ABSTRACT

PART I

THE EFFICIENCY OF TRIPLET ENERGY TRANSFER FROM KETONES
TO RARE EARTH IONS

By
Herbert Nick Schott

The Ndrrish Type II reaction of p-methoxyvalerophenone, which is
known to react only from its triplet state, has been used as a
monitoring tool to determine whether the rate of energy transfer from
ketone triplets to rare earth ions in solution is really diffusion

controlled as had been assumed previously.

Samples, made from methanol solutions containing p-methoxy-
valerophenone and various concentrations of the following rare

3 3 3 +3, and Tb+3, were irradiated at

earth ions, Eu+ s Sm+ s D_y+ , Er
3130 R. The rate constants, kq, for quenchina of product formation,
as determined by Stern-Volmer kinetics, for the lanthanide ions,
were compared to the rate constant for quenching by naphthalene.
Since naphthalene is known to quench triplet state reactions at

near the diffusion controlled rate, the comparison between the
quenching constant for each individual rare earth ion and the
quenching constant for naphthalene was a good indicator of the

efficiency of ketone-rare earth ion energy transfer. The results



indicated that energy transfer from ketone triplets to rare earth
ions is approximately two orders of magnitude slower than the

diffusion controlled rate.

PART II
THE NATURE OF THE PHOTOREACTIVE STATE IN
P-METHOXYPHENYL ALKYL KETONES

Ketones possessing lowest n-n* triplet states are generally
unreactive in hydrogen abstraction reactions. However, the p-methoxy-
phenyl alkyl ketones, whose two triplet states are very close
together, with the n-n* state just below the n-n* one, do undergo the
Norrish Type II reaction, although the reactivity of these ketones
is less than that of the unsubstituted phenyl alkyl ketones which
possess a lowest n-n* triplet state.

There are two possibilities as to what the nature of the reactive
state in the p-methoxy ketones is. It can be either the lowest n-n*
state with enough n-n* character mixed in it due to vibronic coupling
to make it reactive, or it can be the upper n-n* triplet, which is
known to be the reactive state in the phenyl alkyl ketones.

In order to distinguish between these two possibilities, several
anisyl ketones with electron-withdrawing groups near the y carbon
atom were synthesized. It was expected that the behavior of the
two types of triplets towards the hydrogens on the y carbon of these

ketones should be quite different.



The n-n* triplet of ketones was known to be an electrophilic
species and therefore its reactivity in abstracting a hydrogen from
a carbon near an electron-withdrawing group should be subject to
quite strong inductive effects. The n-n* triplet, on the other
hand, was expected to be quite nucleophilic, and should be subject
to opposite inductive effects. A comparison of the data for the anisyl
ketones, as obtained from Stern-Volmer kinetics and quantum yield
determinations, with the data for the analogous phenyl alkyl ketones,
indicated that the reactive state in these two types of ketones was
subject to identical inductive effects. This led to the conclusion
that hydrogen abstraction in the p-methoxy ketones was occurring from
the upper n-n* triplet state, which is in thermal equilibrium with the

lTower n-n* state.

If this conclusion is true, the only difference between the observed

rate constant, kgbs

, for hydrogen abstraction by the anisyl ketones, and
k:, the rate constant for hydrogen abstraction by benzoyl triplets, is
due to the lower concentration of reactive n-n* triplets in the p-methoxy
ketones. From the magnitude of Xn, the mole fraction of reactive n-n*
triplets present in the anisyl ketones, it was calculated that the energy
separation between the reactive upper n-n* state and the lower n-n*

state is about three kilocalories per mole. This energy separation

was found to be dependent on the nature of the solvent, since it

increases in going from a non-polar to a polar solvent.
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PART I

THE EFFICIENCY OF TRIPLET ENERGY TRANSFER FROM KETONES
TO RARE EARTH IONS



I. INTRODUCTION

In 1942 S. I. Weissman! published his classic paper on the transfer
of excitation energy from the ligands of several europium chelates to
the metal ion with subsequent emission from the ion. At that time it
was known that the solvated lanthanide ions in solution usually exist
in the tripositive state and absorb and emit 1ight only weakly. However,
since the ions readily coordinate with many chelating agents whose
ligands strongly absorb 1ight above 3000 ﬂ, this provided a convenient
means of introducing energy into the ion.

