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system. This description was applied by Hammond to describe the behaviour
of dienes as acceptors when energy transfer occurred from donors with
triplet energy considerably less than either the S-cis or S-tfans forms.
It was proposed that during the time of the interaction, the geometry

of the dienes changed from planar to one in which rotation had occurred
around a double bond. This twisted form had an energy compatible with

the lower energy available in the donor. In terms of the formalism of
Hammond, this was described as a 'non-vertical' or non-spectroscopic
transition. Support for this suggestion is gained from the earlier re-

planar triplet

twisted triplet

ground state diene

ference to the relatively long lifetime of triplet dienes in solution
(174), together with their inability to transfer energy back to transfer
energy back to the lower energy triplet state of the original donor.
Unfortunately, introducing the concept of non-vertical transitions
still does not immediately explain the behaviour of the cyclopentadiene
system. No spectroscopic information is available concerning the structure
of the triplet species and no detailed study has been carried out to
determine the acceptor properties of the ground state in sensitization
reactions. It is possible that the relaxed structure of the excited

cyclopentadiene is non-planar due to contributions of the type shown
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in the nn* state,directly analogous to the case of acyclic dienes (180).

This implies the existence of a loose chemical complex between
the diketone and the diene such that the Born-Oppenheimer approximation
breakdown allows the necessary changes in geometry to be concerted with
electronic energy transfer. The lack of temperature efféct on the
transfer constant could be explained as for butadiene in terms of the
coincidental cancelling of temperature effects between the extra
vibrational energy of the triplet diketone and the reduced stability of
the loose complex. Comparison with the observations of the sensitized
dimerisation of cyclohexadiene, presumed to go via a triplet hexadiene
intermediate ET ~ 52 Kcals, reveals that only sensitizers with energy
greater than or equal to the triplet energy of the triplet hexadiene
brought about efficient energy transfer (181). When sensitizers of
slightly lower energy were used, addition between donor and acceptor took
place. The somewhat tortuous arguments used here to explain the diene

data reflect the complexity and current understanding of the triplet-

triplet energy transfer process (18).

Chemical Interaction

One feature of the energy transfer process which has been
mentioned several times in this discussion is a chemical interaction
between donor and acceptor. The importance of this aspect is emphasized
by the isolation of 1:1 addition products between acceptor and donor
in some cases. The formation of a metastable complex between donor
and acceptor has formed the basis of a mechanism for the sensitized

dimerisation (183). However, the general application of this theory
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is doubtful and the existence of this kind of interaction has been
definitely disproved for the pentanedione/cyclopentadiene case at 30°C.
It is of direct interest, however, that sensitization of cyclopentadiene
at -78°C with acetone (ET ~ 73 Kcal) goes via an unexpected course

(183).

W (CH3)‘.3Z°C s [

O

Not only does another dimer of cyclopentadiene not found at higher
temperatures become an important product, but the formation of an
oxetane by cycloaddition is direct evidence for the chemical inter-
action of donor and acceptor under these conditions. Extending the
analogy of triplet acetone-cyclopentadiene oxetane formation to

triplet pentanedione-cyclopentadiene oxetane formation is an intruiging
possibility, especially in the light of the known ability of diketones
and diolefins to form complex products, though admittedly in low yield

(147).
Conclusions

The conclusions of the quenching experiments with butadiene and
cyclopentadiene are difficult to summarize. Triplet-triplet transfer
of electronic energy almost certainly occurs on collision; the explana-

tion of the inefficiency (one collision in ~ 10%) depends on the mechanism
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chosen to describe the interaction. The strictly physical picture
described by Dexter and developed by Hammond is undoubtedly valuable.
Although the behaviour of borderline cases of energy matching between
donor and acceptor is not satisfactorily explained, the alternative
postulation of chemical interaction in all borderline cases is not
justified on the basis of the diverse chemical character of the sen-
sitizers used.

