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ABSTRACT

PART 1

Studies on the mechanism of the photodimerizations of
coumarin are reported, Trans coumarin photodimers are shown to
result from excited triplet coumarin, It seems likely that an
intermediate triplet-ground state complex precedes a biradical
intermediate which closes to trans -dicoumarin. This dimer, formed
by benzophenone sensitization is also produced by direct irradiation
in benzene., Here coumarin has a low intersystem crossing yield
of 2,2 x 10—2. We account for 98% of the absorbed quanta by a
photocleavage of coumarin singlets, competing with the other modes
of unimolecular decay. No evidence supporting singlet self quenching
was found. Singlet energy transfer from benzophenone to coumarin
occurs by emission-reabsorption. The low efficiency of the latter

process makes it insignificant compared to competing mechanisms.



iv

ABSTRACT

PART II

Studies on the detailed mechanism of an energy transfer are
reported, Optically active photosensitizers induce optical activity
into trans -1, 2-diphenylcyclopropane, II, while effecting the
trans - cis isomerization. The asymmetric induction is shown
to result from differing rates of energy transfer to the two optical
isomer of trans-II. A rather large steric effect operative during
energy transfer is thus demonstrated. Quenching studies indicate
that the reaction occurs by a singlet mechanism resulting in
production of 1, 3-diphenyltrimethylene. The intermediate apparently
has the same decays paths as that generated by triplet energy transfer
to II. The asymmetric induction results from a number of
sensitizers are useful in constructing a probable transition state

for this energy transfer reaction.
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PART I

PHOTODIMERIZATION OF COUMARIN



INTRODUCTION

The photochemaical behavior of coumarin has been studied by
a number of investigators. Despite a substantial amount of work, the
intimate details of this rather complex photochemical system are not

well resolved.

The photodimerization of coumarin in ethanol has been known for
65 years (1). Anet (2) in her studies on this system demonstrated a cis

head-to-head structure for this dimer (I).
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A sensitized photodimerization of coumarin producing the trans
head-to-head dimer (II) (together with a trace of III) was next reported

by Schenck and co-workers (3). They also noted

hv ,
coumarin et —( (principal prod-
benzophenone € uct)

.

that irradiation of a benzene solution of coumarin in the absence of a

sensitizer yields no dimeric product.
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Using spectroscopic techniques to supplement their photo-
chemical study, Hammond, Stout and Lamola (4) proposed a rather
interesting and complex mechanism for the coumarin photodimerizations,
accounting well for their results and those of previous workers. They
found that the presence of benzophenone completely controls the course
of the reaction, even when coumarin is the primary absorber of
excitation., In their postulated mechanism shown below, (a)they suggesf
that excited singlet coumarin leads to I, while excited triplet coumarin

gives II and III,

C + hv — C* (1)
Ck —— C + hv (2)
10* + C ———> 2C + energy (3)
les + ¢ S%—; 1 @)
low — 3 o (5)
Scx + € ——» TandII (6)

B + hv —u B, 3B« 7
3

B* + —= B + Sox (8)
83c%* + ¢  ——% IlandIil (6)

(a)

Throughout this thesis we have used an asterisk (*) at the upper
right of a chemical symbol to designate that this species is in an
excited state, The number at the upper left refers to the spin
multiplicity of this species.
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for the benzophenone (B) sensitized dimerization., A singlet energy

transfer from coumarin to benzophenone,
1
Cx + B C + B*, (9)

was also reported and Schenck's observation that no dimeric product is
formed by direct irradiation of coumarin benzene (3) was confirmed for
the case of high coumarin concentrations. However, at low coumarin
concentrations (ca. IO_ZM) the production of II was noted. Under
these conditions step 5 should compete with step 3, providing a
formation of triplet species leading to II,

On further investigation Schenck (5) isolated the cis head-to-tail
dimer (IV) from photolysis of coumarin in ethanol. Contrary to
previous work, he found that I, II, III, and IV were indeed formed in

benzene and other non-polar solvents. The relative proportion of
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dimers II : I seems to be a function of the dielectric constant of the
solvent, decreasing from 20 in benzene to 0.23 in formic acid.

Schenck also discovered that all of the dimers are converted
back to monomeric coumarin by irradiation with 2800 Q light. ()

About the same time Morrison, Curtis and McDowell, also
detecting dimers in non-polar system, reported the absence of a
heavy atom affect on the unsensitized photolysis. (6)

The results of previous workers may be summarized as follows:
(a) Iis probably formed by reaction of an excited singlet with ground
state coumarin, perhaps through an intermediate excimer; (b) II
results from reaction of triplet with ground state coumarin; (c) all
dimers can be formed by unsensitized photolysis in a variety of
solvents, the distribution of products being a function of the dielectric
constant of the solvent.