Weissman's initial work and Sevchenko? et al.'s later investigation
of these systems did not cause any real waves in the sea of chemistry for
about twenty years until the renaissance of rare earth ion photochemistry
occurred. This period of rediscovery was stimulated by a growing
interest in the use of rare earth ions and chelates as possible laser
materials and the subsequent willingness of several government agencies
and private corporations to fund research in this area.

The rare earth ions3 owe their possible lasina action to their
position in the periodic table. They comprise a group of 15 elements
that form a f-type inner transition series in which the 4f level falls

below that of the 5d level in energy and is consequently filled first.



7 14

The 4f" and 4f ° electron arrangement in this series is reached

as soon as possible due to the stability associated with the complete
single (4f7) or complete double (4f]4) occupancy of any set of orbitals.

This entails the transfer of the single 5d] electron that is

0

present at the beginning (Lanthanum, Z = 58, 4f, 5d]), middle

7 1 14

(Gadolinium, Z = 64, 4f . 652) and end (Lutetium, Z = 71, 4f 7,

1

, 5d
5d°, 652) of the series into a lower f-orbital during the buildup
of the series. According to Hund's Rule then, a maximum of seven

7. 6s2) which in

unpaired electrons is reached in europium (Z = 63, 4f
the tripositive state will have 6 unpaired electrons3.

As expected, the ions which have the closed f-orbital configurations,

+3 14

La ~ and Lu+3 (4f0 and 4f " respectively), and Gd+3 with its 4f7 complete
single occupancy configuration, have no electronic transition in the
visible or infrared and on excitation of their chelates, show
predominantly ligand phosphorescence only“»5., However, the ions which
have unfilled 4f orbitals can have a Tower lying electron excited to

a higher level, and if this happens to be a resonance level, line
emission corresponding to a transition from that level to a Tower 4f
level occurs. This process is represented schematically below, where

solid lines represent radiative transitions and wavy lines represent

radiationless transitions.



FIGURE 1. Schematic Energy Level Diagram for a
Rare Earth Chelate Possessing Low-lying
4f Electronic States.

gigand
Singlet Ligand
Y = v Triplet

\ :i___ll____

Low Ground State

—Reaction Progress——>

Early work by Crosby and Whan® and Bhaumik and El1-Sayed? demonstrated
clearly that triplet energy transfer occurs from the excited ligand to the
metal ion. Crosby, Whan and Alire® found that the lowest triplet state
energy level of the complex must equal or lie above the resonance energy
level of the rare earth ion for emission to occur. In particular, for

+3

Eu v ions, which fluoresce strongly from two well-established resonance

levels?, selective excitation of the lower level occurs in chelates whose

ligand triplet states lie between the two Eu+3

resonance levels. E1-Sayed
and Bhaumik!? showed that the ligand-induced rare earth ion fluorescence
could be sensitized by such triplet sensitizers as benzophenone, and

quenched by piperylene or naphthalenel!l. They assumed that such energy



transfer occurred at the diffusion controlled rate. Furthermore,
Matsuda and coworkers'? have shown that the phosphorescence of lanthanum
dibenzoylmethide can be quenched by europium dibenzoylmethide but not

by europium ions. In this case the phosphorescence of the lanthanum
chelate is due solely to the ligand triplet to ligand ground state
transition and thus involves only triplet energy.

Despite various attempts to enhance the fluorescence yields of
chelated rare earth ions by the addition of Lewis bases!3, change of
ligands!4s15 use of substituted ligands'*s15, having two different ions
bound to the same ligand!7, and addition of extraneous inorganic ions!®8,
energy transfer from ligand to ion has several disadvantages. Notable
among these are photodisassociation of the chelate to produce 1igand
negative ions which can phosphoresce!®, the inability to choose the
most efficient solvent and sensitizer combination, and the inherent
inefficiency of energy transfer between ligand and ion,as manifested
in ligand phosphorescence in many instances?20.

