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ABSTRACT

Formation and quenching nf stilbene triplet states by means
of energy transfer is used in ar attempt to elucidate the mechanism
of cis-trans photoisomerization in this system.

It is found that the cis-trans ratios attained at the photo-

Hehemical

stationary statc in the presence of sensitizers map 2
spectrum'’ when plotted against the triplet state energies of the sensi-
tizers. This spectrum is interpreted by assuming that stilbene trinlet
states can be produced by vertical or nonvertical cnergy transfer
frum the lowest triplet states of the sensitizers. A consistent picturc
is presented to account for the effect of sensitizer or quencher con-
centration on the stilbene photostationary states.

Evidence is presented which strongly supports the hypothesis

that stilbene isomerization induced by cirect absorption of light pro-

ceeds by way of the lowest triplet states.
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INTRODUC TION



The cis-trans isomerization of the stilbenes induced by absorp-
tion of ultraviolet light holds a unique position in photochemistry.
Tnlike the photoreactions which have stubbornly puzzled chemists and
for which experimental results accumulate dust in patient expeciation
for human understanding, this reaction has long beer. a favorite sub-
ject for speculation. In fact, chemists have been so bold on this sub-
ject 28 to offcr "explanations'' either in advance of or despite
experimental evidernce. Only recently have meaningful experiments
been reported which provide substance for some of these speculations.

The available evidence, chemical ané spectroscopic, will be
examined here and the important mechanisms will be discussed.

Quantitative measurements on photochemicel reactions are in
general difficult to perform. They are often complicated by factors
such as the presence of quenchers or sensitizers which have been
either includcd initially as impurities in the system or which are
products of side reactions. Discovery of such factors requires con-
stant re~evaluation of previous results and leads to experiments which
take them into consideration. It is important, therefore, that much
qualitative information about a photochemical reaction bhe available
before quantitative measurements are initiated.

Since the available data or the stilbencs should be examined
in the light of known, or suspected, pitfalls, these factors will be

discussed first,



In addition to reversible cis-trans isomerization, the stilbenes

undergo at least two other photorecactions.
dimerization (1) shown in equation 1.

YV

h
2pCH=CHp ——s

The first of these is the

Dimerization is observed only

Qo

/
(1

j-

P

k

)

when very concentrated stilbene solutions are irradiated and has

been reported to proceed more efficiently at higher temperatures (1, 2).

1t 18 not detected under the conditions of cohcentrations and temper -

atures usually employed for the study of cis-

frans isomerizatior.

The second reaction is the formation of an orange trausient {3) which,

in the presence of oxygen or iodine, yields phenanthrere (3,4).

Since the initial rate of formation of phenanthrene, or transient,

from cis-stilbene is greater than its initial r

ate of formation from

trans-stilbene (4b), it has been concluded that cis-stilbene is the

precursor of the transient.

in the dark, in the absence of oxygen,

the transient slowly reverts to cis-stilbene (3}. Equations 2 to 5

describe the proposed explanation for these phenomena.

HA

cis > Ccis

- DHP

The transient

(2)

(3)



DHFP + Oz s Phenanthraene (4)

DHP —_— cis (5)

is assumecd to be dihydrophenanthrene, DHP, and may be initially
formed in one of its electronically excitec states. The double aster-
isks in equations 2 ancd 3 indicate singlet excitation; evidence for this
detail of the mechanism will be discussed later. KEquations 4 and 5
occur in the presence, as well as in the absence, of light. Since
reaction 5 is siow in the dark, and since the steady-state concentra-
tion of dihydrophenanthrene during irradiation is small {sce dis-
cussion), there must be efficient photochemical paths for the forma -
tion of the stilbenes from the transient indegassed solutions. The
presence of dihydrophenarthrene carnot be avoided in experiments
ir which the stilbenes arc excited by direct irraciation. Since the
lowest excited singlet and triplet states of dihydrophenanthrene are
probably less energetic thar the corresponding stilbene states, this
irtermediate is a potential acceptor of either singlet or triplet state
energy. In this work, it has been shown that its presence in very

-3
low concentrations (< 10 “M) will not affect the course of the cis-

trans isomerization process.
The formation of phenanthrene, equation 4, provides a vory
sensitive oxygen detector in the system. Oxygen is an excellen:

acceptor of triplet state energy and its presence could affect quantum



yield measurements for the isomerization even in the absence of
reaction 4 . Quantum vield measurements for the isomerization
should be regarded as questionable if the formation of phenanthrene
was detected as a side reaction.

Finally, it has been shown that interaction between ground
state stilbene molecules and excited states involved in the isomeriza-

tion influences the [ cis /[ trans] decay ratio of the excited states (5).

This interaction is not important in dilute solutions (< 10_31\/[) and
should have little bearing on previous work.

Since in any photochemical reaction electronically excited
states must of necessity be initial intermediates, it is vital to the
understanding of the mechanism that as much information be obtained
about these states as possible. The need for spectroscopic investiga-
tions of molecules involved in photochemical reactions cannot he
overemphasized. Fortunately, this need was recognized early in

studies of the cis-trans isomerization of the stilbenes, and careful

spectroscopic measurements on this system were available. Since
processes that convert higher e?ect.'ronic states to either the lowest
excited singlet state or the lowest triplet state are fast (6}, the latter
two states are likely intermediates for photochemical reactions.
Lewis, Magel and Lipkin (7) pointed out that if formation of a common
excited singlet state were achieved upon irradiation of either siilbenc

isomer, the two isomers should have identical fluorescence spectra.



What thcy obscrved was strong fluorcscence from an ether -ethanol
solution of trans-stilbene at 183°K, whereas o emission could ze
detected from cis-stilbene under identical conditions. These obser-
vations provide a very strong argument against a mechanism involving
igsomerization in the manifold of electronically excited singlet states.
Attempts to obtain similar information for the triplet states have up
to this time been unsuccessful (8, 9¢c). Phosphorescence has not been
observed from either isomer.

In any careful attempt to detect emission from cis-stilbene,
two points must be taken into consideration. First, prolonged irradi-
ation of cis-stilbene even at very low temperatures must be avoided

" since it leads to the formation of trans-stilbene and emission from
the latter (7). S&econd, the measurements must he carried out in
the absence of oxygen because othexwise phenanthrene emission is
observed (9). Recently, 2n emission from cis-stilbene has been
reported by Stegemeyer {10). This observation has been confirmed
in preliminary experiments in this work and appears to be due to a
species other than trans-stilbene or phenanthrene. One possible
explanation is that it is fluorescence from the dihydrophenanthrene
transient. This possibility will be discussed later.

Although no ‘nfarmation could he ohtained ahout the lowest
triplet states of the stilbenes from emission studies, it was possible

to obtain upper limits for their energies from their 50-"1‘1 absorption



spectra (11,12)., The energies of the lowest excited singlet states

could be obtained accurately from the SO—*S absorption spectra (12).

1
The electronic energy levels of interest for the stilbenes are shown
in Figure 1. The difference in ground state energy (~6 kcal ) of the
two isomers was obtained from their heats of hydrogenation (13).

The higher energy content of cis-stilbene has been zattributed to steric
hindrance of the ‘wo ortho-hydrogens which causes the phenyl groups
to twist fram the plane of the central double bond.

Dyck and McClure (12) have analyzed the absorption and

fluorescence spectra of trans-stilbene. They fird only a slight

decrease in the C=C stretching frequency (1599 cmfl in Sl Vs

1635 cm  in $,) in the lowest excited singlet state. This indicates
that there is a small increase in the C=C bond length, hardly enough
to greatly decrease the potential barrier for rotation about the cen-
tral bond in this excited state. The absorption spectrum of cis-
stilbene in a dipkenylmethane matrix leads to the same conclusion.