Possibly the description is a composite of both extreme views.
The encounter between a donor and an acceptor must involve severe
perturbations of their isolated quantum mechanical descriptions. The
consequences of this upon the various selection rules governing the
behaviour of this encounter complex have been pointed out by Matsen (71).
If this transient species is thought of in the same terms as a stable
electronically excited system, then there will be many possibilities
for the processes which will cause its destruction. The 'simple'
case of energy transfer, where ET Ansae ET acceptor + up to 10 Kcal,
could be thought of as an 'intramolecular' redistribution of electronic
energy, with a subsequent or simultaneous radiationless transition to
a description corresponding to the decomposition of the supermolecule.
The facility of this process will reflect the triplet energy levels of
the isolated molecules. However, the existence of perturbations in
the supermolecule can be expected to cause distortion of these isolated
levels. When the downhill energy discrepancy is too great, the necessary
dissipation of the extra energy between the vibrational modes of the
system, particularly in the gas phase, does not take place efficiently

(151,166). The description of borderline and uphill transfer cases
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would require a time lag for the necessary redistribution of energy
in the supermolecule; similar to that in the RRKM description of
unimolecular decompositions. The efficiency of this process will,
therefore, reflect its success in the face of competition from other
radiationless process in the supermolecule. In the general case,
these would correspond to decomposition of the supermolecule (an un-
successful chemical encounter), or bond formation leading to addition

products between acceptor and donor.
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CONCLUSIONS

This work has been arranged in such a fashion as to allow
conclusions to be drawn from experiments at the time they are described.
It is necessary, however, to make some remarks which will allow a
perspective to be taken.

The measurement of fluorescence and phosphorescence yields in
the pentanedione system has proved to be a powerful tool in the elucida-
tion of mechanism. In Chapter 4, the value of the fluorescence yield
when compared with that of biacetyl has allowed comments to be made
concerning the intersystem crossing process from the S; to the T, mani-
fold. Whereas in Chapter 5 the value of temperature variation is revealed
in that the Arrhenius parameters for the radiationless processes removing
the triplet state have been calculated.

In Chapter 7, the use of fluorescence measurements in demonstrating
the magnitude of radiationless processes occurring in higher levels of
the singlet manifold is stated. In particular the inherent ambiguities
present in the interpretation of fluorescence data do not allow a firm
conclusion to be reached concerning the collisional deactivation mechanism
within the singlet manifold. Chapter 8 provides a pleasing correlation
of the properties of the system which had been deduced from preceding
experiments. It also points out the consistent nature of the proposed
mechanism which does not call for grossly temperature dependent processes

removing the excited singlet state.
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The interactions of the triplet state with other chemical
species have been investigated in Chapters 9-11. Again variation of
temperature allows interesting speculations to be made about the form
of the interactions in fhe different cases. It is of special importance
that the complex quenching behaviour found for cyclopentadiene at 30°C
calls for the independent existence of the electronically excited
triplet cyclopentadiene molecule. This immediately reveals the inter-
action to be electronic energy transfer. The lack of a temperature
effect on the endothermic transfer efficiency is intriguing and can at
best be explained by invoking fortuitous compensations. Clearly, the
nature of the electronic energy transfer process is complex and this
complexity can only be enhanced when the triplet levels of donor and
acceptor are approximately the same. Chemical bonding interactions
seem to become important and the formation of stable or metastable

species is favoured.
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Appendix A

2,3-Pentanedione (Eastman Kodak and Eastern Chemical Company)
was purified (99.8%) by gas-liquid chromatography on a 6m 30% SE-30
on Chromosorb W column at 70°C and stored in a blackened bulb at 77°K.
Mass spectral analysis showed no species with m/e > 100, and all frag-
ments could be derived from 2,3-pentanedione. Only very pure pentane-
dione gave reproducible experimental results.

Biacetyl (Matheson Coleman and Bell Chromatoquality Reagent)
was distiiled at -35°C and collected at -78°C. The middle third fraction
was used.

Chlorobiacetyl was prepared by the method of Oglobin and
Potekhin (184) and purified by gas-liquid chromatography on a 6m 30%
SE-30 on Chromosorb W column at 100°C.

Quinine sulphate (N.F. Grade) was supplied by Fisher and used
without further purification.

Oxygen (Matheson Bone Dry Grade) was used as supplied.

Sulphur hexafluoride (Matheson Research Grade) was distilled
from -112°C and collected at -135°C.

Perfluoroethane (Matheson Reagent Grade) was distilled at -112°C
and collected at -142°C.

Acrolein (BDH Reagent Grade) was purified by distillation at
-45°C and collected at -78°C.

Crotonaldehyde (Matheson Coleman and Bell Reagent Grade) was puri-
fied by distillation at -35°C and collected at -63°C. Subsequent GLC
analysis showed the purity to be better than 99.9%.