The objectives of our investigations are: (a) identification of
the intermediates involved in the sensitized and direct photolysis of

coumarin; (b) determination of the nature of the singlet energy transfer

from coumarin to benzophenone; and (c) measurement of the quantum

(a)

This photo-cleavage probably accounts for the failure by previous
workers to isolate dimers from non-polar, unsensitized systems,
since they likely used unfiltered light. A high cleavage quantum
(eg., 2) yield competing with the 3 x 1073 dimerization yield will
result in coumarin being the major product in a photostationary
system,
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efficiency of the dimerizations. With this information we should be
able to construct a more comprehensive and knowledgeable picture

of the coumarin photodimerization system.
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RESULTS AND DISCUSSIONS

Coumarin - Benzophenone Singlet Energy Transfer

The singlet energy transfer of step 9 can take place by
three recognized modes. The Forster mechanism (15), which can
occur even when donor and acceptor are separated by distances of
up to 100 &, depends upon dipole-dipole coupling between donor and
acceptor states. Collisional transfer (23), which is also non-
radiative, requires intimate contact between the {ransfer pair,

The third mechanism, ''trivial" energy transfer occurs by acceptor
absorption of donor fluorescence.

The detailed mechanism for reaction 9 appears to be that of
emission-reabsorption, or trivial energy transfer, We infer this by
comparison of the coumarin fluorescence spectra observed in the
absence and presence of benzophenone. These emission spectra
are shown with the benzophenone absorption spectrum in Figure 1,
Addition of benzophenone shifts the position of the maximum
fluorescent emission away from the benzophenone absorption. A
non-radiative transfer would be accompanied by a decrease in
intensity at wave lengths where benzophenone does not absorb. The
small difference observed is within experimental error. There is,

however, some question as to the identity of the emitting species (8).
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Figure 1.

(1) Total emission from 2.5 x 10—4M coumarin; (2) Total emission from
2.5 x 1074Mm coum‘%rin and 5 x 10 °M benzophenone; (3) Absorption
spectra of 5 x 10 °M benzophenone., All spectra in benzene at 25°C,
Spectrometer sensitivity of (2) is greater than that of (1).
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The emission is quite weak and the maximum is located near the
3660 line of the excitation source, making measurements experi-
mentally difficult. It has been suggested that the weak fluorescence
is due to an impurity (8). We were unable to detect this emission
when using carefully purified and dry ethanol as a solvent.

The singlet energy transfer does not contribute significantly
to the dimer formation quantum yield, which we measured to be
about 5 x 10-3, when coumarin absorbs 99% of the light. The
quantﬁm yield in the corresponding system without benzophenone is
3 x 10-3. Since the quantum yield for the sensitized dimerization is
0. 15 (discussed later in the quantum yield sections of this thesis),
the slight increase from 3 x 10~3 to 5 x 1073 by the addition of
benzophenone (coumarin absorbing most of the light) can be
accounted for by benzophenone absorbing 1.3% of the incident quanta,
either directly or by emission-reabsorption. Under the experimental
conditions used, benzophenone directly absorbs about 1% of the
light, Evidently, the singlet energy transfer, if it occurs at all,
does not measurably contribute to the dimerization quantum yield or

alter other paths.
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Chemical Spectroscopy on the Sensitized Coumarin Photo-

dimerization System

"Chemical spectroscopy'’' (11) derives from the photochemical
behavior of certain compounds which permits them to be used as
probes to "count' indirectly the number of excited species produced
in a system, and to distinguish these species by means of their
triplet energy. For instance, an energy acceptor such as stilbene
can be added to a photochemical system under study. This acceptor
will intercept triplet excitation from the various triplet species
produced upon irradiation. Since the distribution of products derived
from the acceptor is a function of the triplet energy of the donor, the
identity of the donor can be inferred if its triplet energy is known.
The following equations show the expected consequences of addition

of a monitoring cosubstrate to a mixture of coumarin and benzo-

phenone.
B + hv —3 !Bx ---)-3 B (7
SB%¥ + A  e——>~ B o+ 3 Ax (10)
3gx + (Q =—— B + 3(Cx (8)
Scx + A —— Cc + 3ax (11)
3cx + C ——= I (6)

In the above scheme with benzophenone and coumarin, A

represents a cis-trans isomeric pair of acceptors. A is chosen so

that the cis-trans photostationary state is different, depending on
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whether the energy is transferred from B to A or from C to A.

When A is present in high concentrations, it will preferentially
intercept the excitation from B, giving a photostationary state
characteristic of the triplet energy of B. At lower A concentrations
the energy will be preferentially transferred through C before it is
transferred to A. This should lead to a photostationary state
characteristic of C. Thus A can be effectively used to infer the
presence of the excited benzophenone and coumarin triplet species.
Quantum yield measurements on this system facilitate determination
of the rates of the various processes in the above scheme.

Acceptors chosen to probe the coumarin system were 1,2-
diphenylbutene-2, (V) and 1,2-dichloroethylene., In all experiments
of this type, where it is known that only coumarin absorbs the incident
light, little or no dimerization of coumarin or isomerization of the
acceptor is noted, This is consistent with the inefficient or in-
operative singlet energy transfer step.

