given. This will be followed by a brief
discussion of the factors governing the rates of internal conversion,
intersystem crossing and vibrational relaxation in these systems.

Electronic interactions between specific pairs of molecules will
be considered under two conditions. The first is where exchange inter -
action is unnecessary for the transfer of energy and the other where it
is necessary. Consideration of the first process leads to a general
mechanism for singlet energy transfer in solution. According to this

mechanism, energy may be transferred over distances in excess of
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ordinary collision diameters. Consideration of the second condition
leads to a general mechanism for triplet energy transfer in solution.

In the final section each of the steps composing the proposed
mechanism for triplet energy transfer in solution will be considered in
a semiquantitative manner. The factors that influence the overall rate
of the transfer process will be discussed, and a simple expression
for the rate constant, kq, will be given. The equation will be applied to
experimental data obtained in these and other laboratories. The

results obtained are very gratifying.

Timez~Dependent Quantum Mechanics for the System

First let us consider a system that consists of a specific mole-
cule, M , located in an environment of solvent molecules, _S__ The
entire system is considered to be isolated from its external environment.
Under this condition energy is conserved within the system.

The lowest excited electronic states of the solvent molecules
are considered to be significantly higher than the excited electronic
states of M which are of physical interest in this discussion. Further-
more, all electronic states of the solvent §_ are considered to be of
sufficiently high energy that there is no significant occupation of these
states when the system is at thermal equilibrium at room temperature.

(This restriction is not placed on the electronic states of M .) Also,

at this temperature, the difference in energy between vibrational states,
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AE for most molecules at thermal equilibrium with their environ-

vib’
ment, is large compared to kT . (E is Boltzmann's constant, and T

is temperature.) Therefore, most of the molecules in the system
described will be in their lowest vibrational states when at thermal
equilibrium at room temperature. Under these conditions, thermal
energy is primarily distributed throughout translational and rotational
modes of excitation.

Finally, all molecules composing the system are considered to
move in the weak coulombic field produced by all other particles in the
system. Motion of the molecular particles is perturbed only slightly
except when in very near contact with other molecules of the system.
The major type of interaction encountered between pairs of molecules is,
in general, of a repulsive electrostatic nature. Exchange interaction
between molecules is considered negligible in this sytem.

The wave-function , Y(pi, qi, t), describing our knowledge of the
system at any instant, must be a function of the conjugate momenta
P, and coordinates 94 of all particles composing the system. The com-
plicated function, however may be simplified by expansion in a Taylor
series about the set of molecular coordinates which produce the minimum
potential field for the system.

Since no exchange interaction is considered significant here,
and since the repulsive interactionsbetweenmolecules are considered

very small except when in near contact with one another, only the first

term in the series expansion is significant. The wave-function for this
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configuration may be represented approximately as a product wave~
function for each separate molecular particle in the system. This
instantaneous zero-order stationary-state wave-function may be written

as

¢ 0=(M), v, R.T o (91)

. . . . th .
where (M), is the electronic wave~function for the i = electronic state
i z

of molecule M, v, represents the vibrational wave-function of M
ey i, g

. th . . . th
corresponding to the n  vibrational state of the i electronic state,

. . . t
R, , 18 the rotational wave-function for M corresponding to the r
i, g full

th . . .
rotational state of the i electronic state, and Tt is the translational
) th . . .
wave-function for the t translational state of M . Finally, ¢, is a
- - J
composite environmental wave-function which includes electronic,
vibrational, rotational and translational wave-functions for all molecular
particles making up the environment. The total energy for the state
o o

s d by ¥ is E .

represente Yy k K

The wave-functions described by equation 91 are solutions of

the time-dependent Schrodinger equation

o
b4
k
t

(0%

T
-
]
H

O
e}
;—A-Hj‘

(92)

o/

where HO represents the total energy of the system when it is in its
o
minimum potential energy configuration. In general, for every E

there are a very large number of isoenergetic or nearly isoenergetic
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states for the system. Each of these states is represented by a wave-

. o . th
function, ‘i’k , defined by a k set of quantum numbers.

The total Hamiltonian for the system, 5, contains in addition

O oy
to H an additional term, H', which accounts for changes in potential
energy corresponding to changes in the molecular coordinates of the
particles composing the system. The total Hamiltonian may be written

as

H=H"+H' (93)

The most significant contributions to E’ in the present system correspond
to the repulsive and distortive interactions exerted between pairs of
molecules during an encounter. This interaction is able to convert
the system from certain initial states represented by Yio to certain

(o]

final states represented by Yf

At any time t , the complete wave~function for the system under
the action of the total Hamiltonian (93) may be expressed as a linear

combination of functions of type 91 as

HOEDIENCUDRNC) (94)
k

The coefficients ak(t) may be determined in the following manner.
Replacing ‘Fko by ¥(t) and lHO by H in equation 92, multiplying on

the left by \Y.O’I\ , and integrating over all configuration space, one obtains
J

a set of simultaneous differential equations in aj(t) written as



134

o

i *
e SRR CR I el
k

This set of equations may be more conveniently written in matrix

form as
" 2] Tt H' H! 1 Ta
1 11 12 1z
d i .
—_— o e sk H! H! ° 0.
at %2 o | H P Mo *2 (96)
e H's H' ...
a3 Hpg HE Hyg %3
L L i JL - j
where
oo \Yofn vy ©
jk J j ,I;I k dr (97)

If the system is known to be in some particular initial state,
‘¥OO, at time t = 0, equation 96 describes the change of the system to
final states, \i’fo, as a function of time. The probability that the system
will be in a particular state att = t'is given by the quantity
ap(t')* ap(t‘). When the system reaches thermodynamic equilibrium,
a statistical distribution of final states is obtaine/d. The rate of change
of the probability that the system will be in a particular final state at
some later time approaches zero, and the total wave-function becomes
stationary. This stationary-state wave-function describes the system

at any time after equilibrium is established until the system is subjected

to a new perturbation which destroys the equilibrium.
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The stationary-state wave-function describing the system at

thermodynamic equilibrium may be written as

s T o
y t) = a' L Y (¢t 98
0= Yar vo (98)
j
where the i:aq j's are time-independent. (In following sections all

time~independent coefficients will be primed, such as a'j .) Equation 98,
representing the distribution of states at equilibrium, is only one
specific wave~-function of the complete set of stationary-state wave=
functions corresponding to all possible configurations of states for the
system with total energy equal to E°. This set of stationary~state

functions may be represented as

¢ =N ar v (99)
m L m,j J
]
th .
where a' .'s are constants whigh describe the m configuration of

m, j

o
system stationary states ‘fj .

Substituting 91 into 98 and rearranging the terms according to
states of molecule M, one obtains for the wave-function describing the

system at equilibrium the expression

-1/hESt

Ve ‘ | 100}
,nRi,r TtZ‘ Ceq,j C‘Cj,ekj e )

\/’

* M
beq,k (M), v,

o

5 [

which may be rewritten as
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-l/h(EMk+ e k)t

b' ,R(M)i v, R, T @ e (101)

2 (1) = : :
eq eq i,n i,r t eq,e:k

= [~

In equations 100 and 101, the coefficients b' K describe the equilibrium

€eq,

., th
occupation of the k set of states for M whsre k = k(i,n,r,t). o
- - eq,e
k

is one of the complete set of environmental stationary states

5 = Z et Lo, (102)

that corresponds to the equilibrium distribution with energy equal to

S This set of functions represents all possible isoenergetic stationary
configurations of the environment.

The amount of energy partitioned between states of M which

th
are defined by the k  set of quantum numbers is EM . The total energy
k

for the system at equilibrium is Es. Therefore, the difference

E - EM = e is the energy thatis partitioned between different states
s
k

of the environment for each E.

Internal Conversion, Intersystem Crossing, and Vibrational

Relaxation

Now let us assume that AEelec between the ground electronic
state of M, (M%) and all excited electronic states (M)u is large. Also,

let us assume that AE between two vibrational states of M is large
v phiey

ib

compared to kT . Under these conditions, equation 101 may be written

as
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s -i/h Eot
voo=(M) v o @" e (103)
eq 0 0,0 eq,¢
o
where 3" is the same as & , except that the rotational and
eq,s eq,e

translational wave-functions for M have been included with the environ-
mental wave-functions.

Now if at some time t = to, I\_4 is excited from its ground state
to an excited electronic state, say (M)a, the system may undergo
internal conversion and vibrational relaxation until thermodynamic
equilibrium is reestablished. The wave-function describing the system
at any time during this period may be given by a function of the type

described by equation 94 as

—i/h(Eo t AR O)t
v, = o ’
(t) ao(t)(M)ava,n eq,eo ©

1 1
1/h(EM + ek )t

+ ) a (M), v 3 e 8 (104)
- J i i’m ;O-, €k
jxo
In equation 104, the @6 _ 'sare all members of a complete set of
:Ok

environmental states similar to those defined by equation 102 with
energy of e‘l; . These terms differ from the set shown by expression
102 in that the rotational and translational wave-functions of M have
. e e . . th
been included. Subscript j=j(k,c), and designates the k setof
. . th .. .
electronic and vibrational quantum numbers for M and the o distri-

bution of environmental states represented by @g.e For each k there is
; =
k
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a complete set of environmental states, @”O_ .
, €
k
Only final states with total energy equal to or very nearly equal
to the energy of the initial state will contribute significantly to the time-

dependent wave-function for the system. Therefore, (EO+ AE ) ~
a,o

{EM + e”k) where E = (EM + e”o). E _ is the energy of the system

k © o
prior to excitation. In spite of this restriction, in general, there remains
a very large number of final states that may be coupled directly to the
initial state of the system.

The coefficients for equation 94 may be determined from the
solution of a matrix equation of type 96 with the initial condition that
ao(to) = 1. If one considers only isoenergetic states for the system or
assumes that the total energy for any state of the system can be approx-

imated accurately by the average energy E of all possible states of

the total system, then the solutions for equation 96 are

w -i/n At
ak(t) = uu e (105)

s>~

Here ) are the n eigenvalues for the Hermetian matrix I:I u K
n - ij n

are the Eth terms of the eigenvectors u corresponding to the Et
eigenvalue for the Hermetian matrix. These terms are the elements of
the unitary matrix that diagonalizes I—_Iij.,’ u;';‘l are the complex conjugates
of the first terms in the eigenvectors for each eigenvalue of the matrix

and arise from the initial condition that ao(to) = 1. The probability,
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w(t'), that the system will be in any final state at t = t' is

=) Tl (106)
kxo

w(th) =1 - ]ao(t‘)

Transmission of energy from M into its environment accompanies
the conversion of M from high to low electronic states. Absorption of
energy from the environment must accompany the formation of electronic
states of M that are higher energy than the initial state (M)a. When
higher electronic states have energy that is close to the initial state,
there may be expected a significant probability of thermal excitation to
these higher states. At moderate to large energy separation between
upper states, only conversion to lower electronic states is significant.

It is of interest to investigate briefly the types of matrix ele~
ments that constitute the Hermetian matrix of equation 96. These
elements represent the interactions between particles of the system
which are responsible for the conversion of the system from initial to
final stationary-state configurations.

The perturbation Hamiltonian E‘I‘ may be effectively separated

into parts

H'=H' +H', + H' 107

~ ~elec,s ~vib,s r~s8,s ( ; )

In equation 107, I—I'l represents the distortive electrostatic inter -
~elec, s »

action between M and particles composing the environment. These

interactions are responsible for the mixing of different electronic states



140

of molecule M. g;lb s represents the interaction between M and the
environment which converts vibrational energy of M into translational,
rotational, and vibrational energy of the environment. H'S < represents
the interaction energy between particles in the environment which con-

verts the system from one environmental state to another.

The diagonal matrix elements

1 — S 1 8 - i 1 i
H = (¥ IH l¥,) «»((M)i v, e |H ,}.(M)i Vi % y(108)

14 i ‘ S k

represent the effect of the perturbation on each of the stationary-state
functions ‘i’; making up the total time-dependent wave-function of the
system. These terms do not contribute to the rates of conversion
between possible states of the system.