The SO-' T . spectrum of trans-stilbene measured either in ethyl

1

iodide (12) or in the presence of high pressures of oxygen (11} shows
very diffuse structure. Asthisis notthe case for <he SO-'S1 absorption
spectrum, here the absorption strength increases from ihe first to
higher vibrational members. As was pointed out by Dyck and McClure,
this indicates that a large Franck-Condon shift is involved. Although

these authors recognized that the spectrum indicates that some basic
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change is occurring in the region of the central bond, they neverthe-
less assigned the 1500 cmwl separation between vibrational bands to
the stretching frequency of this bond. Since this frequency is high,
this tentative assignment led them to the conclusion that the central
bond has not been weakened sufficiently in the lowest triplet state to
allow isomerization to occur in this state. The interpretation of the
vibrational structure in the absorption spectra of trans-stilbene led
to conclusions which are in disagreement with predictions based on
LCAQ-MO calculations (14). The assignment of the central bond
stretching frequency in the first excited singlet state of trans-stilbene
is almost certainly correct. It is in agreernent with the absence of
Franck-Condon shifts in the absorption and emission spectra involv-
ing this state and with the fact that rotation about the central bond
does not occur in the excited singlet state manifold. However, evi-
dence will be presented later which suggests that the structure in
the SO—' T1 spectrum was not assignec to the proper vibrational mode.
Tweo types of meagsurements have been made on the photo-
isomerization of unsubstituted as well as ring substituted stilbenes.

These are photostationary [ cisl/[ trans] ratios and quantum yields

for both the cis— trans and the trans—- cis directions. The influence of

temperature, solvent, concentration, and wavelength of the exciting
light on these quantities has been determined for some systems. The

guantitative nature of these results is questionable, since there are



10

few instances of agreement between different workers, but certain
corclusions are inescapable and these will be stressed in the following
discussion.

‘The first measurements of trans— cis quantum yields as a
function of wavelength of the exciting light wer e attempted by Smakula
(15). His work will be mentioned here merely because its results
still perplex some stilbenc photochemists. The experiments reported
were conducted in the presence of oxygen and in some cases the
formation of phenanthrene was detected. Turthermore, in the cal-

culation of trans— cis quartum yields it was assumec that the cis—~trans

. yield is zero. Since in some cases irradiation was carried out until
as much as 90% of the trans-stilbene had been converted to cis-
stilbene, any resemblance belween Smakula's results and actual
quantum yields is purely coincidental. As has been pointed out by
Lewis et al. (7), even such resemblance is lacking.

Values of quantum yields determired by Lewis et al. (7),
Hausser (16), Yamashita {17) and, to some extent, Stegemeyer {10),
are not reliable. Under the experimental conditions employed by these
workers, phenanthrene formation must compete with the isomerization
process. Ironically, Stegemeyer, who was aware of this problem,
reporis quantum yields which are corrected for phenanthrene forma-
tion. His failure to prevent this complication by degassing his solu-

tions reflects his erroneous belief that phenanthrene formation does not
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depend upon the concentration of oxygen in the rcaction mizture (4b).
Three sets of fairly reliable measurements are available.

The first involves the work of Schuite ~ Frohlinde anc coworkers {5).

Their results are mainly concerned with ring substituted stilbenes.

They find that whereas different solvents do not alfect Lhe cis—tirans

or trang—cis quantum yields of unsubstituted stilbene or 4,4'-dinitro-
stilbene, substitution of one of the nitro groups in the latter compound
with an eleciron donating group results in the dependence of the
rrans—cis quantum yield upor “he polarity of the solvent. This effect
is most pronounced when the substituents are in the 4 and 4’ positions
- and dimirishes in importance when 4 and 3' substitution is involved.
Since cis~trans gquantum yields are less sensitive to the solvent, the
result is that for 4-nitrostilbenes, substituted with methoxy, amino,
or dimethylamino groups in the 4'-position. the photostationary states
depend very markedly upor the solvent used. Table I shows the
results for 4-nitro-4'-methoxystilbene . The solvent effect is even
more dramatic for the cther two compounds mentionec¢. The best
evidence that the quantum yields for stilbene isomerization are
independent of wavelength of exciring light is also provided by the work
on substituted stilbenes {(5). The data for the isomerization of 4-
nitro-4'-dimethylaminostilbene in cyclohexane as a function of excit-
ing wavelength arc shown inTable 2. The dependence of the stationary

state on the exciting wavelength is as expected from the change in the
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fable 1. Quantam Yields for Isomerization of 4-Nitro-4'-
methoxystilbenes (exciting wavelength 3660 &)

% cis at :
Solvent Stationary State ? tc o(:—' t
Cyclohexane 91 0.67 0.24
Benzene 73 0.40 0.43
Paraffin oil 74 0.34 0.26
Chloroform 56 0.17 0.37
Ethanol 60 0.13 0.40
Methanol 29 0.07 0.48
Dimethylformamide 17 0.035 0.42

Table 2. Quantum Yields for Isomerization of 4-Nitro-4'-
dimethylaminostilbene in Cyclohexane

" Exciting Wave- % cis at
length (mu) Stationary State (Pt-'c Epc—»t
313 19.0 .14 0.45
366 52.5 0.20 0.40
405 60.5 0.16 .42
436 64.0 0.16 ¢.37

ratios of the extinction coefficients of the two isomers with wave-
length. Finally. it has heen shown that whereas the quantum yield

for the cis~+trans-isomerization of 4-nitro-3'-methoxvstilbene
Y

increases with increasing concentration of the stilbenes, the trans-cis

quanium yield decreascs drastically. This effect will be discussed
at some length later in corncction with results from tkis work.,
The work of Malkin and Fischer (18) is mainly concerned with

the effect of temperature on the quantum yields for isomerization.
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Their preliminary results for the stilbenes are shown in Table 3.

Table 3. Quantum Yields for Isomerization of the Stilbenes in
Methylcyclohexane -Ischexane Solveni Mixture
(exciting wavelength 3130 A)

Temperature % cis at

(°K) Stationary State e Feat
298 94+1 0.5 0.25
243 90 0.5 0.34

183 77 0.18 0.37
153 61 0.075 0.36
133 47 0.037 0.34

113 36 0.016 0.2

33 2R 0. 006 0.13

The trans— cis quanturn yicld becomes sensitive to the temperature

of the reaction mixturc below about 229°K, whereas the cis— trans

quanturr yield appears to become temperature dependent only below

133°K.

That the results of Malkin and Fischer are qualitatively coxz-
rcct, at least for the trans= cis quantum yields, is indicated by the
work of Dyck and McClure (12), who find a similar temperature effect

on the indtial rates of isomerization of trans-stilbene and trans -4-

bromostiloene. The latter workers have also found that a corre spond -
ing temperature dependence is shown by the relative yields of fluor -
escence from trans-stilbene. This effect is less pronounced for

trans-4-chlorostilbene and trans-4-fluorostilbene, and is a2lmost

absent in the case of trans-4-bromostilbene.
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As has been pointed out by Schulte-Frohlinde (5), the origin
of a temperature effect observed by Stegemeyer (2) in the stationary
states of the stilbencs in the region of 298 to 373°K is questionable
bpecause of the high stilbenc concentrations involved in his experi-
ments. His results were, almost certainly, complicated by inter-
actions between excited and ground state stilbene molecules, and it
is likely that stilbene dimerization, as well as dihydrophenanthrene
formatior.:, should make them even more difficult to interpret.

The mechanisms proposed to account for the isomerization
are numerous. In some instances, these are partially based upon
incorrect results. For example, Yamashita {17) was misled by the

erroncsous assignment of phenanthrene phosphorescence to cis-stilbene

and Mostoslavskii (19) based his mechanism upon Smakula's report (15)
that the trans—cis quantum yield for stilbene was dependent upon the
wavelength of the exciting light. Such mechanisms will not be con-
sidered here.