Coumarin in 0,1 M. concentration decreases the benzophenone

sensitized cis —~ trans isomerization rate of 0.1 M cis-~1, 2~
dichloroethylene by a factor of about 12 (See Table I). Thus coumarin
efficiently intercepts benzophenone triplets, verifying reaction 8.

The resultant photostationary state both in the absence and presence

of coumarin is cis/trans = 6.1. Evidently coumarin triplet species
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TABLE I

Benzophenone sensitized isomerization of

cis-1, 2-dichloroethylene in presence of coumarin

Irradiation Coumayrin % trans -dichloroethylene
time (min.)? conc., T formed ¢+ d
5 : 0.0 0.1

20 0.0 1.2
40 0.0 1.8
120 0.0 4,8
420 0.0 10,7
5 0.1 0.0
20 0. 1. 0.1
40 0.1 0.2
120 0.1 0.4
420 0.1 0.8
& Uranium glass filter
b

Initial coumarin concentration

(¢}

Corrected for 1,1% trans isomer att = 0; + 0,1%.

joh

Initial cis-dichloroethylene conc. = 0.1 M.
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relax and/or react much faster than they transfer energy to
dichloroethylene.

Results using 1, 2-diphenylbutene-2, (V) as an acceptor verify
the presence of the coumarin triplet as precursor to trans-dicoumarin.
The isomers of V can be brought to photostationary states (p.s.s.)
using either benzophenone or coumarin as the sensitizer; the values
of the V photostationary ratios are 3.5 and 6.4 (trans/cis)
respectively. The latter was determined by irradiation of benzene
solution containing trans-V (0, 1M) and coumarin (0. 02 M).

The benzophenone sensitized trans —»cis isomerization rate
of V (0. 1M) in the presence of coumarin (0.1 M) is one-half that of
a similar system without the coumarin. The difference can be
attributed mainly to the amount of light absorbed by the benzophenone
in the two cases. This was calculated on the basis of the spectral
distribution of the light source and the extinction coefficients of the
absorbing species. These systems proceeded to the photostationary
states of coumarin and benzophenone respectively. This result was
at first rather surprising. We expected the p.s.s. of V for the
ternary system to be intermediate between those of coumarin and
benzophenone., Examination of the Saltiel plot for V provides an
explanation. The benzophenone triplet energy is below the high
energy region (13) where the rate of energy transfer to both isomers

of V is near that of a diffusion controlled process. In addition,
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transfer to the cis isomer is preferred. The ratio of coumarin to
cis-V is about three near the p.s.s.. Triplet energy transfer from
benzophenone to coumarin should be diffusion controlled, Thus,
triplet excitation can be preferentially transferred to coumarin
which then relays it to cis- and frans-V, giving a resultant p.s.s.
near that observed for coumarin. At lower coumarin concentrations,
the V cis/trans ratios are intermediate between those of coumarin
and benzophenone.

The results from V contrast with those obtained using
dichloroethylenes as acceptors. When coumarin is present, systems
containing V reach the coumarin photostationary state. When
dichloroethylene is used as an acceptor, the benzophenone p.s.s.
is approached. Coumarin competitively inhibits the isomerization
of cis-dichloroethylene, but does not seem to appreciably affect
trans-V isomerization rate, except by partial absorption of light.
These observations apparently reflect the natural lifetimes of
coumarin and benzophenone triplefcs compared to their rate of
transfer to the two acceptors. The combined results from these two
acceptors are consistent with the presumed mechanism for formation

of trans-dicoumarin (4).
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Quantum Yield for the Sensitized Dimerization

The '"'chemical spectroscopic'' measurements provided
valuable information as to the identity of the various species formed
during irradiation. Quantum yield measurements can now be effect-
ively used to infer much about the kinetic parameters of the various
processes,

The quantum yields vs. coumarin concentration are shown in
Table III,

Two rather interesting observations are immediately apparent,
First, the quantum yield is far from its maximum of unity. Second,
there is no variation in (I) in the 1,0 M. to 4 x 10 M. concentration
range. The latter result suggests that coumarin triplets do not
undergo unimolecular decay before they encounter and react with
ground state coumarin species, even at 4 x 10_31\/[. coumarin
concentrations. Surprisingly, 85% of the absorbed quanta do not
show up in the formation of dimer, although the constancy of the
quantum yield suggests that the excited triplet coumarin is
destroyed exclusively by bimolecular interaction with ground state.
A modification of the previous mechanism can account for this.

Reaction 7, the intersystem crossing of benzophenone occurs
with unit efficiency (16). Exothermic triplet energy transfer from

benzophenone to coumarin should be diffusion controlled, and also
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TABLE III

Dimer formation Quantum yields vs. Coumarin Concentration

b .
Coumarin Conc, Quantum Yield ' (I) + 0,02

( (p + 0,02) ave.