There are three types of off-diagonal matrix elements for this
problem. The first represents mixing between electronic states of M
as a function of the interactions with the environment. These inter-
actions are responsible for internal conversion and intersystem crossing
between the different electronic states of M. The matrix elements
may be written as

-i/hAEt

) 2 ), v, e

elec 8

| (etec) =(w), o |H
j %3

-i/hAEt
(v. Jv. e (109)
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- .th .th
represents the direct mixing between the i~ and j

Here, B
elec

ij
electronic states of M. AE is the difference in energy between the
two states of the system coupled by this matrix element. (Vi nivj m)
2 B
is the vibrational overlap factor representing the amount of overlap
th . . . th .
between the n vibrational state of the i  electronic state of M
. th . .th .
with the m ~ vibrational state of the j  electronic state of M. The
subscripts k, and kj represent the sets of parameters (i,cr,,n) and
i i
(j,crj,m) that designate the two states that are coupled by the matrix

element, H' {elec) .

k. k.,
1]

The infinite number of possible terms of type 109 may be
restricted to a large finite number by considering that only system
.S
states, ‘i’k , which are in resonance or very near resonance (AE ~ 0),

contribute significantly to the total wave=-function for the systems.

The magnitude of these matrix elements depends on the magnitude of

B8 lec for any pair of electronic states that are coupled throagh inter-~
—ele
ij
action with the environment, and on the magnitude of the vibrational
overlap factor (v, v, .
P SO

Internal conversion between two electronic states of M can
occur at any vibrational level of the initial state subject to the condition
that excitation of I_\_/I results in the population of that vibrational state.
When the final electronic state has energy thatis close to that of the
initial state, large overlap between vibrational states of the initial and

final electronic states is usually possible. This results in relatively
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large coupling matrix elements of type 109. For large energy separ -
ations between electronic states, the vibrational overlap factors for
isoenergetic system states may be expected to become quite small.
In this case, direct coupling between non-isoenergetic states may be
significant. However, the importance of this coupling rapidly diminishes
as the energy separation AE between the initial and final states increases.
Robinson (59) has discussed vibrational overlap factors in considerable
detail, and so no further discussion along this line will be pursued here.
In the above discussion, no restriction was placed on the spin
multiplicities of the states whose coupling is described by electronic
matrix elements of type 109. Due to the action of an inherent spin=orbit
perturbation, which is characteristic of all molecules, each complete
electronic wave-function is expected to contain contributions from
unperturbed electronic wave-functions with different spins. If the
spin-orbit interaction is very small compared to other interactions
described by the total Hamiltonian for the molecule, complete electronic
stationary-state wave-functions may be written approximately according
to first order perturbation theory as

S

ORIV I =t LR RV (110
s Slsll |

where 51 ES 3'1. Here S, is the spin of the principal unperturbed state

. . .t
wave-function, and s‘l is the spin of other possible states with the i
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orbital configuration which are weakly mixed with the principal state
thr ough the action of the spin-orbit perturbation H'(S- 0.). AE
is the energy separation between the electronic states with spins

8, and s'lo When AES g is very small or when the spin-orbit inter -

™1
action energy H~U(s.o.) is very large, then expression 110 is not accurate
and must be properly normalized. It is most convenient, however,; to
consider the condition where expression 110 does apply satisfactorily.
Substituting 110 into 109, one obtains for the time=~independent

part of the electronic coupling matrix element, H'k K (elec), the

expression

1 = g'é’ 1 Z "
Hk.k'(elec) ((M)1 ”o‘.{ elec,s\( )_] - .)(Vi, ‘V,m)
i i j
i T H'(s.o.)
= +
Belec,,( 1,nivj,m) \_68 s L AE , 65 s
172 . 8.8 2
S 11
1
" H's.o.) 7
— + ...
¥ ; AE ®s st | (111)
. S, 8" 1 2
s, 2 2

where § b is the Kronecker delta. Only the most significant first order
a - -

S s

1 2
terms have been included in expression 111. (M)1 and (M), are

functions described by expression 110 with principal spins of 54 and S,
Expression 111 is general for all electronic coupling matrix elements

in equation 96 and describes both internal conversion between states with

identical spin (e.g., 5, 7 SZ) and intersystem crossing between states
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with different principal spin (e.g., 5, * s, but some s‘1 =s, or

The remaining two kinds of off-diagonal matrix elements for
equation 96 are (1) elements that represent the coupling between different
vibrational states of M through interaction with the environment and
(2) elements that represent coupling between different environmental
states of the system. The first of these terms representing the con=

version of M from vibrational state v, to state v, may be written
- i i,n

' i,n,
as
-i/h AEt
H' . = {v. ' IH V. ' ) e
vib, s ( i,ng Galwv1b,s i,n, Gb)
oo -i/h AEt
=a &7 e (112)
n
172
where o and S represent possible stationary distributions of environ-
a
mental states, o' e constituting the general environmental state
J’ k
g e * Elements that describe coupling between different environ-
)
k

mental states may be written as

_i/n AEt
e (113)

a Gb

=R - = (o' !HI B
Y, (a1 Jet )
It is of interest to consider briefly special cases for which
simple solutions of equation 96 may be obtained. Fortunately, these
special cases correspond to physically important situations whose under -

standing will greatly assist in the discussion concerning the quenching

mechanism that is to follow.
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First consider the possibility that the energies of two electronic

states of M with the same spins are identical (e.g., E =k )
& )~ F),
Further consider that during the time interval t < t< t', conversion
o
of the system to all possible electronic states other than the two
mentioned is negligible. Finally, assume that the system is known to
be in electronic state (M)a and vibrational state Voo att=t . In
2 o]

addition, consider that a perturbation, }:I‘,capable of mixing the electronic
states, acts during the same time interval. Under these ideal conditions
no transfer of energy from M into the environment through vibrational

relaxation is possible. A wave-function describing the system during

this time interval may be written as

-i/n H' t H'abt
¥(t) = [ e ¥ cos

(114)

under the assumption that H‘aLa = H‘bb, The coefficients aa(t) and ab(t)

we:fe determined directly from equation 105. The probability that the

molecule will be in either electronic state (M)a or (1\/[)b at time t is

1
2 1% = cos? Hapt
a h
H' t
2 2 b
]ab\ = sin ha (115)
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The time necessary for the system to be converted from the

s . . h .

initial to the final state is t = T In an equivalent length of
ab

time, the system will be converted back to its initial state if H' is

ab

constant. The rate of conversion of the system between the initial and

final state is therefore

48 (V lv )
- - ab* a,o' b,o0
kt—t = 0 (116)

It should be noted, however, that I—I‘a is not expected to remain

b
uniform for any real system during the time interval between measure-
ments.on the system as required for expression 115 to hold true.
Furthermore, there is expected to be an intrinsic error introduced as

a result of making measurements on the system. The exact time inter -
vals required for the measurement are also subject to small fluctuations.
The above results in an uncertainty of finding the system in a particular

state at a specific time t. Due to the uncertainty in I—I'a , the probability

b

of finding the system in either state at some time after t = ty rapidly

approaches 1/2 as shown by the expression

—_ R ' 1
la, ()] =& - B cos (iHab )sin(AHlt)
bt T T 2tAH! ¥

(117)

Equation 117 shows that the probability approaches 1/2 in an oscillatory

t
manner as both t and the variation in Hlab , AH, increase. When the

limiting value of 1/2 for the probability for finding the system in either
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state at any time is achieved, then the wave~function for the system
becomes stationary with the energy partitioned equally between the two
possible states.

The second and most important limiting case where a solution
for the time-dependent problem for internal conversion and vibrational
relaxation may be obtained, is when the energy separations between
electronic states of M are very large and where the time necessary
for internal conversion between electronic states, Tl is slow com-~
pared to the time necessary for vibrational relaxation 7 To best

vib®

describe this process, it is convenient to write the following reaction

sequence:
k,

- 1C 3

[(M)a va’oj ——— [(M)b vb,n] (118)
k

(), v, J————> (M) v, ] (119)

k. is the rate constant for internal conversion and k is the rate
ic v

constant for vibrational relaxation. Under the initial restriction for

this problem, k >>k, . The rate constant for the overall decay process
v ic

described by equations 118 and 119 is kd.

The molecule M is considered to be initially in an excited

electronic state (M)a which has energy AEa b greater than a final

electronic state (M)b The initial vibronic state of the system (M)ava o
b

may be coupled directly to a number of final vibronic states ,(M)bvb m
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by a set of electronic matrix elements of the type 111. Each final

vibrationally ~extited state, v , May in turn be coupled to lower

b, m

vibrational states, Vb,p’ by sets of matrix elements of type 112. The
most significant coupling elements of this type correspond to con-
versions involving the loss of only a single quantum of vibrational energy
(e.g.s P =m - 1). Finally, sets of excited environmental states are
coupled with other environmental states by matrix elements of type 113.
Due to the excessive number of final vibronic and environmental
states for the system, the transmission of energy from M into the
environment becomes essentially irreversible when the energy gap
between the initial and final electronic states is large. Robinson (59, 60)
has considered the ‘above problem in detail for nonradiative relaxation
in the solid phase. His treatment leads to the following expression for

the rate constant for the first order decay of the initial excited electronic

state of I\_/I:

2T
b T L2
kd=-‘f-g°—) = _—3’2'1‘13- Y H' (elec) (120)
n =k Kk,
i 0

In the derivatior of equation120,the assumption is made that the initial
state is linearly coupled to a single final state by the electronic matrix

element H‘k Kk (elec). This final state is then linearly coupled to a
°j

second final state by an average vibrational-environmental matrix ele-

_- e~ ! . .
ment Yy = o = - . A somewhat complicated expression for the rate
T
vib
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of decay of the initial electronic state results directly from the treat-
ment, but it reduces to expression 120 for cases of physical importance
where the number of linearly-coupled final states is large.

The problem may also be treated by assuming that a continuum

of final states are directly coupled to the initial state by an average

electronic matrix element f{k K * This treatment may be expected to
°j

be somewhat more applicable to the decay process in solution than the
treatment mentioned above. However, the result obtained using this
model only differs from equation 120 by a factor of m. The result,
therefore, is essentially identical by either approach (60).

The summation in 120 is taken over all final vibronic states of

M, L(M) 1, that are directly coupled to the initial state by an

v
b b,m

electronic matrix element H' Observing the form of H'

K k' K kT
o] o]
is noted that it contains a vibrational overlap factor, (v |v ),
a,o’ b,m

between the vibrational state v of the initial electronic state and the
2

excited vibrational state vy of the final electronic state. For small
, m
energy separations between electronic states, this factor may approach
unity (depending on differences in nuclear coordinates and potential
energy surfaces for the two electronic states). However, for large
. -6
energy separations, these factors may become very small (~10 7).

Since the rate of conversion from initial to final states depends on the

squares of these terms, they become very important in determining the
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magnitude of k A decrease in the vibrational overlap factors as well

do

as in Be , resulting from an increase in the energy difference

1
ecab

between the upper and lower electronic states of M, produces a decrease
in the rate of conversion between these states. For very large energy
separations, radiative modes of deactivation of the excited state may
become competitive with the rate of non-radiative internal conversion
and relaxation described by 120. However, for small energy separations
between electronic states, non-radiative partitioning of energy may

become extremely fast compared to the rates of radiative deactivation.