Methyl vinyl ketone (Matheson Coleman and Bell Reagent Grade)

was purified by distillation at -35°C and collected at 63°C.
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Xenon (Airco Research Grade) was degassed and used without further
purification.

Furan (Matheson Coleman and Bell Reagent Grade) was purified
by distillation at -45°C and collected at -63°C.

Perfluorobutene-2 (Matheson Instrument Grade) was purified by
distillation at -95°C and collected at -142°C.

Germane has been prepared by reduction of germanium tetrachloride.
Purification was by distillation at -126°C.

Isobutane (Matheson Research Grade) was distilled at -142°C
and collected at -196°C.

Butadiene (Matheson Instrument Grade) was distilled from -78°C
into =112°C, the middle one-half fraction was used.

Cyclopentadiene was prepared from the dimer (supplied by Eastman
Organic) by thermal cracking over glass chips. Subsequent distillation

at -35°C and collected at -78°C.
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AEBendix B

The vapour pressure of pentanedione was determined using the

simple apparatus shown below.

~25em
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The trap, constructed from Smm ' Byrex tubing was attached to
the vacuum rack and evacuated. A small sample of pentanedione was
condensed into A. Mercury was then allowed to enter the U-tube and fill
it to a convenient level. fhe tubing was then sealed under vacuum at B.

The apparatus was then completely immersed in a thermostated
water bath and readings of the pressure head of the manometer were taken:
at temperatures from 25 to 65°C with a cathetometer. The results obtained
are shown in the form of the variation of log p with 1000/T in Fig. 6%

-
The heat of vapourisation AH,was calculated as 9.4 Kcal. mole.
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Fig. 64 Clausius-Clapyron plot for 2,3 pentanedione in region 300-370°K
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Appendix C
The system of delayed fluorescence is considered to be described
by
k
Sl .__.Ml_% Tl
L e
QM)
labs
kF kp * kT1—+So
So

Activation of T; to the S; manifold is through collisons with added M.
If the system is excited by a short pulse of light at time equals zero,
the evolution of the system will be governed by the coupled differential

equations below.

,-'chZl) = kp Lgy (T)) + ky(T1) + kg OD(T1) - kg, q = (S1)

-d(S;) _
_Fl_ = kSl +T1(Sl) + kp(S1) - kQ(M) (Ty)

The coupled differential equations can be solved (120) to give for (T,),

(T;) = const; Pt L consty o et

where const; and const, are constants and D; and D, are the roots given by

'*So+kp)k51 +T
;O—kp + kQ(M) + k

h- e,
(M) +k LY/

_(le'*So+kp+kQ 51'*79 + (le-+51+kp+kQ(M)+k51"+?D

kg, +5, S1+T1)?

1 2%

E]

2

Comparing the magnitude of the terms under the square root

3 2 L 8 2 16
(le’+So+kp+kQ(M)+k81->T1) v (10° + 104 + 10* + 10°) o~ (kSI-+T1) v 10
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and,

4(k k )k

2 37108 11
T1'*50+P v 4(104 + 10°)10° ~ 10

Sl ->T1

Therefore, the binomial expansion of the square root term is valid. By

neglecting squared terms and Higher, the complete expression gives,
|
1 2(k +k )K /2'
_ f ) (Tl‘*so p’ S1>T 1
“ory ssgiptiqMtkg spy) = Gy +sc*kp*kQ(M)*ksl+T1)\

(kT1'*So+kp+kQ(M)+k51'*T1)2J

The two roots are given by

“(kp 5 50 KphosI¥s, 1y
Dy = = -(k k)
A Ty +Sp phos
(le-*So+kp+kQ(M)+k81-*T1)
D, = (le'+So+kp+kQ(M)+ksl-*T1) + (kT1+ So+kp)k51*>T1
(le-+So+kp+kQ(M)+ksl-*T1)
TS i

Inserting the boundary conditions, t = 0, S; = (S;)g9, T; = 0 gives,

-k
T; = -(S1)g e

-(k_+k

)
Sl-+T1t P T1-*So't

+ (S1)o e
The second term is the part governing the decay of the species over re-
latively long times, and as can be seen, it does not contain any terms
in kQ(M). Therefore, one can conclude that even if delayed E-type
fluorescence did occur in this system it would not affect the phos-
phorescence lifetime. In terms of the model, this can be associated
with the large value of k81-+T1’ so that even if species are removed by
excitation back to S;, they are returned within a time which is small

compared to the lifetime of the triplet species.
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