1,0 M. 0.15 0.15
0.5 M. 0.15 0.15
0.2 M. 0.17 0.17
0.1 M. 0.17

.19 0.17

. 14
.18

o O O

0.04 M., 0.16

0.17 0.16
0.16

0

. 16

0.008 M. 0.15 .
0.16 « 0.15
0.13

0.004 M. 0.16 N
0.15 0.15
0.13

& These values are corrected for the fraction of light not absorbed.

b Also equal to benzophenone sensitizer concentration.
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occur with near unit efficiency at coumarin concentrations above

5x 1075

M. (3). This leaves reaction 6, the interaction of triplet
and ground state coumarin as the most reasonable candidate for loss
of absorbed quanta. The data suggest formation of a coumarin

triplet ground state complex (triplet excimer) decaying to ground

state molecules and II in a ratio of 5. 3.

3C>~'< + '1C ————— complex (12)
Complex — 2C (13)
Complex —_— Ila——~1II (14)
e — C (15)

This triplet complex cannot be a biradical such as Ila. The
latter should close to II with unit efficiency. The activation energy
for cleavage into monomeric coumarin should be similar to that for
the separation of IX into 1,3 -cyclohexadiene., The latter reaction

does not compete with closure to product (12),

Ila I11a
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X
Structures such as IIa and Illa are likely precursors to I1
and III respectively. IIa might readily be derived from a sand-

wiched triplet complex or excimer as shown below:

(19)

IIa

II
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Ila differs from the proposed singlet excimer (6), Ia, leading

to I, in that the reactive

Ia

double bonds are adjacent in Ia, facilitating decay directly to I. Ila
is set up for bond formation between the positions shown in the above
figure, Scale molecular models indicate a perfect fit in position and
bond angles, proceeding from the complex to sandwiched ila, Inter-
conversion and rotation around the newly formed bond are necessary
for closure to II. IIla can not easily be formed from this complex.
If it were formed by another mechanism, it could not attain a
"sandwiched" structure similar to Ila. This probably accounts for
III being only a minor product of the sensitized photodimerization.
The quantum yield expression for our sensitized mechanism,
including the terms for quenching of dimerization by added triplet

acceptors is:
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5 - $ kglC] k12 Q)
Zsens. ic. \K10 [Al + kg + kg [C] || ki2 €+ k5 +kyy [C]
Kig
kg * kg3

¢ic and kd are respectively the quantum yield of triplets and the
first order decay constant for benzophenone, and their magnitudes
are unity (16) and 105 sec-l (21). Reaction 8, transfer fI‘OI‘;I benzo-
phenone to coumarin is exothermic by 6 k cal. and should be diffusion
controlled. The first expression in parenthesis, the efficiency of
energy transfer to coumarin should then be near unity at coumarin
concentrations above 5 x 10-31\/[. The constancy ofv @ sens.
indicates that the second factor is also near unity in the concentration

range studied. The last factor, the decay of triplet complex to II is

0.15. In a later section of this thesis we show how the variation in

-

q?sens by addition of a triplet quencher, A, is used to calculate

kig = 3x 108 1. mole-1 sec. 1,

Quantum Yield for Coumarin Dimer Formation by Direct Irradiation

Direct irradiation of coumarin in benzene produces mainly II (5),
presumably by a similar triplet mechanism (4). Quantum yields ( (P )
for this reaction vs. coumarin concentration are tabulated in Table IV

and plotted in Figure II.
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These quantum yields were also surprising. We expected
. -3 -4 .
(} to have a maximum around 10 =~ - 10 "M. coumarin
unsen.
concentration, the low concentration decrease being due to
unimolecular decay of coumarin triplets and the high concentration
decrease a result of self quenching of excited singlets by coumarin,

as had been suggested (4).

1C + hv  ~——— 1c=:< (1)

e + ¢ —— 2c 3)
los ——  3cx (5)

3 + ¢ — 1 (6)
Scx —= (15)

Examination of the data in Table IV shows that @ is
unsen.

3

essentially constant down to about 5 x 10°°M,, the same range in

~ which @ sen. 18 constant for the sensitized dimerization.
Apparently, singlet self quenching is not the mechanism by
which coumarin rids itself of excitation. The data suggest that
most of the absorbed quanta are degraded by a unimolecular path.
It seems easiest for us to account for this loss of energy by a
reversible photocleavage of excited singlet coumarin., A possibility

might be:
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TABLE IV

Direct irradiation quantum yields for dimer formation

at various coumarin concentrations.

qD x 103

Initial coumarin Average
conc. (M.) conc. (M.) unsen.
-2
0.1 8.6 x 1077 3.2
9.5 x 10~ 3.3
- -2
5.0x 10 4,8 x 10 3.0
4.7 x 1072 2.7
1.7x 1072 1.42 x 10 2.6
1.0 x 1072 9.7 x 1073 2.7
9.1x 1073 2.7
8.3 x 10-3 2.1
8.4 x 1073 2.0
5.0x 1075 4.8 x 1073 2.3
4.4 x 1073 2.8
4.2 x 1073 1.8
4.1x 1073 1.4
1.0x 1073 8.5 x 1074 1.2
9.4 x 10:2 0.94
8.1x 107 0.95
8.2 x 10 0.88
5.0x 1074 2.9 x 1072 0.88
4.5 x 1074 0.66
2.0 x 10'1 0.49
3.9x 10° 0.44
1.0x 1074 9.4 x 107° 0.23
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\
£\

C==0

po—

VI
This type of reaction is reported for 2-4-chromene (VII), a

molecule quite similar to coumarin.