Electronic Energy Transfer Between Specific Pairs of Molecules

It is now of interest to consider a system which contains two
specific molecules D and A, which are situated in a fluid environment.
Excited electronic state energies of the solvent molecules S are con~
sidered to be significantly higher than the lowest excited electronic
states of D and A which are of physical interest here. Therefore,
no significant electronic interaction between either the molecules D
or A with environmental molecules is possible. This type of restriction
is not placed on the excited state energies of D and A however. Asa
result, significant electronic interaction between these two molecules
may be possible. The system thus described is very similar to the
one used for the discussion of the non-radiative conversion of a single

molecule M from excited to ground electronic states.
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The processes of internal conversion, intersystem crossing,
and vibrational relaxation within D and A, which results from the
interaction between these molecules and their environment , has been
discussed earlier. The transfer of electronic energy between D and A
will now be considered as an additional mode of excited-state deactivation
which is in competition with the internal decay processes.

In the following discussion, D will always refer to the donor
molecule. Initially at time t = to, this molecule will always be con«~
sidered to be in an initial excited electronic state. The ground state
of D will always be considered as a singlet unless otherwise stated.
Electronic energy transfer is considered to proceed from D to an
unexcited acceptor A . If the lifetime of the excited electronic state of
D is sufficiently long, then a condition of pseudo-equilibrium may be
established among the various vibrational, rotational, and translational
states of the system. This pseudo~equilibrium condition will remain
until it is upset following the transfer of electronic energy to A, or
upon internal conversion or intersystem crossing to the ground elec-
tronic state of D.

There are two general types of transfer processes that may be
considered. The first involves a transfer mechanism that does not
require electron exchange betweenD and A in order to conserve the
spin multiplicity of the overall transfer process. The second mechanism

does require this condition to be met. Even though the bulk of this
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discussion will be concerned with the second type of transfer process,
it is advisable to briefly consider the first mechanism, since it involves
the process of singlet energy transfer in dilute solutions, glasses and
crystals. This transfer process may be greatly affected by the ability

of the solvent to interact electronically with the donor and acceptor.

(1) Singlet Energy Transfer

Robinson has considered the problem of singlet energy transfer
in detail with special emphasis placed on transfer in dilute glasses
and crystals (59). The results of his treatment are expected to be
equally applicable to systems involving dilute solutions. Therefore,
it is unnecessary to go into the details regarding the theoretical treat-
ment of the problem. It suffices to mention that the treatment very
closely follows the treatment described earlier concerning internal
conversion and vibrational relaxation. The only difference lies in the
fact that the specific weak electronic interaction between excited donor
and unexcited acceptor has been included.

The only cases that are of physical interest are those in which
the energy transfer process competes effectively with internal modes of
deactivation of the excited donor. Therefore, the weak environmental
perturbations which mix electronic states of the donor in the absence of
a specific interaction with acceptor are neglected. This assumption is

perfectly valid for this problem.
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As in the previous discussion, two solutions to the problem
may be obtained. The first applies to a non-resonance condition where
the electronic energy for the system before transfer is significantly
greater than the electronic energy of the system after transfer. This
results when the principally coupled electronic state of the acceptor has
lower energy than the initial excited electronic state of the donor.

The second solution for this problem results when a resonance
condition is involved. This is expected to apply to exciton migration
among identical molecules. This may also be significant in situations
where the donor and acceptor are not identical, but where the excited
electronic states of the acceptor, capable of significant coupling with D*,
have energies that are very near that of the initial excited state of the
donor.

The solution to the problem for the rate of energy transfer from
excited donor D* to A under non-resonance conditions (AEel>>Oz>> 8)

is the same as given in equation 120 :

27 2
w(t) vib T - -
= = H!
keq ™ % 2 )L DA, DJ (121)
f,v ’
where
\ D, D A, A
! = 1 !

The rate of energy transfer described by equation 121 is proportional

to the sum of the squares of electronic coupling matrix elements defined



154

by 122. The summation is taken over all directly coupled final elec-

. h . .
tronic states of A, (A) , and all Dt combinations of corresponding final

f
vibrational states of the system which satisfy the energy conservation
requirement for the transfer process.

Usually, significant coupling occurs only between a single final
electronic state and the initial electronic state of the system. For each
final electronic state which is directly coupled to the initial state, there
is a set of v combinations of final vibrational states of D and A which
conserve energy in the overall transfer step. Each of these final vibra-
tional combinations of the complete set has its own Franck-Condon

D, D Ay A . s .
overlap factor, (vl !VO )D and (VO ‘vf )U, with the initial vibrational
states for the system. The magnitudes of the matrix elements

H' are strongly dependent on these vibrational overlap factors.
f,v

For large energy gaps between initial and final electronic states of the
system, these terms may become very small (~10_6) (59). Therefore,
as a result, the rate of energy transfer is expected to decrease with an
increase in the energy difference between electronic states of D and A.
Finally, the electronic coupling matrix element for the transition,
((D)l(A)O !E'DA\(D)O(A)f)’ is of great importance in considering the
overall rate of energy transfer. In the case of no interaction with the
environment, the most significant contribution to the perturbation
Hamiltonian may be expected to be dipole-dipole coupling between the

respective radiative emission and absorption transition dipoles in D
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and A. Consideration of this contribution alone leads to FBrster's
equation for singlet energy transfer (35). Since the dipole perturbation
Hamiltonian varies as 1/R3, the rate is expected to have a l/R6
dependence on the intermolecular distance between D and A during

the transfer process. This resultis expected to apply most significantly
to dilute fluid systems with non-interacting solvent.

In dilute crystalli?e and glassy systems, association between
donor and acceptor molecules may be such that molecular aggregates
may be formed during the cooling cycle. True random distributions
of molecules are not necessarily expected under these conditions.
Therefore, accurate intermolecular distances cannot be estimated
under these circumstances. In addition, short-range interaction differ -
ing from the dipole-dipole interaction may also be expected. Under
these conditions, experimental results may be expected not to agree
with those predicted by FBrster's theory.

Significant contributions to the perturbation Hamiltonian from
higher multipole interactions between the electronic systems of donor
and acceptor molecules may also be expected to bring about a situation
where Flrster's equation for singlet transfer does not apply. This has
been pointed out carefully by Robinson (59).

When excited states of the solvent are able to interact sig-

nificantly with excited states of the donor and acceptor, the mechanism

for energy transfer may be altered considerably. In this case, entirely
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different dependences on the internuclear distances between D* and A
may be expected than are predicted purely on the basis of electric dipole
coupling.

The solution to the problem under resonance conditions (e.g.,

AEel: 0) is similar to equation 116, Itis

ko= 5 () a)g 1, 1)) P v Y M v (129)

D

A
0 )O and (v

Here, the vibrational overlap factors (VID Iv 0 “‘vf )0
represent the overlap between the zeroth or first vibrational states
of the corresponding upper and lower electronic states of D and A

which are coupled by H' The magnitude of these terms is strongly

~ DA’
dependent on changes in the nuclear coordinates of each molecule during
the respective electronic transitions. For large molecules, the Franck-
Condon overlap between these vibrational states may be expected to
become quite large. In fact, values as large as 0.1 to 1.0 are possible.
It is seen from equation 123 that the transfer rate constant is
directly proportional to the purely electronic matrix element for the
coupled transitions in D and A, ((D) (A) DAi( )O(A)f) . If the coupling
perturbation is primarily electric dipole in nature, then the rate constant
k should vary as l/R3, where R is the intermolecular distance between
D and A. This radial dependency would predict a linear dependence of

the rate constant k  on the concentration of the acceptor present in
Zsq

the solution.
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Experimental evidence contained in this thesis indicates that
ferric dibenzoylmethide and chromium dibenzoylmethide are able to
quench singlet benzophenone. The available experimental results
indicate that the quenching rate is directly proportional to the concen-
tration of the added quencher rather than on the square of the quencher
concentration as expected on the basis of FBrster's theory (35), which
is related to equation 121, Energy transfer under near-resonance
conditions as described above may account for the first order concen-
tration dependence found experimentally, if the interaction between
donor and acceptor is primarily electric dipole in nature.

The conditions for the quenching experiments conducted on the
DBM chelates were such that only the lowest energy n-m#¥ excited singlet
state of benzophenone was formed by absorption of filtered radiation.
The fluorescent transition in this compound, therefore, is not expected
to have a strong electric dipole associated with it, even though some is
ekpected to be introduced through vibrations. However, it is seen from
123 that the electric dipole coupling matrix element ((D)l(A.)O‘E]')AI(D)O(A)f)
may be very small and yet account for significant energy transfer if
the vibrational overlap terms are large.

The concentration of benzophenone used in these experiments
was usually maintained at a moderately high level (0.1 molar). Under
these concentration conditions, each benzophenone molecule may be

expected to be somewhere in the immediate neighborhood of another
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benzophenone molecule. Singlet energy migration, under resonance
conditions, may possibly occur between several benzophenone molecules
before final transfer to a DBM chelate.

Internal radiative and non-radiative modes of deactivation of
the excited singlet state of any molecule will be in competition with the
rate of singlet energy transfer. Within benzophenone, the most prominent
deactivation process is expected to be the conversion of the singlet to
the corresponding triplet. This triplet state is no longer expected to be
able to transfer energy in the same manner as the singlets. In the che-
lates, deactivation may be expected to result from rapid internal con-
version or radiative emission to lower electronic states, thus making
these molecules good energy sinks for the migrating electronic energy.

It should be noted that the part which the solvent plays in the
overall transfer process in the DBM chelate systems is presently un-
known. The type of concentration dependence that one might expect
as a result of significant solvent interaction is questionable. However,
if singlet energy transfer in these systems is strongly dependent on
coupling with excited environmental electronic states, it seems reason-
able to expect a significant solvent effect on both the overall rate of
singlet transfer and on the concentration dependency of the quencher as
well. On the other hand, if the transfer process observed takes place
under near-resonance conditions as described above, it is felt that the

observed rate and concentration dependences should be nearly independent
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of solvent as long as the solvents used do not have sufficiently low energy

excited states capable of coupling significantly with donor and quencher.

(2) Triplet Energy Transfer

Until now, the type of coulombic interaction exerted between
separate molecules in the reaction systems has been considered to be
basically similar to the type described by equation 44 on page 57. This
type of interaction represents the electrostatic effect that the ﬁuclear
and electronic system of one molecule exerts on the isolated electronic
system of another,

The bimolecular interaction represented by coulombic matrix
elements similar to those given by equation 43 describes the energy
of stabilization resulting from the movement of electrons in an electronic
system common to both molecular cores. This exchange interaction is
related to the overlap of the electronic systems of the two molecules
which has heretofore been considered negligible.

Exchange interaction between D* and the solvent or between A*
and the solvent may be considered unimportant, if the populated excited-
state energies of D* and A* are significantly lower than the lowest
excited-state energies of the solvent. In the systems considered here,
this energy restriction is satisfied. Exchange interaction between D*
and A may not be neglected, however, if it is required in order to

satisfy spin conservation requirement for triplet energy transfer.
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For the following discussion of the mechanism for triplet energy
transfer involving a complex intermediate, the most common triplet
transfer process will be considered. This reaction is the quenching of
an excited triplet state donor by a singlet quencher. The conclusions
obtained from this treatment may be extended to systems involving
paramagnetic quenchers of the chelate type where energy transfer
rather than some other possible gquenching mechanism is involved.

In order to simplify the discussion, it will be assumed that the
libfetimes of the lowest-energy triplet states of molecules in the system
are long compared both to the times necessary for internal conversion
and vibrational relaxation between states of identical spin, and the times
necessary for molecules to diffuse together and apart in the solvent used.
As a result of these restrictions, a pseudo-equilibrium condition may
be established within the system.

The pseudo-equilibrium condition referred to here applies to
a system where the lifetimes of the excited triplet states of molecules
contained in the system are long compared to the times necessary for
thermal equilibrium to be established among the possible environmental
states. This coﬁdition may not be exactly met in all cases in actual
laboratory systems; however, in most circumstances, itis felt that
equilibrium may be closely approached.

Deactivation processes which involve changes in the total spin

rmultiplicity of the system will not have to be considered simultaneously
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with the energy transfer process discussed here, since the triplet state
lifetimes are considered long. It should be noted, however, that internal
non-radiative decay and phosphorescent emission are expected to be in
competition with the energy transfer process for the deactivation of D¥*.
The significance of these decay processes will be described whenever
appropriate.