This inefficiency, and the possible utility of energy transfer
to rare earth jons as an analytical tool2! has led to the investigation
of intermolecular energy transfer to unchelated rare earth ions.
Matovich and Suzuki?? reported the initial triplet energy transfer from
excited ketones to rare earth ions. Irradiation of EuC]3 in neat aceto-
phenone, propiophenone and molten benzophenone at 3660 R where only the
ketones absorb produced the characteristic red emission of europium.
Heller and Wasserman23 have measured energy transfer from simple aromatic
aldehydes and ketones to europium and terbium ions by monitoring the

intensity of emission of the ions. They noted a decrease in fluorescence



intensity in going from acetic to decanoic acid and attributed this

to a lower rate of diffusion in the more viscous solvent. Ballard

and Edwards?“, in measuring triplet energy transfer from acetophenone

to various lanthanide nitrates as a function of lanthanide concentration

assumed a diffusion 1imited value as the rate constant for energy

3 3

transfer. Filipescuand Mushrush23 tried to sensitize Eu+ and Tb+
emission with a large series of organic compounds in dimethylformamide.
This series included compounds having triplet energies both above and
below the rare earth ion acceptors. However, sensitization occurred
only with donors having both a higher triplet energy than the ions and
a large S* » T* intersystem crossing yield. From viscosity measurements
they assumed that diffusion controlled energy transfer occurred and
suggested that oxygen impurity quenching was responsible for the short
ketone 1ifetimes obtained by using these diffusion rate constants.

The transfer of energy between ketones and rare earth ions can
also be realized by utilizing other lanthanide ions as intermediates
in the transferring process. Terbium is particularly useful and has
3

been used to transfer energy from 4,4'-dimethoxybenzophenone to Eut

in acetic anhydride?6.
) *

ROOR —h 5 r~<0O) ' (O)-r (1)

(]
o*

|
@D+ v T wDO



+3 +3 +3

*Th +  Eu > «ggt3 &+ T3 (3)

A 2TAC S (4)

Since different ketone triplets show remarkable selectivity in
energy transfer efficiency to lanthanide ions, even though such transfer
may be highly exothermic, this can be used as a means of sensitizing
ions which are not sensitized directly by certain ketones.

In all the above cases of ketone - rare earth ion energy transfer,
it was assumed that the rate constant for energy transfer was diffusion
controlled. This assumption is not altogether unreasonable since most
reported cases of exothermic energy transfer between two organic
molecules proceed at nearly the diffusion controlled rate in solution??.
However, in the studies with the lanthanide ions, the competing chemical
reactions of donor triplets, the effect of changing solvents, and the
inability to measure emission intensities accurately have been largely
ignored. Consequently the factors influencing energy transfer rates
are not well known and it still remains to be determined whether energy
transfer does actually occur at a diffusion controlled rate.

The method chosen to determine the actual efficiency of the energy
transfer process was to simply monitor the quantum yields of some
photochemical reaction of triplet ketones as a function of rare earth
ion concentration. Standard Stern-Volmer plots of quantum yield ratios
versus rare earth ion concentration will yield the ratio of rates for

energy transfer to chemical reaction. By comparing the slopes, k_ 1,

q
obtained by the addition of the various lanthanide salts, to the slope



k'q 1, obtained by using a known diffusion controlled quencher such
as a 2,4-hexadiene or naphthalene, it is possible to obtain a direct
comparison of the energy transfer efficiency of ketones to rare earth
ions versus ketones to other organic triplet quenchers. This method
has been used successfully by Hammond and Foss to measure quenching
rates of triplet benzophenone by transition metal chelates?8.

The reaction chosen in this case was the Norrish Type II elimination

of phenyl alkyl ketones which is known to proceed strictly from the

triplet state?9.

R
. > @ + ::j (6)

However, other photochemical monitors such as photoreduction or photo-

cycloaddition to olefins could also have been used.