VII

Support for the presence of VI comes from Stout's (9) and
Lamolai's (8) observation that ethyl coumarate (VIII) is produced by
irradiation of coumarin in ethanol. Addition of ethanol to the ketene,
Vi, would provide a mechanism for formation of the ester VIII.

The reaction is readily photoreversible (9).

hv, ethanol]

<—
hv
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Whenever triplet quenchers are present during the direct
excitation of coumarin, side products imparting a bright yellow
color to the solution are formed. They are not observed in the
sensitized dimerization. The color is produced in the presence of
2,5-dimethyl 2,4-hexadiene, cis-dichloroethylene and trans-diphenyl-
butene indicating that reaction between excited coumarin and
quencher is not the source. This colored product, undoubtedly an
excellent triplet quencher, is probably responsible for the erratic
quantum yields., It may even contribute to the formation of dimer,
but more important it gives a clue to the fate of the absorbed quanta,

VI is sufficiently conjugated to have an absorption in the visable
spectrum. We tested for the presence of VI in yellow benzene solutions
of coumarin irradiated in the presence of 2,5-dimethyl-2, 4~-hexadiene.
Addition of ethanol and acetic acid did fade the color. The permanent
yellow color is clearly not VI. However, a compound like VI, with
its assortment of functional groups and photochemically active sites,
undoubtedly has a variety of possible photochemical reactions. We
would be greatly surprised if some of the products of thesé reactions
were not highly colored.

In the next section we show that II formed by direct excitation
results primarily from excited triplet coumarin reacting with ground
state species. Thus, the unsensitized dimer formation quantum

yields at higher concentrations indicate an inherent intersystem
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crossing yield of only 2.2 x 1072, the remaining 98% of the absorbed

quanta being degraded by a competing unimolecular path. Coumarin
fluorescence in solution is very weak (7, 8, 14), comprising less
than 1% of the absorbed quanta, even at low concentrations (ca.
1x 10—4M)° Self quenching has been suggested (4) as the dominant
mode of energy wastage at higher coumarin concentrations since
several substituted coumarins display marked fluorescence intensity
dependence upon concentration (7). There is, however, no spectroscop-
ic evidence of singlet self quenching for the parent compound in
solution at 25°C (7, 14). The constancy of the quantum yields at
higher concentrations is contrary to singlet self quenching. Lamola (8)
has made an interesting and significant observation of coumarin
emissions. In ethanol glass at 77°K coumarin displays only a green
phosphorescent emission with the 0-0 band located at 4950 A
(62.5 K cal/mole). Coumarin in an isopentane glass has only a short
lived blue emission band centered at 4000 &, The latter is not that
reported as being coumarin fluorescence, having a maximum of
3575 & (4) in ethanol and 3500 @ in benzene. Lamola suggests that
the blue emission comes from coumarin singlet excimers, whose
formation should be more favored in hydrocarbon rather than ethanol
glasses,

One might rationalize this apparent contradiction by

suggesting that trans coumarin dimers are formed inefficiently from
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an intermediate leading to self quenching (reaction 16)., Alternatively,
an excited singlet mechanism forming II might compete with self

quenching (reaction 17).

Cx + C e excimer —— II (16)

2C

lox + C —— 2C (17)

These two possibilities can be eliminated on the basis of the
results of quenching experiments, These results, discussed in the
next section, demonstrate that the same intermediates leading to II
are encountered in both the sensitzed and direct excitation. One can
get around this dilemma by allowing the excimer to intersystem cross
and cleave into triplet and ground state coumarin. There is, however,
no precedent for this and it tends to make the above mechanism
unreasonably cumbersome. The consistency of the quantum yields
above 5 x 1073 M. does not rule out singlet excimer formation and
decay as an energy wastage step, but the necessary inclusions in
this mechanism give it an awkward and improbable appearance. We
feel that cleavage to VI followed by closure to coumarin affords a
much more direct and plausible explanation accounting for the energy

wastage,



-30-
According to our preferred mechanism, the unsensitized

dimerization quantum yield expression may be written as

5 - K5 / kptel | %19 \

1 ks + kig + kq[cj \klz [c1 + k15] kig + ki3 ,i

The first parenthetic expression, coumarin's intersystem
crossing yield is apparently nearly constant at 2.2 x 10—2. In non-
polar solvents, even at high coumarin concentrations, k4 [C] 1is
much smaller than the other terms (5). The last factor is also a
constant, 0.15, The quantum yield expression is now written as

- k
§) L2502 x 1001 + —25
k4 [C]

Quenching of the Sensitized and Unsensitized Dimerization by 2,5~

dimethvl-2,4-hexadiene.