Only the lowest excited triplet states, (D)lT and (A)lT, and ground
singlet states, (D)OS and (A)OS, of D and A will be considered important
in this discussion. The energy separations between these singlet and
triplet states are considered to be such that there is no sigrificant
occupation of the higher~-energy state when the system is at true thermal
equilibrium at room temperature.

Pseudo-equilibrium stationary-state wave-functions which describe
the system before and after energy transfer and in the absence of any
significant exchange interaction between D and A may be written as

(1) prior and energy transfer

—i/hESt
Al DJ|_A D A
{}D (A) [ R IR T T jr
1mt _,_; eqk 1n o,ml r r t t'l o €
k eq, K
(124)
and (2) after energy transfer
i/ Et
DI, A . S
W e oo By ARPRAPAe T
f1na1 L 1 /_ eq Ko,n' V1, m'| r | r t %eq S 1
3

kl
(125)
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These wave-functions may be expected to adequately describe the
system when D and A are separated by distances that are in slight
excess of ordinary collision diameters.
The pseudo-equilibrium stationary-state wave-functions described
above are similar to the equilibrium function for a single molecule M
in a solvent environment given by equation 101l. The only difference
between these functions and equation 101 is that here the electronic,
vibrational, rotational, and translational wave-functions for both D
and A are included. Notation is the same as before, except for the
following changes: (1) The superscripts T and S indicate that the cor-
responding electronic wave-functions for D and A with molecular orbital
configuration designated by the subscripts 1 and 0 have been anti-
symmetrized as triplets and singlets, respectively. (2) The summations
are taken over all k or k' configurations of system states defined by
the kth or k'th set of quantum numbers, n, m, r, r', t, and t',
for the system before energy transfer and n', m', r, r', t, and t', for the
system after energy transfer. The time-independent coefficients aleq,k
correspond to the equilibrium distribution of states with total energy ES.
When a collision between D* and A occurs, electronic exchange
interaction between these two molecules may be expected to remove the
individuality of their electronic systems. During the time that this

exchange interaction is in effect, D and A are considered to be combined

in an excited triplet state complex (DA)*. A time-dependent wave-



163

function similar to 104 , which describes the system during this period

may be constructed from stationary-state wave-functions of the type

-i/h Bt
5 e (126)

O’,é}k

¢ ° = (Da),

C 1

T DA*
V. R

1, n

DA%*|_ DA%
7.

T

T . .
where k = k(i,n,r,t). (DA),~ is an electronic triplet state wave-function

i

B .th . . .
for the exchange complex (DA)* with the i~ orbital configuration. There
are four possible triplet states of the complex which may be formed
as a result of the weak interaction between D* and A.. Two of the four
are bonding, while the other two are antibonding. These electronic
wave-functions will be described more completely below. v,
i,n

is the vibrational wave-function for the complex corresponding to the
Eth vibrational level of the ith electronic state, RrDA* and TtDA* are
the rotational and translational wave-functions for the complex.

If the interaction energy between D* and A in the complex is
small compared to the total electronic energy of D* and A when isolated
from each other, then the electronic interaction between them may be
treated és a weak perturbation. This assumption seems reasonably valid

in situations considered here.

The electronic Hamiltonian for the complex may be written as

0 0 1 0 ,
= =H + H' 127
Hijee Hp *Hy THpy =% Hha (127)
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0 0
where I;ID and EA are the electronic Hamiltonians for _]2 and é R

and E' is the perturbation Hamiltonian which describes the inter -

DA
action between D and A in the complex. H'DA may be roughly expressed
as
q' q'
A
NSRS A B (128)
~ DA rD rA
A D
1 H
q D q ' o
where — and - describe the effect of the coulombic fields
D A A D

of each molecule, D and A , on the electronic systems of the other.

By using a perturbation treatment, the electronic wave-functions
for the complex (DA)* may be written as linear combinations of un-
perturbed electronic wave-functions for the system before and after

energy transfer as
T ’ T .

The energies and coefficients for these complex wave-functions may
be obtained from the solution of a secular determinant for the problem

with the electronic matrix elements given by

O t e O 1 f1
Ho =((D)1(A)O§§ +A1§1DA{(D)1(A)O) =E , tCH) -H (130)

D44
H_ _ =((D) (A) |HO +HL D) (A)) =EO + (H' - H"
22 o1~ DA oM 1 DA, ~ 22
(131)
— 0 ofe !
“EDIAO' AEX+CH,,

-4
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H, =H,, =(0) (), |B° +HL 0) (a)) =cHt,  (132)

where [ = +1 when the complex states being considered are bonding,
~and { = -1 when considering antibonding states. The H' terms represent
the purely electrostatic interactions exerted between the electronic
systems and nuclear cores of the opposing molecules, and vary as l/R3
where R is the intermolecular distance. The integrals representing

this type of interaction are similar to those described by equation 44

. 0 . .
for pairs of atoms. E DIAO and EDOAl are the electronic energies

of the system before and after energy transfer in the absence of any

perturbation interaction between the two molecules D and A, and are

i b EO EO + EO and EO EO + EO
given by: AT n = .
Dl 0 Dl AO DOAl DO A'l

AE®* is the difference in energy between these two unperturbed states

H' and H' represent the exchange or

1
of the system. H 11’ 22 12

"resonance' interaction between the two molecules during an encounter.
These terms are related to the overlap between the electronic systems
of D and A in the complex. In order to simplify the calculations, it is
convenient and reasonable to assume here that Hlllz H,’IZ,Z = H‘lz = H'.
The energy terms EO, H' and H'" in equations 130, 131, and 132 are

treated as negative quantities.

The energies of the electronic states of the complex are
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2
0 AE* [H! AE®
E =E v - 2ED oy ppp o 2L\ T AR
> CH' + 5 Bl + 4 (133)

The coefficients for the wave-functions described by equation 129 are

¢, = (134)

v %% + 1

d = -1
o 2 (135)

S
X2+l
AR 1/, pE® °

where X = - 20H }i—g \ 0 | +4 (136)

Figure XXII contains energy~-level diagrams representing the
energy profile of the electronic states for three possible complexes
which may be formed as reaction intermediates. The energies of the
complex states are plotted as functions of the intermolecular distance
between D and A. The energies of the respective states are given for
each situation.

Considering the case where the triplet state energy of the
donor is significantly higher than the triplet state energy of the acceptor,
it is found that one bonding and one antibonding electronic state of the
complex (Figure XXIIc) has energy that is close to D¥ plus A, while the
other pair of complex electronic states have energy that is close to

D plus A%, One of the upper electronic states of the complex may be
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formed initially upon the introduction of the interaction between D* and
A . This upper state may then undergo rapid internal conversion and
vibrational relaxation to lower states of the complex with identical spin.
These processes have been described in detail between pages 136 and
150 . The lower electronic states of the complex may then decom-
pose into products D and A% .,

In competition with the internal conversion and vibrational
relaxation processes is the rate of dissociation of the complex. If the
lifetime of the complex is sufficiently long, then a condition of pseudo~
equilibrium within the system containing the complex may be established.
Under this condition the rate of change of the coefficients in the time-
dependent wave~function becomes stationary. A pseudo-equilibrium

stationary-state wave~function for the system containing the complex

may be written as

-i/h E_t
i/ S

N T 8 e (137)

(DA)

(DA % >~ eq,k V:'L,n r

A _DA
o 2

P

The arguments concerning the establishment of equilibrium in
competition with the decomposition of the complex when AE*between the
upper and lower unperturbed states of the system is large also apply
to the system when the energy separation between electronic states

becomes very small, as shown in figures XXIla and XXIIb. As the
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energy separation between upper and lower electronic states of the
complex decreases, the rate of the establishment of the equilibrium

condition is expected to increase as predicted by equation 120.

Kinetics for Triplet Energy Transfer Involving a Complex Intermediate

The kinetics for triplet energy transfer involving a complex
intermediate of the type proposed can most easily be discussed by
considering the reactions involved under selected limiting conditions.
The limiting cases that will be described apply to both non-equilibrium
and to equilibrium situations. Each process will be described in detail
below.

Case 1. AE* Large; Rate of Partitioning of Energy between
Complex States Slow Compared to Diffusion Rates

It is convenient to first consider the case where non-radiative
partitioning of energy between electronic states of the complex is slow
compared to the lifetime of the complex. This non-equilibrium con-
dition may be expected to bzcome significant when the energy difference
between 9* and [}_*, and correspondingly the upper and lower electronic
states of the complex, is very large. Decomposition of the complex
into reactants (_l_)_* and é) may greatly compete with the rate of internal
conversion to lower states of the complex, even though non-reversible
conversion to lower electronic ‘states is energetically possible.

A reaction sequence which describes the transfer process under

these conditions is
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k
D% + A :—}_ (D*A) (138)
ko1
k
(D*a) —% s (DA% (139)
k
(DA%) —P—~ D + A% (140)

Equation 138 describes the formation and decomposition of an excited-
state complex with energy equal to Eil or EiZ’ as shown in Figure
XXIIlc . The excited complex (D*A) can decompose directly by the
reverse of reaction 138 or may decay to a lower electronic state by
process 139, This latter reaction is considered irreversible under the
condition that AE* is very large. Once formed, a complex in a lower
electronic state may decompose into product by reaction 140.

The rate of formation of transfer products (E + é*) by the

reactions described above, may be written as

rate = —— [Dx7[A] (141)

Under the condition that k | >> kd (that is, the complex is not sig-

1

nificantly stable in its upper electronic state), then

k
1 . ey S /

rate = —— k_ [D*][A] ———> k [D*][A] (142)
k_, d Kk ok d
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The rate constant for the decay of the upper electronic states

of the complex, k., is given by equation 120. The factors which influence

d
the magnitude of this term have been described in the section regarding
internal conversion and vibfational relaxation.
Case a: AE* Large; Rate of Partitioning of Energy between

Complex States Fast Compared to Diffusion Rates

The situation considered here applies to systems where the

difference in energy between electronic levels of the complex is large
as in Case 1. However, the rate of internal decay from upper to lower
electronic states of the complex is fast compared to the rates at which
D* and A can diffuse "together and apart.

The reaction sequence described by equations 138, 139, and 140

may be used here to describe the process involved. Itis seen from

equation 141 that when kd >> k 1’ as is the case in point, the rate of the
overall process becomes
rate =k, [Dx][A] (143)

Under the reaction conditions described, kl - k6 where ké is the mean
diffusion rate constant for D* and A in the fluid environment.

By assuming a rigid sphere model as an approximation to the
description of D and A in ‘the solvent environment, the diffusion rate

constant k6 may be written as
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2
No kT (rD + rA?

k, = - (144)

5 1000 30 r_ r
D A

where I and r, are the molecular radii of D and A, respectively, and

T is the viscosity of the solvent. No is Avogadro's number, and k is

Boltzmann's constant.

Case 3: No Restriction on AE*; Partitioning of Energy between
Complex States Fast Compared to Diffusion Rates

The final set of conditions for energy transfer by the proposed
mechanism is more general than those described for Case (1) and Case
(2). Here, the rate of partitioning of energy between possible states of
the complex system is considered fast compared to rates of diffusion
for particles in the reaction environment. No restriction is placed on
the separation of possible electronic states of the complex.

The rate equation for triplet energy transfer derived under this
final set of conditions should be applicable to a large segment of the
spectrum of triplet transfer reactions in solution. The equation is
expected to describe both endothermic and exothermic energy transfer.
For large exothermic processes, the rate will approach the limiting
value described by equation 144. The present treatment is expected
to break down under the extreme non-equilibrium conditions encountered
in Case 1.