Sirce the results of Schulte-Frohlinde (5) indicate that the
quantum yields are incdependent of exciting wavelength, the lowest
excited singlet states of the stilbenes are logical initial intermediates.
As has been pointed out, the possibility that isomerization might
occur in these states was ruled out by the spectroscopic results of
Lewis et al. (7). and later, more conclusively, by the resulits of

Dyck and McClure (12}.
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In the absence of electronic energy transfer processes there
are four paths for the dissipation of energy from the lowest excited
singlet states (6): chemical reaction, fluorescence, radiationless
internal conversion to an excited ground statc, or intcrsystem cros sing
into the triplet state manifold. Stilbene dimerization and formation
of dihydrophenanthrene probably are examples of the first path but,
as has been pointed out, these reactions have little bearing on the
isomerization proccss. The second path, fluorescence, would lead
to return to the ground state without isomerization. Since trans-
stilbene fluoresces strongly at lower temperatures, it must, at least
. partially, accourt for the decrease in the trans—»cis quantum yields.
It does not appear to be an importanl path for the dissipation of energy

from cis-stilbene at any temperature.

The second path for energy dissipation, internal conversicn
Lo an excited ground state, provides a possible route for isomerization.
The initial ground slale produced in this manner would be about 40
kcal per mole more energetic than the transition state for rotation
about the double bond (20, 21). Itis therefore conceivable that the
molecule would pass through a condition of free rotation about the
central bond before returning to either ground state. This mechanism
for isomerization was proposed by Lewis, Magel and Lipkin (7) at a
time when the triplet state theory had not been well developed.

Actually, this mechanism is in accord with all the experimental results
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presented thus far. To explain the observed temperature effects
within its framework, one need only postulate that internal conversion
is an activated process.

By far the most popular mechaniem for thc isomerization has
been one involving intersystem crossing to triplet states. This is an
especially attractive path for stilbenes substituted with ritro or bromeo
groups. These groups are known to enhance intersystem crossing

Tl el
CLRTIV

13

T to fluorescence and internzal couversion in vibher aromatic

a

compounds {22) and should have a similar effect in this system.
Although the intermeciacy of triplet states has been presumed by
several authors, there is considerable disagreement among them
regarding the number of triplet intermediates.

Fbrster (23) was the first to oropose one common inter -
mediate triplet state. Schematically his mechanism is represented
by Figure 2. FYrster, however, also points out that the possibitity
that several triplet states are actually in equilibrium with each other
cannot be excluded.

The prejudice in favor of a minimum at 90° in the potential
energy curve with respect to angle of twist about the central bond
probably stems from Mulliken's results for ethylene (24). Extensive
calculzations on this system showed that both the lowest excited singlet
state and the lowest triplet state in ethylene have minimum energies

when the two methylene groups in the molecule lie in planes which



Fig. . Fbrster's Mechanism for cis-trans
Isomerization.
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are perpendicular to each other. That this picture need not apply for
substituted ethylenes was pointed out by Mulliken and Roothaan (24),
and later by Birnbaum and Style (25). Actually, it is obvious that the-
ethylene calculations do not apply, at least for the potential energy
curve of the lowest excited singiet states of the etilbenes. If the
calculations did apply, a common singlet state intermediate would be
observed, a fact which, as has been pointed out, is not ir accord with
the spectroscopic data on the stilbenes.

One conclusion seems ta be demanded by the dependence of
relative isomerization quantum yields and fluorescence quantum
vields on temperature. An activated process is competing with fluor -
escence and this process leads to isomerization. If this process is
intersystemn crossing, the results of McClure with the halogen sub-
siifuted stilbenes can be fairly easily rationalized. The fact that for
bromine, the heaviest halogen gubstituent studied, the relative yield
of flyorescence is praclically temperature independeni rmakes 1t
very attractive to assume that, in this case, intersystem crossing,
which was competing with fluorescence at the lower temperatures for
other stilbenes, predominates at cven very low temperatures. This
is in accord with the expecied enhancerment of spin-orbital interaction
by heavy atoms (22). An important consequence of the assumption
that the efficiency of intersystem crossing for 4-bromostilbene is

essentially temperature independent, is the necessity of finding another
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activated step in the mechanism for isomerization which will account
for the sharp declinc of the trans— cis quantum yield at temperatures
below 100°K. Such a step could be the cequilibration of a trans triple:
with a triplet with a non-transoidal configuration. If this lattcr triplct
were of slightly higher encrgy than the trans triplet and if cis-stilbene
could be obtained solely by means of its decay., the observed temper -
ature effect on the frans- cis quantum yields of trans-4-bromostilbene
can be explained.

The solvent effects observed by Schillte-Frohlinde (5) on the
quantum yields for isomerization can be explained either by assuming
that due to its relatively long lifetime the mode of decay of the lowest
excited trans singlet state could be dependent upon solvent, i.e. thal
polar solvents greatly enhance fluorescence relative to intersystem
crossing, or by assuming that the [:E_I;g.ll___S_-_l. to " ¢is] decay ratio from
the triplet states is very solvent dependent for certain substtuted
stilvenes., Although only the former explanation was coasidered by
Schiilte-Frohlinde, the second is not without merit. It is possible that
intersystem crossing into the friplet state manifold for nitrostilbenes
may be independent of solvent (22).

At the outset of the present work, two approaches were avail-
able as routes to a more intimate understanding of the mechanism of
the reaction. The first involved the possibility of detecting long-lived

triplet state intermediates of the stilbenes by means of double fiash
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spectroscopy. Tkis approach has bean unsuccessful in the past. in

the case of the stilbencs (26), probably because the lifetime of the
triplets involved is shorter than had been anticipated. The second
approach, which was the one undertaken, was the study of the chemistry
of stilbenc triplete produced indircctly by means of energy transfer.
Evidence that stilbene triplets could be formed indirectly by energy
transfer from biacetyl had been already presernted by BéckstrBm and
Sandros (27). Triplet state cnergy transfer to the piperylenes had
been shown Lo elfect their isomerization (28), and an analogous siudy
of the stilbenes was immediztely undertaken. Since this work was
initiated, two other groups have reported preliminary experiments

on the sensitized isomerization of the stilbenes (29,30). Their results,
with slight exception, are in agreement with those presented here,

but seem much more limited in scope.
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MATERIALS

cis=-Stilbene

cis-Stilbene was obtained from Dr. K. R. Kopecky. It was

shown to contain less than 1% trans-stilbene by vapor phase chromat-

ographic analysis. It was uscd without further purification.

trans-Stilbene

trans-Stilbene (Matheson, Coleman, and Bell, Scinsillation
Grade) was purified by one of three different procedures. These
procedures will be referred to as (1), {2), and (3).

(1) trans-Stilbenc was recrystallized from 95% ethanol, hot
stage m. p-* 124.7-125.7°.

(2) trans-Stilbenec was sublimed under vacuum at about 80°,
hot stage m. p. 125.9°,

(3) trans-Stilbene purified by procedures (1) and (2) in that
order was zone-refined by Mr, W. G. Herkstroeter. This pro-
cedure yielded trans-stilbene which contained less than 0. 1% cis-~
stilbene as shown by vapor phase chromatographic analysis, m. p.

124.0°.

All melting points. are uncorrected. Unless otherwise
irdicated, they were determined in 1 mm capillary tubes immersed
in A Hershherg melting point apparatus.
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Acetophenone

Acetophenone (Matheson, Coleman, and Bell, Reagent Grade)
was obtained from Dr. N. J. Turro. It had been distilled under
reduced pressure. The (raction boiling at 35-36° (1-2 mm ) was

used.

9, 10-An*hraquinone

9, 10-Anthraquinone (Eastman Kodak, Sublimed) was recrys-
tallized from acetic acid by Dr. C. A, Stout, m. p. in sealed tube,

285.5°,

Fluorenone

Fluorenone (Mathcfson, Coleman, and Bell, Reagent Grade)
was purified by three procedures.

(1) It was recrystallized twice from n-heptane, hot stage m.p.
84.3-84.7°.