Quantum yields for the formation of II by the sensitized and
direct photolysis of coumarin in the presence and absence of 2,5-
dimethyl-2, 4 -hexadiene (X) are tabulated in Table V. We note that
both @ sens. and @ unsen. 2Fe strongly quenched by X,
implicating the presence of quenchable triplet species leading to II.

In spite of the unfortunate scatter of the quenching data, a

-
rather interesting correlation is noted. The ratios of ® to

-

T

(? are 33 and 16.5 for the sensitized and unsensitized
guenched
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systems respectively at these concentrations., 7T1his is exactly what
we would expect if the formation of dimer goes completely by inter-
action of a triplet and ground state coumarin.

We can see this from inspection of the quantum yield

: . '
expressions on page 20, (E) sens ° q_) 8. -q is the ratio of the

sensitized quantum yields in the respective absence and presence of a

triple” quencher, A.

/

@sené. - | kglCl+ kg + kiglAl] ikl2[C] + ki5 + k1i[al} (20)
®s. -q. kg [c] * kg \ kiag[c] + kyp

The rate of triplet energy transfer from benzophenone or coumarin to
X should be near that of a diffusion controlled procéss. The lowest
triplet levels of both donors are at least 5 k cal. above that of X,

With [C] and [A]=5x 107°

kAl >> ki, kjs. This is supported by the constancy of q)
above this concentration., We chose [C] o ° [A] = 0.02M. for the

quenching experiments. Expression 20, with these stipulations

reduces to
\
. + +
__? Sens kg 510 \ 19 51 len
(PS. ~q. kg ) kio )
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TABLE V

Quenching of Dimerization by 2, 5-Dimethylhexadiene

Diene Concentration @

a‘)
Sensitized Photolysis

0.00 M. 0.15
0.02 M. 0.0027
0.02 M. 0.0055 ,
0.02 M. 0.0031 ave. =4.5x 107°
0.02 M. 0.0032
0.02 M. 0.0078

M G e em m m e G mm e e e i EA MR W R e G e G M G S e e ek e e e e S M Cm e e G e G e e e S M W Sy e M e S e N e S G G me e e ey

b
Direct Photolysis

0.00 M. 2.7%10°°

0.02 M. 0.105x 103 ave, =

0.02 M. 0.225 x 1073 1.65 x 1074
& Benzophenone conc., = 0,04 M.

o Initial coumarin cone. = 0.02 M.
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Reactions 8, 10 and 11, being diffusion controlled processes, should
have essentially equal rate constants of about 5 x 109 sec™!

reducing 21 to

é_) sens, 5 % 109

I 12

Experimentally the above ratio is 33, Thus kyg =3.2 x 108 1. mole"1

sec™l,

Similarily, this ratio for the unsensitized mechanism is written as

follows:
-
S
i unsens, - ko [C] + kq1[A]
‘? kyy [C]

unsens. -q.

Here the ratio of quantum yields is 16.5, using the same [C] and [A]
as employed for the sensitized reaction. Again we calculate

kig = 3.2 % 109 1. mole ™! sec™l,

Lifetime of the Coumarin Triplet

The measured decay time of the coumarin phosphorescence is
0.30 + 0,02 sec. at 77° K in an ethanol glass. Assuming a reasonable
emission quantum yield of 0.1 to 0,01, the radiative lifetime is some-

where between 3 and 30 sec., A lifetime of this duration is indicative
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of a yr—» 77% transition with essentially no n-» 7 mixing in the
lowest triplet state (18). Thus, both the lowest excited singlet and
triplet states of coumarin have 7y =z configurations.
. -1 -1, - .
Plotting @ vs. [C] = in Figure III, we can extract
unsen. —

the ratio k15/kyg =2.1x 103 m./l. From the quenching data of the
last section we calculated kjs =3.2 x 1081. mole-1 sec”l. Thus
ki = 6x 105 sec. '1, which is in poor agreement with coumarin's
several second triplet lifetime in an ethanol glass.

The large experimental variation in the unsensitized
dimerization quantum yields and the short triplet lifetime calculated
from them suggest a build up of triplet quencher, probably derived
from a primary photodecomposition product. A photoproduct like VI
present in 10—4M. concentration and quenching at a diffusion

controlled rate can easily account for the apparent short lifetime and

the experimental scatter of @ unsens °

Flash Spectroscopic Studies

Flash Spectr.'oscopy was used in a search for intermediates in
the sensitized and direct photodimerization systems. No species with
lifetimes greater than 1076 sec. (other than the benzophenone triplet
in the sensitized system) were detected by their absorption between
3600 and 5800 2. Coumarin concentration ranged between 10_4 and

10-2 M. In a separate experiment benzene solutions of coumarin
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were flashed with the analyzing lamp beam monitoring the coumarin
concentration. We found that more than 95% of the coumarin has
returned to the ground state within 50 microsecond after the flash.
This observation seems to contradict the suggested production of VI
as the mode of energy wastage, However, in this experiment the
excitation source was a Xenon-Mercury flash lamp. This lamp has a
substantial output in the visable and near U.V. regions where VI
should absorb strongly. Under these conditions VI could be photo-
cyclized back to coumarin, establishing a p.s.s. consisting of mainly

coumarin in the 15 microsecond flash lifetime.
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SUMMARY

The conclusions following our study of the photosenstized and
direct photodimerization of coumarin are now summarized.