The overall transfer process may be best described by the

following sequence of reactions:
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k

D* + A 2——5-5-—1- D*|A (145)
ks
k

b3 ¢ sk

D*¥| A ———= (DA) (146)
-C
k

(DA)* —L> D+ A% (147)

Reaction 145 describes the diffusion of D¥ and A from separate points
in the environment to neighboring positions. Both molecules are con-
sidered to retain their electronic individuality until this point is reached.
When a neighboring position is obtained, the two molecules may interact
to form a complex as shown by reaction 146, or diffuse apart by the
reverse of reaction 145. Finally, the complex may decompose into
product as shown by equation 147.

A rate equation for the above process under the conditions set

forth for this problem-(e.g., kc, k e k@’ ko) may be written as

kp K [D*][A]

rate = i (148)
1+ -k—p— K
o
or
aKk6 [D*x1[A]
rate = (149)

1 +akK

in 149, a is the fraction of complexes which may decompose directly

into product D + A%. The decomposition of these complexes is felt to
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proceed at a diffusion-controlled rate; therefore, the substitution
kp = ak(S was made in equation 148 in order to obtain 149. K is the
rate constant for the formation of the complex from D* and A and is
equal to kc/k-c°

It is seen from equations 148 and 149 that when a K >> 1, the
rate of the formation of transfer product approaches the rate correspond-
ing to a diffusion-controlled process.

rate = k6 D*] [A] (150)
On the other hand, when aK << 1, the rate for the energy transfer
process becomes
rate = aK ké [D*] [A] (151)

It is now of interest to consider the quantities a and K which
are found in equations 149 and 151. The efficiency factor, a, for the
formation of product from the decomposition of complexes, will be
considered first. The problem will be considered under two conditions.
The first condition is wher‘e the resonance interaction between the two
partners in the complex is very weak. Under this condition, the steady=-
state concentration of complex formed during the transfer reaction is
expected to be negligible. The second condition to be considered is
where strong complexing between D* and A is possible. In this case
the steady-state concentration of complexes may become sufficiently

high that specific spectroscopic measurements made on the system

may indicate the existence of the intermediate transient specie.
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In the following treatment, it is assumed that the total environ-
mental energy of the system in which the energy transfer reaction takes
place is large compared to the quantum of excitation energy inter -
converted with thermal energy during the overall transfer process.
This condition is nearly always satisfied in actual laboratory systems
through thermostating and through the sheer bulk of the systems.

The complex is assumed to have electronic state energies given
by equation 133. Energy level diagrams for representative complexes
have been given in Figure XXII . Itis observed from this figure that
two of the states, (DA)fl and (DA_)fZ, decompose directly into product,
while the other two, (DA)i and (DA.)i , decompose into reactant.

1 2
Under very weak bonding conditions, it may be assumed, to the first
approximation, that both the final bonding and final antibonding states
((DA)fl and (DA)fZ) of the complex have an equal probability of decom-
posing at a diffusion-controlled rate. The two initial electronic states
of the complex, however, are not considered to be able to decompose

into product but must return to D¥* + A,

With these assumptions, the efficiency factor a may be written

as

-E_/RT

Yoooe !

Y=f L f ; ,

a=1J 12 (152)

-E./RT

) e !

R L
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where Ej is the energy of the ith electronic state of the complex.

It is seen from equation 133 that when H' < < A E* . the
energies of the initial and final electronic states of the complex may
be written as shown in Figure XXIIc . Under the conditions considered
here, the electronic state energies may be effectively represented by

.

these values except in the small region where\AE‘? = E % . Substituting

these energy values into equation 152, a may be written as

AE*/RT
e

a = (153)
eAE /RT i1

It is now of interest to consider the equilibrium constant K.
The rate of partitioning of energy between states of the complex system
is considered here to be fast compared to the rate of diffusion of D and
A through the environment and compared to the rate of decomposition
of the complex. Therefore, the equilibrium constant, _IS, for the
formation of the complex may be determined from the ratio of partition
functions which describe the complete system at equilibrium with its
environment immediately before and after formation of the complex.
The equilibriumkwave ~-functions for the system before and after complex
formation are given by eq‘uations 124 and 137. The corresponding parti-
tion functions may be represented as a product of the single-particle
partition functions for I_f)_*, A or the complex DA% and the canonical

partition function for the environment. In the ratio of partition functions
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under the present conditions, the environmental partition functions
cancel, leaving only those corresponding to D, A, and (DA%*). The
equilibrium constant K may therefore be written as

_ Q(DA)*

§ Q_ .Q
D¥ A

(154)

For the present problem, the total molecular partition functions

in equation 154 may be written as

-E./RT
T O R v j
= Q 1
“pa)e” Hpapdpap ) Cayy Yoay © (=2
j=i )
for the complex, and
By /BT
Q *QT QR oY e ! (156)
D - Dx D Dk gD sk
-E;,ys /RT
Q =aF & oY k (157)
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. . .th .
for D* and A, respectively. _F:)j are the energies of the j= electronic

T R v
states of the complex. Q , Q , and Q are the translational,
rotational, and vibrational partition functions for each respective

T S .

particle. E(D) and E(A) are the energies of the occupied
! ° T,p S_g©

1 (A)o DI’AO

been assumed that the energies of all other electronic states of D and A

electronic states of 2 and é , and E( . It has

D)

with proper spin multiplicity, g, are sufficiently separated from these
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states that they do not contribute significantly to the electronic partition
function for these molecules.

The total partition function for the complex may be further
simplified under the conditions that bonding between partners in the
complex is weak and that large molecules are involved in the
energy transfer reaction. It may be assumed that all rotational, and
similarly all vibrational, partition functions for the j electronic triplet
states of the complex are approximately equal, and therefore may be
factored from the right side of the summation sign in 155.

Substituting the values for the total partition functions of D%,

A, and (P__A)* into equation 154, and assuming H" is negligible.for the
complex while in its minimum- energy configuration, the equilibrium

constant K is

! %
K = Zﬁ,cosh_LELJ— (1+ NE /RJT) V (158)
RT
where
T R v
q = Q(DA) % Q(DA)* Q(DA.)'I (159)
T T R R v

The product EIE , therefore, is simply

e AE*/RT
aK =2 R cosh - e
RT

(160)
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The problem is now reduced to the evaluation of the set of par-
tition functions in expression 159. Partition functions derived for
molecules in the gas phase are totally inapplicable to molecules in
solution, and so may not be used here. No special attempt will be made
to evaluate the partition functions exactly for the molecules in solution.
Howev’er, some consideration will be given to factors contributing to
the magnitude of each type of function.

The translational partition functions, Q , are concerned with
the three translational degrees of freedom for each molecule or complex.
In order to obtain an idea as to the order of magnitude of the energy
separations between translational quantum levels, the molecular par-
ticles may be considered to move in a small three~-dimensional box with
lengths of sides equal to the average distance between solvent molecules.
The approximate total partition function may be represented as a product
of three identical functions for the particle moving in a one-dimensional
box, each representing a single translational degree of freedom. The
potential field in which the molecules move may be approximated by a
square well with infinite potential barriers. The simple quantum mech-
anical solution to this problem (61) indicates that from three to thirty
translational energy levels may exist within the energy gap equal to kT,
depending on the mass of the molecular particles. T is taken here to
be 300°K. For this small number of states within .IEI’ it is evident that

the partition function must be obtained by summation rather than
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integration over the range of possible translational states. An estimate
as to the magnitude of the total translational partition function with a
mass of 102 to 5 x 102 is about 102 to 104.

The rotational partition functions, QR, describe the external
rotations of the molecules as a whole in the environment. Even though
there is expected to be some hindrance to rotation resulting from inter -
action with the environment, the energy levels for rotational states may
be obtained approximately by considering the molecules as three-
dimensional rigid rotors, each with three rotational degrees of free-
dom (61). Again here, summation rather than integration is necessary
for the evaluation of the partition function. The order of magnitude of
these functions is about the same as for translations (~103).

The energy level separation between possible rotational states
of 2*, A, and (_l}_&) is inversely proportional to the moments of inertia
for each molecule. Therefore, the corresponding rotational partition
functions are strongly dependent on the magnitude of these terms. The
moments of inertia are dependent on both the masses of the interacting’
molecules and on their sizes. Variations in the moments of inertia
of D* and A and of the complex (%)* may account for a significant
part of the ""steric'' effect observed in the rate of energy transfer which
may be observed in systems containing varying steric and mass require-

ments and which have identical electronic systems. An effect of this
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type has been observed in quenching experiments using transition metal
chelates and was reported earlier in this thesis. More will be said
about the ""steric’’ effect with respect to the proposed mechanism later.

Finally, partition functions describing vibrations within the
molecules D*, A, and (E_f_&) should be considered. As with translations
and external rotations, vibrations are strongly influenced by the environ=-
ment. However, the potential exerted on the molecule by the environ-
ment may be considered complementary to that already exerted by the
bonds directed along the normal coordinates of vibration. The total
vibrational wave-function may be represented approximately as a product
of partition functions for individual vibrations along the normal coordin-
ates of each molecule. There are 3N-6 vibrational and internal rotational
degrees of freedom that must be considered here for each molecule,
where N is the number of atoms in the molecule. Normally the energy
separation between vibrational states is large or on the order of kT.
Therefore, the corresponding partition functions for each individual
vibration are relatively small (100 - 101). Functions describing internal
rotations, however, may be somewhat larger, depending on the potential
barriers to rotation.

There is one very important vibrational function for the complex
that should receive special attention. This function describes vibrations
directed along the wzak bond formed between partners in the complex.

For very weak bonding, these vibrations correspond to translations
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of the partners in the complex in opposite directions leading to decom-~-
position. These opposite translations of complex partners will be
referred to in the future as the internal translation of the complex.
Therefore, in the case considered here, this particular vibrational
partition function is replaced by a one-dimension translational partition
function describing the motion of the complex along the reaction coordinate
leading to decomposition. However, this translational partition function
differs from other translational functions for the complex in that the
reduced mass rather than the total mass for the complex is used.

This is done because the motion. of partners in the complex is opposite
and relative to each other.

Using appropriate values for the corresponding approximate
partition functions of donor, acceptor, and complex with masses equal
to 102 for D* and A and 2 x 10‘2 for (l_?ﬁ)*, R = 10—3 - 10-4. The value
of R given here can only be expected to be a very rough estimate in the
light of the gross simplifications made in evaluating the approximate

partition functions. However, this does give one an idea as to the order

of magnitude that one might normally expect for a typical ratio R.

|H|

= =land the rate equation for

When H' << RT, then cosh

triplet energy transfer becomes
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AE*/RT
2 kéﬂ e

te = (D*TTA
rate TEFTRT L [A] (161)

1+2R e

Equation 161 has been derived for the condition that bonding
between partners in the complex is sufficiently weak that decomposition
of the complex from all electronic states is diffusion-controlled. This
may be true for most experimental cases. However, strong bonding
may very well result in some situations. Under these circumstances,
a build-up in the stationary-state concentration of the complex to a
significant level may occur during the irradiation period.

Strong bonding may be expected to be most significant in systems
containing planar donors and acceptors with very similar triplet state
energies. Identical planar molecules may be expected to exhibit the
most significant bonding. Radiative emission from transient species
has been observed in certain systems of this type and is in accord with
this mechanism (62). These transients have been called eximers.

In the strong bonding case, as in the weak bonding case, when
AE® >> H', the electronic energy levels for the complex may be given
approximately by those reported in Figure XXIIc . Even under these
simplifying conditions, expressions for a and K in the rate law for
energy transfer in systems where strong bonding is possible are con-

siderably more complicated than given by equations 153 and 158.
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For weak bonding, the partition function describing internal
translations of the complex along the reaction coordinate leading to
decomposition was considered to be identical for all electronic states
of the complex. This assumption may not be used where strong bonding
is involved. The potential energy affecting these internal translations
of the complex may differ significantly between bonding and antibonding
states.