(2) The phenylhydrazonc derivative was obtained in 94% yield
by adding 46. 6 g fluorenone to 30 g phenylhydrazine and heating the
reaction mixture on the steam bath for 4 hours. The phenylhydrazonc
was dissolved in a minimum amount of benzene and enough alumina
(Merck, Neutral) was added to the seolution to produce & slurry. The
slurry was added to a column packed with 1500 g alumina in n-pentane.
Elution was carried out with 2 liters n-pentane, 1 liter 5% diethyl ether
in n-pentane, 1 liter 10% ether irn pentane, 625 ml 20% ether in pen-

tane, 700 ml 30% ecther in pentanc, and finally, 2 liters of diethyl ether.
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Only the last fraction was yeilow; the first six were colorless and
were discarded. The chromatographed phenylhydrazone was recrys-
tzllized twice from a mixture of cthanol and water. The first crop
from the second recrystallization was 40 g of yellow needles, hot
stage m. p. 153.3-153.7°.

To regenerate the fluorenone from its phenylhydrazone , the
procedure of McGuckin and Kendall {31) was essentially used. The
pure phenylhydrazone (40 g ) was added to &z solution containing 620
ml glacial acetic acid, 89 ml pyruvic acid (Matheson, Coleman, aund
Bell, 99+% pure) and 193 ml distilled water. The resclting inhomo-
_geneous solutiorn was kept at 60°C under nitrogen for 24 hours. At
the end of this period a homogeneous orange solution was obtained.
This solution was added to 3 liters of distilled water and the resulting
precipitate was filtered. The crude fluorenone was dissolved in
methylene chloride and the scolution was extracted with aqueous
zodium bicarbonate until no more evolution of carbon monoxide was
obscrved. After drying over calcium chloride, the methylene ckloride
was removed by distillation. The fluorenone crystals obtained werec
recrystallized first from n-heptane and again from ligroin (85-102°
b. p. range), hot stage m. p. 84.8-85.0°. This fluorenone was then
sublimed at 80° (about 1 mm ), hot stage m. p. 84.3-84.5°.

(3} Five grams of fluorenone obtained by procedure (2} was

zone refined in a sealed tube which contained a partial pressure of
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nitrogen, m. p. B3.B-84.0°. Mr. W. Herkstroeter carried ous:

this purification.

Z-Acetonaphthone

2-Acetonaphthone (Eastman Kodak, White Label) was recrys-

tallized from ligroin (60-70° b. p. range), hot stage m. p. 54.1-54.6°.

Benzil
Benzil (Matheson, Coleman, and Bell, Reagent Grade) was

recrystaliized from ligroin (85-100° b. p. range) , hot stage m. p.

96.2-96.6°.

3-Acetylpyrene

3-Acetylpyrene was obtained crude from Mr. H. P. Waits,
m. p. 85-87°. The crude yellow compound (4.4 g ) was chromato-
graphed cu 100 g alumina. Eluiion with n-pentane, 10% ether In
pentane, and 20% ether in pentane, vieldecd traces of white and yellow
residucs and were discarded. The 3-acetylpyrene was isolated after
elution with 350 ml 30% ether in pentane and 500 ml 50% ether in
pentane. Il consisied of pale yellow crystals, hol stage m. p. 88-30°,
These crystals were dissolved in ether. To the cther solution was
added carbon black ard the solution was brought to boiling for a few
minutes on a steam bath. It was then filtered through celite and the

ether was removed by boiling. The resicdue was recrystallizved twice
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from n-heptane. Pale yellow platelets were obtained, hot stage m. p.
90.4-91.0°. These crystals were short path distilied at 113° (< 1 mm).

The final product was 2.9 g white necdles, hot stage m. p. 89.9-90.1°.

Benzanthrone

Benzanthrone (Cal Bicchem , Practical Grade) was dissolved
in benzene and chromatographed on alumina. It was eluted with ben-
zene. A black band was retained by the column. The chromatographed
benzanthrone was recrystallized from methanol. The pale yellow

needles melted sharply on the hot stage at 174.9°.

Duroquinone

Duroguinone (Czl Biochem , Reagent Grade), m. p. 112.7-

113.7°, was used without further purification.

1.4-Benzoquinone

1,4-Benzoquinone {Matheson, Coleman, and Bell, Practical
Grade) was dissolved in benzene and chromatographed on rosite. It
was then recrystallized from benzene and finally sublimed, hot stage

m. p. 114.5-114.7°,

1,4~-Naphthoquinone

1, 4-Naphthoquinone (Eastman Kodak, Practical Grade} was
dissolved in benzene and chromatographed on rosite (a homogeneous
mixture of carbon black {about 30%) and celite). Evaporation of the

solvent resulied in yeilow crystals, hot stage m. p. 125.2-126.2°,
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These crystals were sublimed at about 80® and 1 mm pressure before

use.

Chloranil
Chloranil (Matheson, Coleman, and Bell, Reagent Grade) was

used without further purification.

9 -Anthraldehyde

9-Anthraldehyde {(Aldrich, Researchk Grade) had been recrys-
tallized twice from acetic acid by Dr. N. J. Turro. It was dissolved
in a mixture of diethyl ether and n-pertanc and treated with carbon
~ black. After two filtrations, the solution was cooled. Yellow needles

crystaliized out, hot stage m. p. 105.8-106.7°.

Benzophenone

Benzophenone (Matheson, Coleman, and Bell, Reagent Grade)
was recrystallized from ligroin (60-70° b.p. range), hot stage m. p.
48.5-49.1°. 1In the last part of this work, benzophenone was obtained
from Mr. A. A. Lamola. It had been recrystatlized from dicthyl

ether.

1.Naphthaldehyde

1-Naphthaldehyde (Eastman Kodak, White Label) was distilled
at about 1 mm pressure. The fraction boiling at 97-98° was collected.
The compound was slightly yellow and was redistilled. The fraction

collected hoiled at 103-104°C (ahout 1 mm ). It was 2 colorless liquid
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and was storec in an amber bottle. It was refrigerated until used.

2,3-Pentanedione

2,3-Pentanedione (Eastman Kodak, White Label} was distilled
by Dr. N. J. Turro, b. p. 106°, at atmospheric pressure, It was
redistilled at water aspirator pressure through a stainless steel wire
gauge packed column. The fraction boiling at 33° was collected for

use.

Phenanthrenequinone

Phenanthrenequinone {Eastman Kodak, White Label) was dis-
~solved in benzene and bolled in ~he presence of carbon black. The
solution was filtered and cooled. The crystals obtained were recrvs-

tallized from aceteone, hot stage m. p. 206.5-207.0°,

Phorone
Phorone (Eastman Kodak, Practical Gradc) was fractionally
distilled on a 2-foot column packed with glass helices. The fraction

boiling at 98.5° (26 mm ) was retaincd for use. It was a light yellow

liquid, m. p. 27.5°.

Mesityl Oxide

Mesityi oxide {Fastman Kodak, White T.ahel) was distilled hy
Dr. N. J. Tuarro. The fraction boiling at 127.5-129° at atmospheric

pressure was used without further purification.
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Biacetyl
Biacctyl (Matheson, Coleman, and Bell, Reagent Grade) was
distilled by Dr. N. J. Turro. The fraction boiling at 89-90° at

atmospheric pressure was used without further purification.

2-Naphthyl Phenyl Ketone

2-Naphthyl phenyl ketone (K and K, Practical Grade) (4 g)
was dissolved in benzene (10 ml). The brown sclution was chromat-
ographed on alumina (50 g). Elution was carried out first with 70 ml
n-pentane and then with benzene. The n-pentane eluent was discarded.
The yellow benzene solution was passed through a column packed with
15 g rosite. The eluent was concentrated and cooled. The ketone

crystallizec out in white crystals, hot stage m. p. 83.5-84.3°,

Xanthone

Xarthone (Aldrick, Research Grade) was chromatographed on
a cormblnation rosite aud aluming column. It was gluied with bensene.
After concentration and cooling of the eluent, white crystals were

obtained, hot stage m. p. 171.9-172.2°.