The trans coumarin photodimers, II and III result from triplet
coumarin, both by direct irradiation and by photosensitization., It
seems likely that an intermediate triplet complex (excimer) precedes
a biradical eventually closing to II. The complex apparently decays
to product or starting material in a ratio of 5.3. Although other
explanations are possible, we feel that coumarin's low intersystem
crossing yield of 2.2 x 10-2 is best accounted for by a facile photo-
cleavage of coumarin. The postulated cleavage product should
readily revert to coumarin, We find no evidence for self quenching
of singlet coumarin. Consistency of the quantum yields at high
concentration is contrary to singlet excimer formation in benzene as
a significant energy wastage path. We also have shown that singlet
energy transfer from coumarin to benzophenone does not contribute
measurably to the dimerization quantum yield. Energy transfer to
benzophenone from a weakly fluorescing species, possibly an
impurity in the solvent, occurs by emission-reabsorption. The
mechanism which, in our opinion, best accounts for all of the

experimental observations is outlined below.



C + hy ——s  lCx (1)
lok e VI = C (18)

Lox + cC — 1 (4)
fox ~ Jox (5)

B - hv - Igx —= 3B (7)
3B + c —— B + 3cx (8)
3k —n C (15)

SC* + C — 3 (complex)* (12)
3 (complex)* —r 2C (13)
3 (complex)* —3s JJla —> 1II (19)

This sequence contains the essential features proposed by
Hammond, Stout and Lamola (4). Deleted are the singlet energy
transfer from coumarin to benzophenone and energy wastage from a
singlet excimer. The unique features we have introduced are:

(a) a photoreaction of coumarin accounting for the singlet energy
wastage; and (b) proposal of a triplet complex decaying to either

ground state coumarins or a biradical, IIa, closing to II.
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EXPERIMENTAL

MATERJALS

Coumarin - MCB reagent grade coumarin was recrystalized
twice from ligroin (bp. 30 - 60°C) - benzene; mp. 69°C.

Benzophenone - MCB reagent grade benzophenone was

either recrystalized once from ligroin or three times from ethanol;
mp. 49°C,

trans- & ,® -Dimethylstilbene was prepared and purified by

Dr. Lelia M. Coyne (13).

trans-Dichloroethylene - MCB practical grade (bp. 48 -

50°C) was distilled through a 2' spinning band column. A constant
boiling fraction, bp. 49. 5°C, collected was 99% trans isomer and
1% cis isomer.
Benzene - Either benzene purified by sulfuric acid
treatment (12), or MCB spectro quality without further treatment,

was used. Both grades gave the same results.

Determination of Quantum Yield for Coumarin Dimerizations

A. Preparation of Samples. Benzene solutions of the

system under study were delivered into constricted Pyrex test
tubes by a calibrated syringe. The tubes had been previously washed

with Orvis water soluble soap, carefully rinsed with distilled water
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C. Actinometry for Quantum Yield - Two procedures

were employed. The majority of the quantum yields were measured
with potassium ferrioxalate (20) . Subsequent measurements were
based on a relative comparison with the initially determined values.
In some of the initial experiments benzophenone - benzhydrol
actinometry (21) was used. The values from these two methods
differed by a factor of 2. The source of the difference was not
located, The ferrioxalate determined values are believed to be
more reliable.

C. Analysis of Irradiated Samples. Two or three aliquots

of each particular solution were analyzed with a Beckmann DU
spectrophotometer at 3050 and 3150 . Samples were diluted by an
appropriate factor with spectro benzene using a calibrated micro-
syringe, Dilutions were made so that the absorbances were in the
0.8 to 0.2 range., Conversions were usually of the order of 10 to
25%. The deviations reported with the data represent the

" reproducibility of the determinations.

Flash Spectroscopy of Coumarin and Benzophenone -

Coumarin Systems - The samples were placed in 10 cm, flash

cells with jackets containing appropriate filter solutions so that
coumarin or benzophenone could be selectively excited by a xenon flash
lamp. The cells were degassed to about 5 x lo_smm. pressure by

several freeze thaw cycles. The apparatus and techniques have
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been described elsewhere (22),

Fluorescent and Phosphorescent Emission Studies.