The assumption can be made that all antibonding complexes
may decompose at a diffusion-controlled rate. However, only bonding
complexes with internal translation energies greater than H' (in the
limiting case) may decompose. The above assumptions lead to the

following expressions for the efficiency factor a :

AE*/RT H'/RT -H'/RT
o= (e + Be ) (162)
AE*/RT
BEg
ZCOSh‘H 1—‘(l+e )
RT
where —(Et >H')
/T e NI (163)
B =t
T
int (b)

The E 's are the energies of the internal translational states of the
—t

bonded complex. QtI‘ 1;(b) is the internal translational partition function
in

for the bbnding state of the complex.
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The constant K may be evaluated in a manner similar to the
approach given to the evaluation of expression 158. However, here the
internal translational partition function for each state of the complex
cannot be factored from the right of the summation sign in expression 155
as was done in the weak bonding case.

Asp (given above) approaches unity, the expression for the
corresponding rate law approaches that given by equation 161. Since
very little is known about the partition functions or the magnitude of
the bonding \interaction H', it is both convenient and advisable to treét
most experimental data by equation 161.

A plot of the logarithm of the quenching rate constant, Eq’
against the difference in triplet state energy of donor and acceptor,
AE*, for a similar series of compounds, should resemble the plot given
in Figure XXIII . The figure is divided into three regions where rate
expressions for the limiting cases (142, 143, and 151) apply. The
curve in regions 2 and 3 is described by

-A®%/RT

1 = + 1 2k R -1 1 « 2R 1
ogkq Sy log 2k R log( e ) (164)

KN
b

In region 1 of Figure XXIII , the rate of energy transfer is
expected to fall below the diffusion-controlled maximum and approach
zero as a limit. Itis in this region where the rate of partitioning of

energy between possible states of the complex becomes slow compared
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to diffusion rates. In region 2, the rate of energy transfer is diffusion-
controlled. In region 3, the rate of energy transfer is expected to

again fall below the rate for a diffusion=-controlled process. The plot

of log _1_<_q versus AE* should ideally approach linearity as AE* decreases,

.

obtain a slope equal tc + and have a AE =0 intercept equal to

1
2.3RT
log 2k _R.

—8
The results obtained from experiments using transition metal

chelates as quenchers may be adequately explained by the proposed
mechanism. The apparent steric effect which is observed between
corresponding dipivaloylmethide and acetylacetonate chelates is probably
due in part to several different factors. KEach of these contributes

some unknown amount to the final observed quenching efficiency of the
compound. First, the larger I\/[(DPI\/[).3 chelates are expected to have
somewhat slower diffusion rates in the solvent than the corresponding

M(AA), chelates as shown by equation 144.

3
Secondly, the translational (both internal and external) and
rotational partition functions for the systems containing corresponding
chelates are expected to vary according to the differences in the masses
and in the moments of inertia of the quenchers and corresponding com-
plexes as described earlier. An increase in both mass and moment of
inertia produces an increase in the magnitude of the corresponding

partition functions in which these quantities occur. The changes pro-

duced in the partition functions alter the value for R in the rate equation
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161. An increase in the mass and moment of inertia of the quencher
and complex is expected to produce a decrease in _liq‘

The interactions between A and (DA)* with the environment have
effects on the partition functions for both the quencher and complex.
Increased hindrance to translational, rotational and vibrational motion
of the more bulky DPM chelates over that offered to the smaller com-
pounds may be expected. These interactions should result in a decrease
in the order of magnitude of the partition functions for A and (DA)* as
their molecular sizes increase.

Finally, the mixing between upper and lower states of the com-
plex by interaction with the environment (which accounts for internal
non-radiative decay) is strongly dependent on the magnitudes of H' and
E”. The first term, _l?_{‘, describes the exchange interaction, and is
related to the overlap between the electronic systems of the donor and
quencher molecules. Therefore, the magnitude of this term shbuld
be subject to the hindrance of electronic overlap offered between donor
and quencher by the ligands. The second term, ﬁ", describes the
dipole and higher multipole interactions between partners in thé complex.
This term is small for symmetry-forbidden transitions in D or A, or
in both, except at very close distances between the complex partners.
Negligible interaction between the internal c-system of the chelates with

the electronic system of the donor accounts for the correlation of

quenching efficiencies with the 7-m% state energies.
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All four of the effects mentioned above lead to the expectation
of a significant steric effect in the rate of quenching by DPM and AA
chelates.

Plots of the logarithm of -liq/'l'(-r against the calculated m-state
energies for these chelates are given in Figure XXIV . The slopes of

the plots for DPM and AA chelates are not necessarily expected to

agree with the predicted slope of+-2‘ Bi{mﬁf‘in section 3 of the graph. This
lack of agreement may result, since only approximate calculated
energies for the chelates have been used for the plot. Furthermore,
more than one final electronic state of the chelate may be mixed sig-
nificantly with triplet state of ‘;he donor. This is most certainly
expected, especially with the pararﬁagnetic chélates studied. As a
result of this, the efficiency factor a is uncertain. Rapid partitioning
of energy between some complex electronic states, while slow partition-
ing among others, may be involved, thus making the problem extremely
complicated. However, it is apparent from Figure XXIV that there is
a direct correlation between the calculated energies of the m~states
and the quenching efficiencies of the chelates., In addition, there is also
an apparent correlation between the quenching ability and the mass and
size of corresponding acetylacetonate and dipivaloylmethide chelates.
Further support for the proposed mechanism for triplet energy

transfer may be obtained from the consideration of experimental data .

other than that reported in this thesis. Backstrom (6) has conducted

3
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a very detailed investigation into the quenching of triplet state biacetyl
by a large number of acceptors. The second order quenching rate
constants, B—q’ obtained by him for a series of quenchers with similar
masses and sizes, are reported in Table XIII , with corresponding
quencher triplet state energies. The logarithms ofthe quenching con-
stants are plotted against the energies of the triplet states in Figure
XXV . The resulting plot is seen to correspond to the type expected
for regions 2 and 3 of the total spectrum of quenching rate constants
shown in Figure XXIII .
. . 1

The slope of the region 1 plot which corresponds to + >303R T is
equal to J':O.745xlO“3 moles/cal. The value for the temperature deter -
mined from this slope i, 292°K. The actual temperature at which the
experiments were conducted was 293°K. The diffusion-controlled rate
constant 56 for this set of systems is obtained from the region 2 plot
and is approximately 8 x lO9 liter/mole/sec. The AE* = 0 intercept
for the region 1 plot, which corresponds to log Z&ké, is 7.0. The
average partition function ratio R, therefore, is 6.3 x 10—4 for this
set of reaction systems. This ratio is in very good agreement with the
roughly estimated value of 107 - 19—4 described earlier on page 181.
As seen here, the results obtained by BHckstrom are in excellent agree-

ment with those predicted on the basis of the proposed complex mechan-

ismo.
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Table XIII

Quenching of Biacetyl Phosphorescence by Selected Quenchers in

Benzene at 20°C (BHckstrom)

Quencher kq(l/mole/sec) Ef(cm—l)/
Phenanthrene 2.3 x lO3 21600
Naphthalene 3.8 x 103 21246
Nitrobenzene 1.4 x 104 21100
Methyl B ~-naphthyl ketone 8.5 x lO4 ‘ 20700
1-Chloronaphthalene 5.9 x 104 20645
l1-Bromonaphthalene 1.0 x 105 20652
2-Nitrofluorene 1.4 x 106 20600
4,4'-Dinitrobiphenyl 3.6 x 106 20200
2,2"'-Dinaphthyl & ; 9.7 x 106 19560
1-Nitronaphthalene 1.1 x 108 19250
Coronene , 2.0 x 108 19040
trans-Stilbene 4.4 x lO9 17750
Pyrene 7.5 x 109 16930
1,2~Benzanthracene : 7.0 x lO9 16520
Anthracene 8.1 x 109 14927
3,4-Benzpyrene 8.2 x 109 14670

Biacetyl -—- 19700
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SUMMARY

To satisfy spin conservation, triplet energy transfer must
be accompanied by electron exchange between sensitizer and acceptor
molecules. In the absence of exchange requirements, such as those
involved in multiplicity forbidden transitions, the rates of energy
transfer may exceed those for ordinary diffusion-controlled processes.
A theory developed by FBrster (35), assuming that the donor and
quencher are isolated from each other at a distance I_{_, predicts that
transition probabilities should vary as the square of the dipole coupling
between their optical transition vectors. In addition, an inverse sixth
order radial dependence is predicted.

Experiments conducted with Fe(DBM)_ and Cr(DBI\/[)3 indicate

3
that singlet quenching of benzophenone may be occurring in these
systems. Discrepancies between the experimental results and those
predicted on the basis of FBrster's theory are apparent. As a possible
account for these discrepancies, coupling of ketone and chelate singlet

states through weak m-complex type interaction with the benzene solvent

is considered. Substantial solvent effects are, therefore, predicted.
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As an alternative explanation of the singlet quenching results,
long-range dipole coupling between the donor and quencher under
resonance conditions is considered. This process has been discussed
in detail by Robinson (59), describing singlet energy migration between
molecules with identical excited-state energies in the solid phase.

The rate of energy transfer is predicted to be directly proportional to
the concentration of quencher by this mechanism. Since no solvent
interaction is necessary here, no substantial solvent effect on the rate
is predicted. Experiments which may demonstrate possible solvent
effects, and therefore support or reject either of the proposed explana-
tions given above, have not yet been run.

A general mechanism for triplet energy transfer in solution
has been developed. This mechanism involves the formation of a weak
excited-state complex between the donor and quencher molecule. Com-~-
plex formation permits spin exchange between partners in the complex
which is necessary to satisfy the spin conservation requirement for
the overall transfer process. If the lifetime of the complex is long
compared to the time necessary for non-radiative partitioning of energy
between states of the complex, the reaction is expected to follow a
predictable rate given approximately by equation 161. When the time
required for the partitioning of energy between complex states becomes

slow compared to the lifetime of the complex, the rate-limiting factor
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in the energy-transfer mechanism becomes the rate at which energy
may be partitioned between states of the complex. Under these con-
ditions, the rate of energy transfer is described by equation 142.

The general mechanism has been applied to the experimental
results obtained for the transition-metal chelates. These compounds
are considered to quench excited triplet states of benzophenone through
energy transfer rather than by any ''paramagnetic'’ effect. Interaction
between benzophenone and the chelate is felt to occur between proper
ketone orbitals and the m-orbital system of the chelates. These 1~
orbitals are formed from the interactions of ligand m-orbital systems
with particular metal atomic orbitals. These interactions have been
considered in the section on molecular orbital calculations.

Interaction between the ketone orbitals and the inner o-bonding
and non-bonding orbitals of the chelates is considered to be negligible
compared to the interaction with the m-orbital system. The quenching
results are in accord with this conclusion. A correlation was obtained
between the energies of the m-m* states of the chelates and their quench-
ing efficiencies. No correlation was found between the quenching
efficiencies and the energies of the low-lying m-o% and m-n* transitions.
Further evidence for this conclusion was demonstrated by the results
with l:T‘e(Cl)3 and Fe(DPM)3 in t-butyl alcohol. The ferric chloride salt
did not have any measurable quenching effect, while the dipivaloylmethide

chelate served as a good quencher in this system.
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Direct consideration of chelate quenching by the proposed triplet
energy transfer mechanism is complicated by the spin-statistical factor.
Ideally, only certain complexes formed between the paramagnetic
chelates and triplet benzophenone may decompose into product. These
complexes have been called ''"deactivating'' complexes. The number of
"deactivating' complexes is determined by the spin-statistical factor
(see page 125), and is expected to be approximately 1/3 for the low-
energy Tw=m* states of the chromium and iron chelates. However, all
complexes incapable of decomposing directly into product, because of
improper spin requirements, are excited states of complexes with
proper spins for product formation. Therefore, direct formation of
the lower energy ''deactivating'' complexes is expected to be the most
favorable path for the reaction to take. In additi(;n to the possibility
of direct formation of ""deactivating' complex states as described above,
strong spin-orbit interactions within the chelates may be expected to
significantly mix the possible complex states of improper spin with
""deactivating'' states. Under the conditions given here, the rate may
be expected to exceed the maximum value predicted purely on the basis
of the spin statistics.