1-Naphthyl Phenyl Ketone

A stock solution containing l-naphthyl phenyl ketone in benzene
was obtained from Dr. N. J. Turro. Tke solution was concentratec
and cooled. Wtite crystals of the ketone were obtained, hot stage

m. p. 76.4-77.0°, The ketone was used without further purification.
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Michler's Kctore

Michler's ketone (4,4’—bisdimethylaminobenzophenone, East-
man Kodak, Practical Grade) was recrystallized ‘wice from methanol
and washed with ligroin (30-60° b. p. range) by Dr. N. J. Turro,

m. p. 171.0-171.5°. It was used without further purificatdion.

Flavone
Flavone (Alérich, Research Grade) was used without further

purification, m, p. 97.0°.

Z-Naphthaldehyde

2-Naphthaldehyde (K and K, Reagen: Grade) was used without

further purification, hot stage m. p. 59.3-61.0°.

Arzulene
Azulene (Aldrich, Kesearch Grade) was sublimed twice by

Mr. A. A. Lamola, m. p. 99.5-99.9°. It was used without further

purification.

9, 10-Dibromoanthracene

9, 10-Dibromoanthracene was prepared by Dr. K. R. Kopecky.
For the stilbenc experiments It was used as found, m. p. 217.0-218.5°.
It was subsequently recrystallized three times from carbon tetra-
chloride by Mr. F. G. Moscs, m. p. 219.2-219.8°. The recrystal-

lized material was used in the 2,3~-diphenylbutene-2 experiments.
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Eosin
Eosin (Student Preparation) was recrystallized from ethanol

by Dr. C. A. Stout. It was used without further purification.

Z-Acetylfluorene

Z-Acetylfluorene (Aldrich, Research Grade) was chromato-
graphcd on alumina with benzene as the eluent. It was then recrystal-
lized from methanol, m. p. 132.0-133.0°C. This purification was

carried out by Mr. A. A. Lamola.

1,2-Benzanthracene

1,2-Benzanrtkracenc (Eastman Kodak, White Label) was dis-
solved in benzene and chromatographed on rosite. The yellow color
of the compound persisted through this chromatography. The benzene
was evaporatec and the residue was recrystallized from ethanol. The
yellow crystals obtzined were dissolved in benzene and chromatographed
on alumina. Elution was carried out with benzene. On concentration

and cooling, white crystals were obtained from the eluent, m. p.

158.9-159.0"°.

Pyrene

Pyrene {(Matheson, Coleman, and Bell, Practical Grade) was
¢issolved in benzene and chromatographed on rosite. The elucnt was
concentrated to dryness and the residue was recrystallized from ethanol.

White crystals were obtained, m. p. 149.0-149.2°.
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Acridine

Acridine (Eastman Kodak, Practical Grade) was dissolved in
diethyl ether and chromatographed on rosite. Thke ether ecluent was
concentrated and ligroin (30-60° b. p. range) was added o the result-
ing solntion. On cooling this mixture, yellow needle-like crystals

were obtained, m. p. 110.0°,

4-Acetylbiphenyl

4-Acctylbiphenyl (Aldrich, Research Grade) was purified by
Mr. A. A, Lamola. The purification consisted of chromatography on
alumina with benzene as the eluent, treatment with carbon black in

methanol, and recrystallization from methanol.

Thioxanthone

Thioxanthone (Aldrich, Research Grade) was purified by Mr.
A. A. Lamola using the procedurc described for 4-acetylbiphenyl,

m. p. 209, 0°.

Santonin
Santonin was obtained pure from Mr. M. Fisch and was used

without further purification.

4-Methyl-4-dichloromethyleycluhexadienone

4-Methyl -4-dichloromethylcyclohexadienone was obtained pure

from Dr. P. P. Gaspar and was used without further purification.
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B -Naphthil

P -Naphthoin was prepared by the method of Goumnberg and
Bachmann (32). A mixture containing benzene (87 ml), diethyl ether
(87 ml), iodine (14.9 g), and magncsium (10.5 g) was stirred until
the iodine color disappeared. E-Naphthoic acid (Matheson, Coleman,
and Bell) (15 g) was then added a few grams at a time. When evolution
of hydrogen ceased, the mixture was heated to about 70° for 8 hours.
The excess magnesium was removed by filtration, and to the filtrate
was added benzene (50 ml) and water (200 ml). Enough hydrochloric
acid was then added to dissolve the magnesium hydroxide. The
organic layer was washed with several portions of sodium bicarbonate
solution. The orgaric solvents were ther evaporated to dryness at
aspirator pressure. The crude 8-naphthoin thus obtained was oxidized
without further purification.

The oxidation was as described by Clarke ancd Dreger (33). A
mixture was prepared containing cupric sulfate (24.6 g), pyridine
{24 g), water {9.6 g), and the crude B-naphthoin. It was stirred for
two hours at 80°. At the end of :his period benzene was added to
the mixture. The organic layer was extracted first with water and
sccond with dilute hydrochloric acid. The benzene was removec by
boiling and the residue was chromatographed on alumina. The yeliow
product was obtained uporn elution with 20% diethyl ether in n-pentane.

It was recrystallized twice from n-heptane, hot stage m. ». 160.8-
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161.8°. Trkis 8 -naphthil was used in some experiments and will be
referred to as grade 1. It was further purified by a second chromat-
ography on alumina, this time with benzene as the eluent, and was

recrystallized from benzene, hot stage m. ». 160.1-160.8° (grade 2).

o -Naphthil

The naphthoin condensation wae carried out with 1-naphthal-
dehyde using the procedure of Gromberg and Van Na‘ta (34). 1-
Naphthaldehyde {11 g), potassium cyanide (3.5 g), ethanol {25 mi),
and water (13 ml} were mixed and kept at 78° for 11 hours. The
mixture was then dilutcd with water (50 ml) and extracted with ben-
zene, The benzene was removed by boiling on the steam bath and an
cily residue remained. This residue was oxicdized as described in
the synthesis of B-naphthil {(33). Work-up and chromatography on
alumina yielded some yellow crystals. Thesec were recryswulilized
from aqueous ethanol, ther treated with carbon black and again
crystallized from ethanol. The crystals were dissolved in benzene
and chromatographed on alumina with benzene as the eluent. The
@ -naphthil thus obtlained (.2 g) was finally recrystallized from ethanol,

hot stage m. p. 193.0-194.0°.

Chelates
Ferric dipivaloylmethide, chromium dipivaloylmethide, and

ferric dibenzoyimethide were obtaired pure from Dr. R. P. Foss.
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The origin and physical properties of these chelates have been

reported (35).

trans -2, 3-Diphenylbutene-2

Acectophenone {35 g) and hydrazine hydrate (Matheson, Coleman,
and Bell, 99-100%) (22 ml) were dissolved in ethanol (75 ml). The
solution was kept a2t 60° for one hour and was then heated to reflux
for two hours. The ethanol was removed on the steam bath by means
of a rotary evaporator which was connected to a water aspirator.

The pale yellow oily residue {40 ml) was washed with n-pentane {300
ml)., The¢ crude acetophenone hydrazone was precipitated by cooling
the n-pentanc mixture in 2 dry ice bath. A portion of the hydrazone
(5.1 g) was mixed with yellow mercuric oxide {Baker, Analytical
Reagent) {16.8 g) and anhydrous sodium sulfate {Baker, Analytical
Reagent) (4.4 g). To the mixture was added 100 ml ligroin (30-60°
b. p. range). The mixture was stirred with 2 magnetic stirrer for
about 15 minutes. The inorganic salts were separated by filtration.
The filtrate was a ruby-red solution.