II. RESULTS AND DISCUSSION

The Type II reaction3? of a phenyl alkyl ketone, K, is initiated
by the absorption of light of suitable wavelength resulting in excitation
to higher singlet levels. After rapid internal conversion to the lowest
excited singlet state (1012 sec.'] in solution), intersystem crossing
to the triplet manifold occurs with unit efficiency. The triplet ketone
that is formed has three possible modes of reaction available to it:
a) It can abstract a hydrogen from the gamma carbon to form a
biradical intermediate, BR.
b) It may undergo radiationless decay to the ground state, and
c) A transfer of triplet energy to an acceptor molecule may
occur. This yields ground state ketone and an excited triplet
quencher molecule.
The reaction sequence under consideration and the rate for each of the

various processes is the following:

K + hv —>  lTgs 1 (7)
k.

1 isc 3 1

ke —I5C S 3y kige (1K%) (8)

Sy k—‘”% BR k. (k%) (9)
3y —d—? K kg k) (10)
v g > kY ok @Gk (11)
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The biradical intermediate that is formed has three reaction pathways
available to it also:
a) It can disproportionate back to ground state ketone by

retransferring the hydrogen on the oxygen to the gamma carbon.
H +—R
| K R
d
—> (12)

b) Coupling can occur between the two radical sites to form a

cyclobutanol.

OH
. ) HO R

c) The biradical can cleave to yield the enol form of an
acetophenone and an olefin. H
oH
K _/
- s N = (14)

Schematically, the whole process may represented as follows:



1

FIGURE 2. Modified Jablonski Diagram
for Phenyl Alkyl Ketones

S]_ ]K*
3K*
k
1 +
a e BR
k
d
+ ks
Kq Ky
Products
\4
\ 4 0

Reaction Progress ——>

The quantum yield of acetophenone formation, Pps is defined3! as

4. = _Ihe number of molecules of acetophenone formed
A The number of quanta absorbed by the reacting ketone

This quantum yield is the mathematical product of the probabilities
of each of the individual steps in the reaction sequence occuring32.

Hence for the Type II reaction,

*A T %isc’BROP (16)

Where ¢.

isc is the probability of intersystem crossing from singlet

to triplet ketone, (which equals unity in these ketones??), ¢ R is the

B



12

probability of biradical formation from triplet ketone, and p is the
probability that the biradical once formed will go on to desired product.
The quantum yield can also be expressed in terms of the various rate
constants of the overall process by assuming that steady state conditions
exist during the course of the photolysis. The steady-state assumption
simply implies that the triplets and the biradical intermediates that

are formed are highly transient species and do not remain in solution
long enough to build up to any appreciable concentration. The expressions
obtained for o either in the presence and absence of quencher are:

krksd’

isc .
b, = n (with quencher) (17)
A (kd+kq(0)+kr7(kc+Fs+kdf
and
k. k 4.
0 rsrisc .
b, = ; (without quencher) (18)
A (kd + kr)(ks + kc + kd )

If the ratio of the quantum yield without quencher to the quantum yield

with quencher is taken, the familiar Stern-Volmer expression is obtained.

o
Y i kd + kqu) + kr (19)
® kd * kr
A
kg(O)
= 1 + K.+ K (20)
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which can be rewritten as

= = +kq(Q)r (21)

where t, the lifetime of the triplet state is defined as

e (22)

A plot of ¢X/¢A versus quencher concentration will have an intercept
of one and a slope of kq 1. The numerical value of t is obtained by
substituting the values of the diffusion controlled rate constant and
the slope of the plot (using naphthalene or diene as a quencher) into

the expression

- slope
T . diff (23)
q
Once the value of 1 is known and the quenching slopes for the various
lanthanide ions are obtained, it will be simple to calculate the

bimolecular quenching constants for each ion from the expression

ky - -Slope (24)

which will be a direct indication of the efficiency of the energy
transfer process.

The ketone chosen for this study was p-methoxyvalerophenone (ET =
73 kcal/mole)32, Initial work with p-methoxybutyrophenone in methanol

showed that several side reactions occurred with the solvent during the
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photolysis which prevented quantitative analysis of the p-methoxy-
acetophenone that is formed. It was desirable to utilize a methoxy
ketone since it is known that their triplet states have long lifetimes
compared to unsubstituted ketones?®. Less error should occur in the
quenching slopes of long lived ketone triplets since they are more
sensitive to a relatively inefficient quencher than ketones whose
triplets are short-lived and quenched only with difficulty. The
diffusion controlled quencher that was used for comparison with the

91 -1

lanthanide ions was naphthalene,whose kq =4.7 + .4 x10°M " sec for

quenching ketone triplets in benzene33, since it was found that 2,4-

dimethy1-2,5-hexadiene is somewhat photolabile in alcoholic solution.