With the exception of the dibenzoylmethide chelates, which
apparently quench by a different mechanism than all other chelates,

the best chelate quencher found in this investigation was ferric acetyl-

acetonate. It was found to have a _liq/_lf_r guenching ratio of 540, This
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ratio is close to the value expected for a diffusion-controlled quenching
rate where energy transfer occurs on every collision. The largest
quenching ratio found in this work, 580, was for dibenzoylmethane.
This compound has a triplet state that is significantly lower than the
lowest triplet state of benzophenone. The spin-statistical factor for
energy transfer to this compound is unity, as seen from Table XIII.
The energetic and statistical conditions are such that every collision
with an excited benzophenone should result in the transfer of energy.
Therefore, it is felt that the maximum diffusion~controlled quenching
rate for compounds of this size may be expected to be somewhere in
the vicinity of 600.

Moore (12} has obtained a value of 550 for the quenching ratio
for naphthalene. This compound is also expected to guench triplet
benzophenone with a diffusion-controlled rate and is in agreement with
the value of 600 given above. Leermakers (9), on the other hand, has
estimated that the quenching ratio for naphthalene was 750. This latter
value is subject to question, however.

The chromium acetylacetonate chelate has a }(_q/_l_{_r ratio of
380. This ratio, therefore, is slightly greater than one-half of the
expected diffusion-controlled rate. Both the Fe(AA)3 and Cr(AA.)3
chelates are more effective than expected purely by the spin=-statistical
factor. The experimental results described above do not show any

correlation between the spins of the unexcited quenchers and their
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quenching ability. This is in agreement with the proposition that the
regulating factor in the deactivation of the donor through energy transfer
is the energetic availability of excited m~-m* states of the quencher.

A further complication to the application of the proposed mech-
anism to the chelate problem is introduced by the relative rates of the
partitioning of energy between possible states of the complex. The
partitioning of energy between states which are close together in energy
may be expected to be considerably faster than the partitioning of energy
between states that are very far separated. This effect is also demon-
strated by the experimental data.

Energy transfer to vibrationally-excited levels of the ground
electronic state of the paramagnetic chelates is allowed by spin con-
servation rules. Therefore, all paramagnetic chelates should be
expected to be equally efficient quenchers if the internal conversion
process is very efficient. However, a correlation is obtained only
between the energies of the higher electronic states of the chelates and
not with the spins of their ground states. This result is in agreement
with the proposition that the partitioning of energy between electronic
states of the exchange complex with energies that are in the neighborhood
of the triplet-state energy of benzophenone is expected to be fast com-
pared to the lifetime of the complex, while conversion to the lower

electronic states of the complex is slow.
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The steric effect observed with the chelates may also be explained
by the proposed general mechanism. It is felt that this effect is
dependent on several factors which have each been described earlier.

Dissipation of energy after transfer to the chelate is considered
to proceed through a non-radiative decay process involving inter -
system crossing, internal conversion, and vibrational relaxation.

This is evidenced from a failure to observe induced emission from
samples containing quencher and from the destruction of chelates capable
of accepting excitation energy from benzophenone.

Support for the proposed general triplet energy transfer mechan-
ism is obtained from the experiments concerning the quenching of
biacetyl phosphorescence reported by Bdckstrom (6). These data are
in exact agreement with the results predicted by equation 161 for the

series of compounds studied.
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It is felt that the mechanism of triplet energy transfer described
here is general and may be applied to most systems in which this
process occurs. If conditions are right, the same complex as that
involved in energy transfer can serve as the intermediate which
undergoes photochemical reaction between donor and acceptor,
destroying both with the formation of product.

An example of this is the photoaddition reactions of olefins,
Competition between energy transfer and addition exists, and whichever
process is energetically most favorable will take precedence over the
other. If donor and acceptor excited state energies are identical or
very close, and the stability of the complex is sufficient, it may have
an ample lifetime to allow radiative decay from it directly. Where~
upon, the complex will decompose into ground state molecules. Such
radiation would be found at longer wavelengths than found for
non-complexed molecules. This has been observed in solutions
containing high concentrations of scintillators. In this case donor and
acceptor are the same molecule; the complex is called an excimer,

and the emission is called excimer emission.
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FIGURES VI - XXV
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~-State Energies for the MLg Chelates
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Figure XXII

Energy Level Diagram for the Electronic States for Three Triplet
Transfer Intermediate Complexes as a Function of the
Intermolecular Distance

(subscript 1 = bonding, subscript £ = antibonding)
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Figure XXIV

Quenching of Benzophenone by
M(DPM)E and M(AA)3 Chelates
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log k{3
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Figure XXV
The Quenching of Biacetyl
o Phosphorescence by Selected
Organic Quenchers (BHckstrom)
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APPENDIX A

COMMON ATOMIC INTEGRALS USEFUL FOR CHELATE PROBLEMS
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Table 1

Kinetic Energy and Nuclear Atiraction Integrals.

Evaluated in Terms of Regular and Quasi Overlap Integrals

. 2 2 4
1. (ZpWJ —%VZ; 2pT b) = =% (1+7) [(ZpﬁJ Zp‘rrb) - = (lpﬂa! Zpﬂb)]

/3
2. (2prm] _y__,zw 3dm, ) = _£f2(1+¢)2 [(2pr | 3dm )-f(l m | 3dm )]
. pT_| “BV b =L L{2pr ‘bf3 pT_| 3dmy
2 L2 2 | 4 ‘
3. (2po] -5V'13do) = -0 (1477 [(2po, 3doy)- —(1ps 3doy )]
/3 @
12 . 2 2 | 4
4. (Z}ZW ‘ -EV d 4pﬂb) - (]‘+T) \:‘(Z‘pTY 14pﬂb)_ - (1PTFJ 4‘_p‘l'\' )]
a a /3 & b
5. (25 ] -%‘:72‘; 3do,) = —%§2(1+T)2 [(2s | 3ds5.) -f‘i(ls 13ds, )+ 2
a a b a b
/3 /6
|
(0531 3dob)]
Za 1
6. (2pm| —l2pm) ==z C(1+7) (Ipm |2pm)
a /3
7. (zpn] Zal 3am) = < z (141 (lpn | 3dm)
- b a a b
Ty /3
Z
8 (3dn | -2 2pm, ) = 2248 (L+) (2 ] 2prr, )
T b a b
72 /30
a 1
= - ;
9 (cha1 3do. ) ; z_c(1+7(lps | 3ds )
d!zalz )—52 (1 + 1) (2do! 2po,)
10. (3 Oa. T pgb - . ag T) O‘aj po_b
a /.30
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Table 1 (continued)

Z
. a 1
11. — = = 1
1. (2pm | == l4pm)) (z)) ¢ (1+7)(lpm | 4pm )
a /3
Z:l 1
12. (4 —2 = = 1 ‘
2. ( pﬂa“ - ;zqu) zag( + 1) (3pﬁa§ ZpTTb)
a /14
Za 1
13. — = - 1
3 (zsai — 13do, ) zag(l +7)( sa1 3do )
a /3
Za 2
14, | = - £ |
4. (3do | - 1 25.) z c(l+7) (nga 28, )
a /30
Za = effective nuclear charge on atom a
- 1 . _
g = E(Ca"'gb) ; Z;a (l‘l"")g
(€, -¢y)
a b
T — ;o o, = (-7
(¢ +c,)
Za
Qa = == ,n= principal quantum number

0 = R , R=internuclear distance
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Table 2

Regular and Quasi Overlap Integrals Evaluated in Terms of

Incomplete Gamma Functions

5 5/2.  5/2

RC g
b
1, 1 = 2 [A -B )+A - -
(2pm | 2pm,) - [40(B,-B)tA (B, -B )+A (B -B )]
5
2. (2p7 1 2pm. ) = [5A - 6A_ +A ]
- LA 0
@ b T7=0 120 4 2
4 3/2 . 5B/2
.
| V 3 6% g ’ Q [ - -
3 (1pm zpwb) b [AO\BI B3)+A1(B2 BO)+
16 ,
A.Z(B3-B1)+A3(BO—B2)]
4 4
4, (1pm | 2pm.) :ﬁip [= (A, -A)]
a b 3 V3 1
T=0 16
96 5/2 _17/2
| = - - -
5. (ZpTTa: 3dﬂb) ey, [AO(B2 B4)+A1(B5 133)+A2(B4 B,)
32/6
+A.3(B1—B 5)+A4(BO-B2)+A5(B3 -B 1)]
6 1 dm ) = ﬂ——S /2 72 A (B.-B_)+A (B ,-B )+A (B .-B))
o (e f3dm) = e 0 0y LAG(B B )HA (B B ) TA (BB,
32/2
+A4(B3 -B )]
, | _ /5 _5_5/2_5/2 i B -B
7. (zdwa1 2pm, ) = . RO TTCL [AO(Bl 15<>3)+A1(2132 B, 4)
- - -B
+A2(2B3 2]3>l)1u«a3(130+134 2B2)+A4(B1 3)]
R 5/2 _9/2
8. (ZpTTa[ 4prrb) = — Ty [Aé(BO—BZ)+ZA.5(B3—Bl)
128 /105

+A,(B 2-Bg)+2A5(B-B 5)+A2(B6—B4)+2A1(B5 -B

A, (B4—B6)]

3)
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Table 2 (continued)

' | _ /2 6 _5/2_1/2 i
9 (2po | 3doy) = === a° ¢ "¢ "7 [a (B,-3B,)+A (B +B,)
192
+ -B.- (-B - .
A2(3BO+B4)+A3( B,-3B,)+A (-B, B )+A (3B, B,)]
1 2 5 _3/2 _17/2
10. lpo | = — 2 - -
(lpo | 3doy) = 55 3 R7C 770y " [A(B;-3B))+A (3B -B )
+ - - -
A3( B, 3B4)+A4(3B3 B,)]
R°> J_5 5/2 _5/2
11. (ngal chrb) =313 %, Sy [A.O(B3—3B1)+A1:(3BO—ZBZ—B4)

B _ -2B_-B -3B
+A2(2. l+2B3)+A§(3B4 2B, O)+A4(Bl 3}33)]

5 B
R 5/2 .5/2
12. (Zpoaj chb) = Iz ga z;b [BZ(A.O+A4)-A2(BO+B4)]

5
5 5
_ R c /ng/z

16/3 2
+B1(A2-A4)+B3(AZ—AO) ]

! In _ .
13. (28] 2po ) [a,(B, BZ)+AL(B4 BZ)

0 -ek -e ntl )
A =2 (p) :la)f e’ df = e > [ni/e’ (n-itl)!]
i=1
L ~eTT .
B =B (I rel) = ’]J M e df = ~A_ (te)-(-1) An(—’r e)

Bn(O) = Z/ atl for n even; = 0 for n odd.
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Table 2 (continued)

Lg_~¢. 1
“Ya b
p = gﬂ: T = ? g
o
(¢ +0,]
n = principal quantum number
R = internuclear distance
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Table 3

Coulombic Nuclear Attraction Integrals Evaluated in Terms of

Incomplete Gamma Fuactions

4
1 R 5
1. I == ] 2p7 V)= — . (B_-B.)+A (B_-B -
(2 [ o T aer) Ca [2g(By B ¥ (BB )+A, (B, -B,)
b 16
+A_(B _-B
3( 0 2”
1 R 7 '
. dm | == )= = 0 - . -B_- -
2 (3 ) rb[ 3dra) 5 ga LAO(B3 131)+A1(2B4 B, BO)+A2(}35 Bl)
+A - -B_- -
A3(BO B4)+A4(2B1 B, B5)+A5(B2 54)]
1 r? 5
. — = - T ) + + _
3 (2paa[ rb! Zpda) -t (A B, Al(BO 2B2)+A2(2B1+B3)
+tA B
A, 2]
1 ﬂ6€1
4, do | — 5 )= —— [A (9B,- + -
(3 o rbi 3d7a) 7% [ 0(9 ) 683+BS) A1(9BO+18B2 7B,)

+ (1 - {18 -
AZ( 8B, +28B 6B5)+A3( B4+28B2 6BO)

+A.4(9B5+1SB3-7Bl)+A,5(9B4-6BZ+BO)]

6_17
1 | R Qa
5., dé | — § ) = = B_-2B +A - +B
5. (348 = )= gEa [Ag(Bgr2B i )¥A (B 2B, B )
+A (4B _-2B.-2B_)+A_(4B_-2B_-2B
2( 3 2 1 5> 3( 2 2 0 4)
- + -
+A4(B1 2133 BS)+A.5(BO 2B2+B4)'_\
A'n - An(g aR) Bn :Bﬁ(g aﬁ)
Za .
C = —< , n = principal quantum number
a n

internuclear distance

)
H
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APPENDIX B

DIFFUSION GRADIENTS AND EFFECTS ON EXPERIMENTAL

RESULTS

A calculation was made in order to show the approximate vari-
ation between the measured and actual benzhydrol concentration in
the region of the photolysis cell where photoreduction was taking
place. A diagram of this hypothetical situation is shown in Figure l.
It is assumed that the average benzhydrol concentration, within the
region where the reaction occurs, is constant. It is also assumed
that the concentration gradient within the cell is constant.