The method of Vargha and Kovacs (36) was used to convert the
phenylmethyidiazomethane to the desired olefin., The ruby-red solution
was cooled to 0° ir an ice-water bath., Sulfur dioxide was bubbled into
the cold solution until the red color disappeared. A white precipiiate,
probably the episulfone of trans-2, 3-diphenylbutene-2, precipitatec.

The precipitate was separated from the yellow solution and slowly
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warmed to 100° . It was kept at this temperature for 90 minutes.
The yellow residue obtained was chromatographed on alumina. Elu-
tion was carried out with ligroin {30-60° b. p. range). Upon concen-
tration anc cooling of the eluent mul, Z-diphenylbutene-2 crystal-
lized in white plates (0.4 g), m. p. 103.5-104.0°. A yellow band,
probably acetophenone azine, was retained by the columr. Work-up
of the yellow solution obtained from reaction of sulfur dioxide with
mecthylphenyldiazomethane yielded white crystals (0.4 g} which were

shown to bc a mixturc of cis- and trane-2,3 diphenylbutene- 2 (36%

E_t_b_) by vapor phase chromatographic analysis (details of analysis will
be given in connection with photostationary state composition deter -
minations). Only the pure trans isomer was used i further cxperi-
ments.

Other methods used to decompose phenylmethyldiazomethane
were: (1) addition of trace iodine to an ether solution of the diazo-
methane, (£} thermally by refluxing in benzene, (3) photochemically
by irradiation of the diazomethane through quartz (Hanovia, 450 -watt
medium pressure mercury lamp), and (4) addition of cuprous chloride
to a solution of the diazomethane in benzene., All these methods led
ta evoluticn of nitrogen and disappearacce of the red color of the
solution. Analysis of the resulting yellow solutions using vapor phase
chromatography on an Apiezon-L column { described later in connec-

tion with analysis of the stilbenes) showed that in each case the major
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product obtained was the azine of acetophenone {over 39% by area

in V. P. C. traces).

Benzene

(1) Benzene (Mallinckrodt, Analytical Reagent Grade) was
washed with portions of concentrated sulfuric acid until no further
darkening of the sulfuric acid layer was observed. It was then washed
with water and finally with a saturated aqueous sodium chloride solu-
tion. The benzene was distilled and only a middle fraction (abou:

75% of total volume) was retained for use. When no darkening of the
sulfiric acid was observed on the first wash, *‘he benzene was
occasionally used without purification.

(2) Benzene (Phillips, Research Grade) was ased without fur -
ther purification. It was specified to be 99.89% pure with toluene being
the most likely impurity. However. no toluene couid be found by
vapor phase chromatographic analysis under conditions where even

a thousandth of a per cent should be detectable.

n-Heptane

n-Heptane (Phillips, Reagent Grade) was shown not to de-
colorize concentrated sulfuric acid. It was distilled with a 4 ft.

spinning band column before use.

Methanol
Methanol (Baker and Adamson, Reagent Grade) was used

without further purification.
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Ethyl Iodide

Ethyl iodide (Mallinckrodt, Analytical Reagent Grade) was
chromatographed on alumina and distilled immediately before use,

b. p. 71.0%. This purification was carried out by Mr. W. Hardham.

Potassium Forrioxalate

Potassium ferrioxalate was prepared using the procedure of
Hatchard and Parker (37). One volume (150 ml) of a 1.5 F solution
of ferric chloride hexahycdrate (Baker and Adamson, Reagent Grade,
Min. Assay 99.5%) in water was added to threec volumes (450 ml) of
a 1.5 F aqucous solulion ol potassium oxalate monohydrate (Baker
and Adamson, Reagent Grade, Min. Assay 99.0%). The flask con-
taining the solutior was wrapped in aluminum foil and refrigerated.
Green crystals of potassium ferrioxalate formed. These were re-
crystallized three times from warm water. The reaction to form
the potassium ferrioxalate as well as the recrystallizations were
carried out in a room which was dark except for the red light from

an infrared lamp.

Other Chemicals

Other chemicals used in connection with the potassiuvm ferri-
oxalate actinomelry werc reagent grade and werc used without

further purification.
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DETERMINATION OF PHOTOSTATIONARY STATE

COMPQOSITIONS IN THE PRESENCE OF SENSITIZERS

Several procedures were used for the determination of the
[_@J/i_g@.ﬁri_s_] ratios of the stilbenes attained at the photostationary
state in the presence of sensitizers. These procedures differ mainly
in the method of analysis.

Usually, solutions containing two different initial compositions
of the stilbenes were prepared with each sensitizer. For high energy
sensitizers, the initial compositions were 0 and 100% cis-stilbenec.

. For low energy sensitizers, energy transfer was less efficient and
longer times of irradiation were required. Under such conditions,
side reactions involving either the sensitizer only, or the addition of
the sensitizer to the stilbenes, often became importan:t. Sirce the
products of such reactions were often new sensitizers or interfered

with the gnalysis, it was necessary to reduce the time of irradiation

o
.
¥
4
F

solutions in which the initial stilbene composition bracketed the
expected stationary state but deviated from it slightly. The success
of this method was not always overwhelming. On a few occasions,
the photostationary state was approached unly [rom ovne direc:ion.
In all cases 3 ml sampies of the solutions containing the desired

concentration of the stilbenes and sensitizer(s) in a chosen solvent
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were added to each of several pyrex culture tubes {13 x 100 mm) which
had been washed and dried and had been constricted about 20 mm

from the top. The samples were then degassed with four freeze-
degas (about 1 micron pressure)-thaw cycles. After degassing, the
tubes were sealed at the constriction.

Irradiation was carried out in an apparatus known as ‘'the
merry-go-round.' It was designed by Mr. F. G. Moses. As many
as 24 sample tubes could be irradiated simultaneously. The tubes
werc held equidistant from the light source. They fitted snugly into
either an inner ring of 18 circular openings, or into an outer ring of
24 openings on a rotating turntable. The tubes and the apparatus
were immersed in a thermostated water bath. At the center of the
rotating turntable was the inner jacket of a quartz Hanovia immersion
rcactor. The jacket housed a 450-watt Harovia high pressure mer-
cury lamp. Cold water or filter solution was circulated through the
jacket during the period of irradiation. Four different filter systems
were used to insure that most, or all. of the light incident upon the
tubes would be absorbed by the sensitizers rather than by the stil-
benes. The filter systems will be described in detail below. Samples

were removed deriodically from the apparatus and the Leisl/ [trans]

ratio of the stilbenes was deter minecd.
To facilitate later reference, the filter systems will be num-

bered. (1) The first system was merely a cylindrical pyrex glass



41

filter. Its 2bsorption spectrum was measured with a Cary 14 spectro-
photometer. It was opaque below 2900 A and transmitted 47, 75, and
90% of the 3130, 3340, and 3660 A mercury lines, respectively, as
well as the mercury lines of longer wavelengths. Since the SU—'S]
stilbene absorption tails extend up to 3400 A , they absorbed some of
the incident light directly. Use of this filter system was avoided when
posgsible. (2) The second system consisteé of the glass filter described
ahove in addition to a cupric tetrammine sulfate filter solution. The
solution was prepared by dissolving cupric sulfate pentahydrate (40 g)
ir concentrated ammonia (68 ml) and diluting to one liter with water.
It was circulated through the immersion jacket (optical path, about
0.7 cm} by means of a water pump and was passed through a copper
coil immersed in an ice-water bath. The ice content of the bath had
to be continuously replenished since it was found that whereas the
solution was stable when irradiated cold, it deposited a black pre-
cipitate on warming during irradiation. This filter system was par -
ticuiarly suitable for yellow sensitizers, since it transmitted only

the 4045 and 4358 A lines of mercury. (3) The third system was
identical with system (2), except that the filter solution used was
0.50-0.75 F in cupric nitrate hexahydrate. The only important
mercury lines transmitted by this solution were the 3660 A line as
well as lines of longer wavelengths. (4) The fourth filter system was