A. Quenching of Coumarin Fluorescence by Benzophenone. The

total emission spectra of coumarin and coumarin-benzophenone
solutions were measured with a photoelectric spectrometer
consisting of a Jarrell-Ash-Ebert scanning monochromator(f/9), an
EMI 9558 photomultiplier tube and appropriate recording
electronics. Excitation was supplied by a General Electric AH4

mercury lamp with filters suitable for isolation of the 3130 & line,

B. Phosphorescent Emission from Coumarin was

measured at 77°K on the above instrument with a "rotating can"

which separates the phosphorescence from the total emission. Some

of the work was also done using an Aminco-Bowman spectrofluorometer
with a phosphorescence attachment,

C. Phosphorescence Lifetimes were measured on an

apparatus constructed by Mr. George F. Vesley. The coumarin
samples in an ethanol glass at 77°K were excited by a xenon ﬂa;sh
lamp. A NiSO, - CoSO, filter solution passing a band between

3400 - 2900 &8 was placed between the lamp and the sample. For
3660 & excitation, Corning 737 and 052 glass filters were used. The
total emission from the samples was passed through a #3389 Corning
glass filter which transmitted wave lengths = 4200 & to an RCA

I P-21 photo .tube. The photo tube output was amplified and
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displayed on an oscilloscope. Lifetimes were calculated from
photographs of the oscilloscope display. This technique has been

previously described (22).
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PART II

ASYMMETRIC INDUCTION DURING ENERGY TRANSFER



-47-

INTRODUCTION

One has only to scan a list of recent chemical publicatiéns
to sense the substantial amount of work being done in photochemistry.
Current interest in this rapidly expanding field has prompted
publication of a number of excellent reviews and monographs (1, 2, 3).
In order to properly discuss any photochemical mechanism, we must
intimately understand the various photophysical processes which
accompany and influence the efficiency of the chemical conversion.
Our studies on one such process, bimolecular energy transfer, are
the subject of this thesis.

Transfer of electronic excitation takes place between a donor
(or sensitizer) and acceptor (or substrate)a. The overall process

may be represented as:

D + hv ~—» D% (1)

D% + A —_— D + A% (2)
Commonly encountered examples of energy transfer include
sensitization and quenching of phosphorescence, fluorescence, and

. photochemical reactions.

8 We use the terms of the above pairs interchangeably.

b Throughout this thesis we use an asterik (*) at the upper right of a
symbol denoting that that species is in an electronically excited state;
The number at the upper left represents the spin multiplicity of that
state,
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Theoretically and experimentally, there seems to be two
classes of mechanisms by which reaction 2 occurs in the liquid phase.
A weak dipole-dipole coupling between donor and acceptor states over
large distances (e.g., 50 - 100 ) is effective for energy transfer
when both transitions of the transfer pair are fully allowed and when
the donor fluorescence and acceptor absorption spectra overlap. (14)

Examples of this are:

and

Other transfers, not allowed by the above mechanism,
apparently occur by an exchange interaction (4,6). This mechanism
is efficient only when the orbitals of the transfer pair overlap in
space. The maximum rate of transfer in this instance is that of a
diffusion controlled reaction. The most familiar example is triplet-
triplet transfer,

3 px + la ——~ 1p + Sax,  (5)
When singlet energy transfer (reaction 3) is not efficient by the first
mechanism, it may occur through the latter interaction.

In most systems studied, the acceptor energy levels are
nearly isoenergetic with or lower than those of the donor. Otherwise,

the reverse reaction, back transfer, would be the dominant reaction.
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This restriction applies well to rigid molecules; those which do not
undergo drastic changes in configuration upon excitation followed by
relaxation. Aromatic hydrocarbons are an excellent example of
this class. The above restriction breaks down when the acceptor

"'molecule. Examples of the latter are compounds

is a "flexible
which undergo facile photochemical isomerization, such as

alkenes, conjugated dienes, stilbenes, etc. Theoretical
calculations (5) and experimental results both suggest that upon
electronic excitation, flexible molecules relax to lower energy
configurations, substantially differing from those of the ground or
spectroscopic states (7). Vibrational relaxation accompanying this
distortion is very fast compared to other processes, eliminating the
possibility of back-transfer.

"Flexible' acceptors are peculiar in another way. Hammond
and Saltiel (7) discovered that the cis — trans isomerization of
stilbene could be effected by triplet sensitizers having excitation
energies far below the spectroscopic level of cis-stilbene., This
effect has been subsequently observed and well documented for
virtually every ''flexible'' acceptor investigated (7,8). The
discrepency in the donor and acceptor energies is apparently not
compensated by thermal activation energy (7). Rather it is
believed that low energy donors transfer to a non-spectroscopic

acceptor state, arrived at through intimate donor-acceptor interaction.
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Nuclear motion of the acceptor is believed to be concurrent with
energy transfer. This is contrary to the Franck-Condon postulate
which states that internal molecular motion is slow compared to
electronic excitation. by interaction with the radiation field. This
restriction may, however not be valid for energy transfer, where
the transfer pair may intimately interact for a long interval on the
nuclear motion time scale,

Triplet-triplet energy transfer is presumably due to an
exchange interaction, which is large only when orbitals of the
transfer pair overlap in space. Thus, the probability of transfer
should be a function of the relative dono