The average benzhydrol concentration measured is that con-
centration which is obtained from analysis of unreacted benzophenone
and, therefore, will be the total average benzhydrol concentration in
the cell. Ninety-eight percent or essentially complete light absorption
occurs within a 1.85 mm. penetration layer of the cell if the benzo-
phenone concentration is 0.08 molar. The distance is 1.33 mm. if
the benzophenone concentration is 0.10 molar. Throughout irradiation
the benzophenone concentration varies between the limits given above.

Assuming that the diffusion gradient within the solution remains
constant, the equation describing the rate of change of benzhydrol
concentration [BHZ] with respect to time is given by the Fick

equation (63).
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= « AD ——= (1Y)

A is the cross section area of the incident light beam, and D is the

diffusion constant determined by Stoke's equation (64)

p=- XL (2"
6T Nr

The value of D calculated for benzhydrol in benzene at T® = 300°K.
. -4 2 .
is 0.975 x 10~ cm”/sec. The molecular radius (r) for benzhydrol
was taken to be 4 A , k is Boltzmann's constant, and 1| is the viscosity
of the solvent benzene at 300°K.
The reaction sequence described on page 85 may be represented
by the rate law
d[BH, ] k. k I TBH,]
2 is "r "a 2

—f - (73)
dt 'k, +k_[Q11[k +k [Ql+k [BH 1]
is sq d q T 2

For small conversions between mixing intervals, the right side
of equation 77 may be represented approximately as a constant by

the expression

_ I
I K= 2
k_ k +k [Q]
(1+ =21+ — - ) (39
k. kr [BHZ]

is
. [e]
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The activity factor K is made up of two quantities. The firstis the
efficiency factor (e) for the formation of triplet states (see page 86 ),
and the second is the reactivity factor for the destruction of triplets

given by

1

k.o +k [Q]
1+ 29 -

- {'B
I\r L HZ]

o
The solution of equation 73 is, therefore,

= | BH - KI t !
[BHZ] [ 2] N (5
t, x=0 0,0

Since the benzhydrol concentration within the reaction region
is considered constant for this analysis, x = 0 is taken at a mean
distance 1.0 mm. inside the front surface of the cells Ninety percent
of the photochemical reaction is occurring within this distance of
light penetration, Conditions at x = 0 are given by equation 5%
Solutions of the Fick equation (1') for the boundary conditions

of the reaction system are

- X xX

B = -KI (t- —= =3 G
[BH, ] [BH, ] (8- x5 ) > 35 (6)

Xt 0,0

X

BH - [BH 0< t< = 7
Br] =(BET -y (7)

X, t 0,0

The average benzhydrol concentration measured experimentally

will be
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, T DAt L .

B R — b j‘ B d

BH, ] = ) | ) BH,] @+ [ [BH,D dx |dt
av | measured o o (x5 1) DAL 030

(8"

Integration over the limits yields

1 r ! 2. 7 ,
T L [BH2] L - z KADT Ia | (99

measured 0,0

[BH, ]

av

The average benzhydrol concentration actually encountered within the

reaction volume near the front surface of the cell will be given

approximately by

T
. 1
[BH,] = ] [BHZJ dt = [BH2] - 5 KTT (10
av {actual oﬁj o,t 0,0

M=

The experimentally measured average benzhydrol concentration is

related to the actual benzhydrol concentration within the reaction

region approximately by the equation

6[BH_ ] L-KADTZI
270,0

a
[BH,] = BH,] (117
2 av | measured 6"“BHZ]o,oL-B'LKTIa 2 av |actual

where L. is the length of the cell, T is time interval between mixing,

and where all other terms have been previously defined.
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The diffusion effect is calculated for several different experi-
mental conditions. The results of these calculations are given in
Table 1. The results are plotted in Figure 2. The calculations
demonstrate two effects. The firstis that encountered when actin-
ometric runs are made in parallel with quenching experiments. The
second occurs when the intensity has been accurately evaluated prior
to quencher runs,and quenching experiments are then carried out
without sufficient mixing.

When actinometer and quencher samples are run simultaneously,
two situations may arise. The firstincludes cases where the efficiency
factors (e) of both sample and actinometer are the same, such as with
most triplet energy transfer processes where singlet quenching is not
significant. When both actinometer and sample are irradiated over
the same time intervals, the reactivity factors may differ due to
quenching by an added acceptor in the sample solution. The overall
result is that the activity factor K will be smaller in the sample
containing quencher than 1n the actinometer.

The second situation encompasses experiments where, in
addition to different reactivity factors, dissimilar efficiency factors
are also involved in actinometer and test solutions. This may arise
when singlet quenching is possible, as is the case with dibenzoylmethide

chelates of iron and chromium. Here, as in the former situation, the
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activity factor (I_{_) for the sample containing quencher will be less than
that for the actinometer. However, in the present case the effect is
larger than in the first, due to larger contributions to K from the
efficiency factor (e) than from the reactivity factor (w).

If the solutions are not mixed frequently enough, the actual

benzhydrol concentration in the reactive region is less than that
measured. This effect is most pronounced for the actinometer sample
where the reaction rate is largest. The value of l/(p' calculated for

the actinometer sample by equation 15 will be underestimated. By
using the intensity value corresponding to l/tp' which is calculated in
this manner, the quantum yield for the destruction of benzophenone

in the sample containing quencher will be overestimated. Since the
reaction rate in the sampl-e containing the quencher is less than or
equal to that of the actinometer, the prescribed kinetic treatment will
give an apparent kq/kr value which is less than the actual value. If

measurable quenching occurs, the actual average benzhydrol concen-

tration in the quencher sample is more closely approximated by the

measured average benzhydrol concentration than in the actinometer

sample.

If efficiency factors are identical but reactivity factors differ,
when a less efficient quencher is used the limiting slope corresponding
to kd/kr + kq(Q)/kr (from the plot of l/cp‘ against 1/(BH2) ) will

approach the value of 0.033 which corresponds to kd/kr° When the
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efficiency factor and reactivity factor are smaller for the sample
containing quencher than in the actinometer, the contribution to the
slope which corresponds to kd/kr + kq(Q)/kr can take values less than
0.033.

It is estimated that the effects described above are reduced to
insignificance when mixiﬁg frequency less than 1000 secs. is used.
However, when mixing intervals exceed 1000 secs., the effect becomes
significant and should be considered.

The mixing effects were demonstrated by experiments using
ferric acetylacetonate as quencher where mixing was conducted at
600 and 4000 second intervals. The results are plotted in Figure 3.

A value of 380 was found for kq/kr during the 4000 second mixing
cycle as compared to 540 for the 600 second interval.

In the experiments with I:T‘e(DBl\/I)3 and Cr(DBM)3 as quenchers,
the efficiency factors for the formation of triplets were less than
unity when compared to those for the actinometric samples. Ordinate
intercept values are the same regardless of what mixing frequency is
used. Apparent values for kd/kr + kq(Q)/kr determined for different
quencher concentrations and shown in Figures XX and XXI may be
less than the kd/kr value of 0.033 determined in the absence of quencher.
This result is found for experiments with IF‘e\(DBl\/I)3 and Cr(DBM)3 in
which the mixing frequency was varied between 2000 and 4000 seconds.

The value for kd/kr calculated by equations 11'and 71 , for a 2000
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second mixing cycle and with an efficiency factor of 2.0, is about 0.020.
A value of 0.017 was found experimentally. A decrease in slopes was
expected and found as the frequency of mixing was decreased.

With the exception of two experiments using Cr(DBM)3 as
quencher, all dibenzoylmethide chelate experiments were irradiated
using 2000 to 4000 second mixing intervals. A value of 525 was
obtained for the kq/kr ratio for two particular Cr(DBM)3 samples
where mixing was conducted every 500 to 600 seconds. This value
approximates that expected for a diffusion-controlled quenching rate.
The ordinate intercept from the above plot fits the linear relationship
of intercept with quencher concentration for the particular quencher
concentration used.for these experiments. Experiments using

Cr(DBM), had efficiency factors closer to that of benzophenone and

3
benzhydrol with no quencher than corresponding experiments using
Fe(DBM)3.

Extended mixing periods of 2000 to 4000 seconds gave values
of kd/kr + kq(Q)/kr for the chromium chelates wh.ich approached the
value of 0.033 which corresponds to kd/kr'

When lamp intensity is accurately known from independent
rmeasurements, values for kq/kr are overestimated if there is insuf~
ficient mixing during runs with quenching samples. Early experiments

using cells of the type I describad on page 19 demonstrated this

effect. Insufficient mixing for Fe(DBNI)3 experiments gave values
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for kq/kr approximately equal to 250 as compared to values of 100
where there was sufficient mixing and when the reaction was run in
cells of type III. (See Fig. 4 )

Mixing intervals of 500 to 600 seconds were used for all
quenching experiments, with the exception of those with the dibenzoyl-

methide chelates and with other specific selected Fe(AA), samples.

3
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Table 1

Effect of Mixing on Measured Quantum Yields

No. [BHZ]O 5 ; ¢ 1 1 1
‘ moles/l’iter secCe ¢ [BHZHAct BHZ Mea
1 0,1 10° 1.08 1.330 10 9.26
2* 0.1 2x10° 1.17  1.330 10 8. 55
3b 0.1 1X103 1.026 1.330 10 9.75
4b 0.1 ZXIO3 1.035 1.330 10 9.65
5a 0.08 ].XlO3 1,11 1.413 12.5 11,27
6™ 0.08 2x10° 1.224  1.413 12.5 10. 21
7b 0.08 lx103 1.032 1.413 12.5 12,11
8b 0.08 ZXIO3 1.061 1.413 12.5 11.79
9a 0.06 leO3 1.148 1.550 16. 66 14,50
].Oa 0.06 leO3 1.323 1.550 16. 66 12.59
llb 0.06 lxlo3 1,043 1.550 16.66 15.98
le 0.06 Z.XlO3 1.082 1.550 16. 66 15. 40
a = efficiency factor e =1 (triplet quenching only)
b = efficiency factor e = 0.327 (DBM chelates)

I = 1016 quanta/sec.
2 4 2
D=0.975x 10 ~cm /sec.
A=1cm
L=1.3cm
2
6[BH.] L -KADT 1
20,0 a

Fein

~ 6BH.] L - 3LKTI
2°0 a
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Figure 1

Hypothetical Diffusion Gradient in Reaction Cells
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