a cylindrical uranium glass tube. This transmitted light of wavelengths



longer than 3300 A. It was gessentially identival with filiter systlem
(3) in absorption properties but was much more convenien: to use.
Four methods of analysis were employed for the determ?ination
of [5_'1__3_]/}’trans] ratios. They will be described in historical order.
(1} The first method used was ullraviclel speclruphulomelric
analysis of the mixtures of sensitizer and the stilbenes. This method
required careful determiration of extinction coefficients for each
sensitizer (see following section) and was very time-consuming.
Since the irradiated solutions were usually 0. 050 M in stilbene and
sensitizers, % -pipets were used for dilution purposes. Optical
densities were measured for methanol solutions using one cm matched
quartz ceils ang a Beckman DU or a Cary 14 specirophotometer. The
blank solutions were methanol plus the appropriate amount of solvent
present in the solutions containing the stilbenes. Inclusion of the
solvent in the blank was especially critical when irradiation was
carried out in benzene. The wavelengths selected for analyses were
263, 276, and 495 my. The 263 mp wavelength is an isosbestic point
for the stilbenes in methanol and the optical density here could be
used to monitor the total stilbene concentration. Initially, the optical
density was also measured at 247 mu . Since phenanthrene absorbs
very strongly at this point, it was possibie to detect its formation in
small amounts. Since it was shown that the formation of phenanthrene

does rot occur in the absence of oxygen, measurements at this
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wavelength were discontinued. When other side reactions occurrecd,
this method of analysis could not be used satisfactorily.

(2) To avoid the need for the determination of extinction
coefficients for each sensitizer, the stilbenes were separated from
the sensitizer by chromatography on alumina. Small columns (10 in
x 0.5 in) were dry-packed with about 10 g alumina., The contents of
cach tube were poured on the column and eluteé with benzene (8-15
ml). After concentration on the steam bath, the stilbene composifion
was determined by ultraviolet spectrophotometric analysis. That
the chromatography did not affect the stilbene composition was
cemonstratec by showing that with fluorenone as the sensitizer, the
gsame results were obtained using either of the above procedures.

(3) The most reliable method of analysis was used only in
the final stages of this work. Itinvolved vapor phase chromatography
on 4-7 ft. by 1/4 in. columns packed with 20% Apiezon L on either
C-22 Firebrick (42-60 mesh) or on 20 M Chromosorb P (45-60 mesh).
Loenco vapor phase chromagraphers Model 15B cquipped with ecither
a thermal conductivity, or a flame ionization detector, were used.
Analysis of stilbene mixtures of known composition showed that the

ratio of the areas of the peaks corresponding to cis- and trans-

atilhene were eqnal to the ratio of their concentration with either
detector. Areas were automatically recorded by the disc integrators

on the recorders used for analysis.
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(4) In a few cases, it was found that the sensitizer interfered
with the vapor phase chromatographic analysis of the stilbenes. It
was therefore necessary to separate the sensitizer by chromatography
on alumina, as described under procedure (2), prior to analysis by
vapor phase chromatography. When the total stilbene ¢oncentration
was small, it was necessary to evaporate some of the benzene befare
analysis. This was accomplished by warming the solutions on the
steam bath under a stream of purified air. It was found that when
evaporation of the solvent was allowed to go to dryness. the mixtures
analyzec higher in trans-stilbene. Such resulis were discarded and

care was taken tc avoeid this complication.
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DETERMINATION OF PHOTOSTATIONARY STATE
COMPOSITIONS FOR THE ISOMERIZATION OF THE STILBENES

INDUCED BY DIRECT ABSORFPTION OF LIGHT

I'he apparatus cescribea by Moore (37) was used for these
experiments. It consisted of a Westinghouse {SAH 800-C) 800-watt
short arc, medium pressure, mercury lamp whose light was col-
lected and collimated by mirrors so that a parallel beam of lLight
would pass through a filter kolder and cell holder mounted on an
optical bench. Four 15 mm tubes placed in a Beckman D. U. ultra-
violet spectrophotometer.cell holder could fit into the beam.

In the first set of experiments an interference filter was used
to isolate the 3130 A mercury line. Unfortunately, this filter system
had a very broad band pass (3300-2800 A) and zlthough its maximum
transmittance was at 3130 A, the lamp output at 3030 and 3250 A was
highk, and the light incident on the solutions was not monochromatic.

This is shown more quantitatively in Table 4.

Table 4. Properties of 800~Watt Lamp and 3130 Interference Filter

Wavelength Lamp Output Filter Trans-
3
(A} Watts/ 100 mu mittance (%)
3030 12.5 17.8
3130 11.7 28,4

3250 10.7 1s. 2



46

The cells used were 15 mm quartz test tubes sealed (graded
seal) to a 12/30 ground-glass joint. They were constricted a short
distance below the joint. The degassing and secaling procedure was
as described in the previous scction, except that the tubcs werc con-
nected to the vacuum system by means of glass joints rather than
rubber stoppers.

The stationary states were approached from both isomers and

analyses for the [cie}/ltrans ratio, as well as for thc propertics of

the orange transient formed upon irradiation,were carried out
spectrophotometrically.

Four tubes, two containing trans -stilbene (0.05 M, 0.001 M)
and two containing cig-stilbene (0.05 M, 0.001 M) in benzene, wero
irradiated simultaneously. It was noticed that buiild-up of yellow-
orange color upon irradiation was practically instantancous for the
solutions whose initial stilbene composition was 100% cis isomer,
but that the build-up of colored species in the trans-stilbene solution
was very gradual.

Irracdiation of the solutions was continued for a period of
time sufficiently long ‘o assure the establishment of photostationary
states. About 15 minutes after irradiation was interrupted, the
absorption spectrum of the transient was recorded on a Cary Model
i4 spectrophotometer for the solution which was initially 0.05 M in

trans-gtilbene. The spectrum showed a well defined maximum at
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4550 A. The rate of disappearaunce of ihe transienl was delermined

by measuring the decrease of optical density at 4200 A as a function

of time (Table 5 and Figure 3).

Tablc 5. Absorption of Transient at 4200 A (henzenc--ahout 30°C)

Time (t) Optical Density
{min) D in(Dloth)
10 0.550 0.000
15 0.530 0.039
25 0,508 0.077
30 0,497 0. 104
45 0.462 0,174
70 0,399 0.322
135 0. 267 0.723
195 0,172 1.163
265 0,103 1,656

When all color had disappeared from the irradiated solutions,

the tubes were opened and the stilbene compositions were deter-
mined using a Beckman DU spectrophotometer.

A second series of experiments was carried out in which
azulenc or ferric dibenzoylmethide was included in the reaction
mixtures.

These experiments were performed on the optical bench
apparatus just described. A filter trair consisting of a Corning C.
7-54 filter (3 mm). and aqucous filter solutions of nickel chloride
(0.455 M, 2.5 cm path length), potassium dichromate (0.005 M,

2,0 ¢m path length), and potassium biphthalate (0.0049 M, 2.0 cm

S.
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path length) in quartz cells, was used. The potassium biphthalate
sorution was rencewed every 24 hours of irradiation. The only effective
radiation incident upon the solutions was the 3130 A mercury line.
(Actualiy, 93% of the incident light was the 3130 A line and 7% the

3340 A line (38); however, (he extinctivn coeflicients of the stilbenes
are much greater at 3130 & and +he 3340 A radiation can be neglected.)
The cells in which reactior mixtures were irradiated were 15 x 125 mm
pyrex test tubes sealed to 12/30 ground glass female joints. The
degassing and sealing procedure was as described previously.

Analyses for the [(_:_:.IE_]/[trans] ratio of irradiated samples were
~carried out after sufficient time had elapsed to allow the colored
transient(s) to disappear. The analysis used was method 3 {sce
cxperimental on sensitizcd isomerizations).