A. Quenching Studies

Degassed methanol solutions containing .1 M ketone, 4 x 10'3 M
octadecane and various concentrations of quenchers were photolyzed at
3130 R or at 3660 R and the amount of p-methoxyacetophenone formed was
determined by vapor phase chromatography.

Table I gives the kq 1 values obtained from quenching runs with
naphthalene and several representative rare earth ions. The t and kq
values were calculated from equations (23) and (24) respectively.

The kq value assumed for the bimolecular quenching rate constant
of a triplet ketone by naphthalene in methanol is 7.5 x 10°M77 sec”!
which is near the diffusion controlled 1imit27. The rare earth ions,
however, are only 1/30 to 1/200 as effective as energy acceptors and
their k_values are two orders of magnitude smaller than those for organic

q
quenchers. Similar results have been obtained in quenching the
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TABLE 1. Quenching of Triplet p-Methoxyacetophenone
by Naphthalene and Lanthanide Chlorides.
Quencher qu, M"]a T (X 106) sec (M'] sec'])
Naphthalene 13,050 ¢ 50 1.73 7.5 X 10°
FuCl, 325 + 75 1.73 1.9 x 10°
SmC1 5+ 6H,,0° 48 + 3 1.73 2.9 x 10/
THC1 5 6H,0 56+ 6 1.73 3.2 x 10
DYC1 5" 6H.,0 53 :+ 4 1.73 3.1 x 10
ErCl - 6H,0 90 * 20 1.73 5.2 X 10

The qu values given are the average of two runs, the precision shown

is that between the two runs; bOnly one run, precision shown is that for
drawing slope.

photoreduction of benzophenone (ET = 69 kcal/mole) in aqueous acetic
acid - dimethoxyethane solution3“.

These results indicate that other factors, aside from the require-
ment that it be exothermic, influence the rate of energy transfer from
ketone triplets to the lanthanide ions. Nuclear magnetic resonance
studies by Heller and Wasserman, and the fact that no shift in ion
emission occurs while donors are being varied, have shown that no
long-Tlived ground state complex forms between the ion and the ketone23.
However, this does not exclude the possibility that the ion and the
carbonyl group of the ketone must exist in a special configuration
If this is the case, the actual

for energy transfer to take place.

process of energy transfer may have a significant activation enerqgy
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or entropy2?. The bare jons are strongly solvated in protic solvents,
and it is very possible that the solvation shell of the ion prevents

a close enough approach of the ion and the triplet carbonyl so that

the orbital overlap which is necessary for effective exchange interaction
to occur never develops sufficiently35. It is also possible that the
poor or varying spectral overlap between ketone and ions may cause
energy transfer to be Tess than maximum efficient. Heller and

Wasserman found that high energy carbonyl compounds such as acetophenone
and benzaldehyde, which have their most intense peak below 4500 f
sensitize europium ions much more efficiently than terbium ions,
possibly because the high 502 (4640 ﬂ) level of europium is more

easily populated than the 5

D, level of terbium (5460 R) due to better
spectral overlap?3.

Although this work shows that energy transfer between ketone
triplets and lanthanide ions is definitely slower than the diffusion
controlled rate, the factors responsible for the inefficieny have not
been determined. A systematic study using the anhydrous lanthanide
salts in various aprotic solvents with different carbonyl compounds
may further elucidate the chemistry of the energy transfer process.

Also of interest is the fact that some of the lanthanide ions
undergo chemical reactions during the course of the photolysis.

2 M) concentrations

Solutions with relatively high (greater than 10~
of EuC13 turned yellow and the solutions of erbium and dysprosium

deposited pink mirrors on the wall of the photolysis tubes.
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