Immediately after irradiation and before analysis for the stil-
bene composition was carried out, the decrease of absorption at
4500 A was measured as a function of time for the runs described in
the fifth and seventh rows of Table 20, These measurements were
initiated Z minutes after irradiation was interrupted. A Cary l4

spectrophotometer was used. The data are shown in Table 6.
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Table 6. Effect of Azulene on Formation and Disappearance
of Transient{s).

Time {(t) Sample Bab Sample 7°
(rmin) D (4500 &) D (4500 A)P
0 0.090° 0.075°
2 0. 073
4 0.087
5 0.067
9 0.080
13 0.075%
16 9.025
21 0.015
22 0.039
23 0.030

a. The number refers to ertry in Table 20.

b. Optical densities are corrected for the absorption of the
samples before irradiation.
c. This value was obtained by extrapolation.

Extinction Coefficients of the Stilbenes and Quenchers in Deouzene

The extinction coefficierts of the stilbenes in the 3130 A region,
as well as the extinction coefficients of azuienc and ferric dibenzoyl-
methide at 3130 A in benzene,were measured using the Cary 14
spectrophotometer. They are shown in Table 7.

Table 7. Extinction (.;Joefficients of the Stilbenes and Quenchers
in the 3130 A Region (Benzene).

Extinction Coefficients x 10

Wavelength (A) 3115 3120 3125 3130 3135 3140 3150
trans-Stilbene 2.65 2.64 2.62 2.61 2,h8 2.54 2.40
cis-Stilbena 0.502 0.489 0.468 0.448 0.428 0.410 0.375
Azulene 0.18

Fe(DBM)S 5.0
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EX TINCTION COEFFICIENTS OF THE STILBENES AND

CERTAIN SENSITIZERS IN METHANOL

In general, solutions about 10-2‘ M in methanol were prepared.
These were diluted by use of 10 to 200 uf pipets and 10 or 25 ml
volumetric flasks. The a2bsorption of the diluted solutions in onc cm
cells was measured at several wavelengths using a Beckman D. U.
spectrophotometer. For all the compounds involved, the Beer-
Lambert Law was obeyed. The results are presented in Table 8.
The extinction coefficients of the stilbenes were studied more exten-
sively since it was desirablc to determine the extinciion cocfficicnt
at ar. isosbestic point. The limits of error shown are average devi-
ation from <he mean for several different concentrations. In most
cases, absorption measurements outside the limits 0.2-1.0 were

discarded.
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Table 8. Extinction Coefficients of the Stilbenes and Ceortain
Sensitizers in Methanol.

Compound Wavelength Extinction Coefficien:
i X 10"412 mole cm
trans-Stilbene 247 0.239+0.002
(grade 1) 258 0.66 +0.01
256 c.71 +0.,003
260 0.77 +0.003
261 0.84 +0.007
262 0.90 ¥0.003
263 0.97 +0.007
265 1.12 +0.007
266 1.20 $0.007
268 1.36 +0.007
269 1.45 +0.007
270 1.53 +0.01
275 1.95 +0.01
276 2.03 +0.01
295 2,92 40.02
cis-Stilbene 247 0.646+0.001
258 0.89 +0.007
259 0.91 §0.003
260 0.93 40.007
261 0.95 +0.003
262 0.96 +0.007
263 0.97 +0.01
265 0.99 70.01
266 1.00 $0.01
268 1.02 +0.01
269 1.02 +0.007
270 1.03 +0.007
275 1.05 +0.01
276 1.05 +0.01
295 | 0.729+0.003
Benzil 247 1.59 +0.02
263 2.00 +0.02
276 1.00 +0.005

295 0.350+0.003



Table 8. (continued)

Compound

Z-Aceionaphthone

Benzophencne

l-Naphthaldehyde

9-Anthraldehyde

2,3-FPentanedione

Phenanthrenequinone

Fluorenone

Acetophenone

52

Wavelength

s

247
263
276
295

247
263
276
295

247
263
276
295

247
263
276
295

263
276
295

247
263
276
295

247
263
276
295

247
263
276
295

Extinction Coefficient

x 10-4

4.72 +0.005
.430+0.002
.760+0.003
.619%0.004

T o e

.64 +0,005
.27 10.01

520+0.004
.105+0.0005

QO e

.49 40,01

.10540.001
.216+0.001
. 515+0. 003

S OO -

.00 +0.04

.73 10.07
.14 30.1
.21 ¥0.02

[EEE o 2 BEN B W]

jen]

. 0028
. 0030
.0029

o o

.17 +0.02
.16 +0.07
.03 +0.01
.23210.003

[oo I PR VA B

in

.65 +0.1

.466+0.003
0.177+6.001
0.320+0.001

=

1.05 +0.005

4 mole -1 CIT:

-1

0.1086+0.0C01
0. 0969:!'_0. 0002
0.0300%0. 0001



Table 8. {continued)
Compound

9, 10-Anthraquinone

Mesityl oxide

Phorone

Bial,cetyla

Wavelength
mil

247
263
276
295

263
276
295

247
263
276
295

263
276
295

Extinction Cocfficicent

i mole_l cm

3.89 +0.03

1.76 +0.005
0.980+0.008
0.20340.002

0.117 10.001
0.00793+0. 00008
0.00543+0. 00003

1.15 +0.01
1.940%0.003
1.58740.004
0.1519+0. 0007

0.00143
0.00220
0,00232

a. No errors arec indicated in this case because the determiration of
extinction coefficients was based on only one concentration of

biacetyl.
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SINGLET-TRIPLET ARSORPTION SPECTRA

Fluorenone

A solution of fluorenone (grade 2, 0.85 M) was prepared in
freshly nurified ethyl iodide. Its absorption spectrum was measured
against air on the Cary 14 spectrophotometer using a 10 cm guartz
cell. The spectrum showed two diffuse shoulders, one at 18, 320 ::m-1
{e = 0.007 cm-l £. mole_l) and the other at 19,920 cm"1 (e = 0,022

-1 -1 . -1
¢m L. mole ). The shoulder at 18,520 cm = {53 kcal/mole) was

assigned to the (-0 band for singlet-triplet absorption.

1,4-Benzoquinone

The spectrum of a saturated solution of 1,4-benzoquinone in
cthyl iodide (~0.7 M) was mcasured as described for fluorenone. The
spectrum was extremely diffuse, except for a hint of a shoulder at

-1 -1 -1 .
17,450 cm (€& 0.014 cm 4. mole ~). This shoulder was assumed

to represent the 0-0 band for singlet-triplet absorption.

Benzanthrone

The spectrum of a saturated solution of benzanthrone in ethyl
‘odide (~0.1 M) was measured as described above. The solution
showed absorption for frequencies higher than 17,000 cm-l. There
was a shoulder at 17,650 cm”1 (e=0.04 cmul £. mole_l) but it will

be shown later {see appendix) that it is unlikely that this shoulder

represents the 0-0 band for singlet-triplet absorption.
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QUANTUM YIELDS FOR SENSITIZED STILBENE ISOMERIZA TIONS

The optical bench previously described was used. The 3660 A
mercury line was isolated by Corning filters C. 5. 7-37 and C. S. 0-52
placed in series. In preliminary experiments, the cells employed
were washed 15 x 125 mm pyrex test tubes sealed to 12/30 ground
giass female joints. In later experiments, these cells were moadified
by inclusion of 2 small trap which prevented contamination of the
reaction mixtures by stopcock grease from the vacuum system.

At 3660 A , the stilbencs are transparent. In all cases the
concentration of the sensitizer was sufficiently high to insure total
absorption of all the incident radiation.

‘Tubes containing benzene solutions of either pure cis- or pure

trans-stilbene and a sensitizer were degassed and sealed as describec

for the unsensitized photostationary state experiments (4 freeze-
cegas-thaw cycles). The tubes were then placed in a Beckman D. U.
cell holder which was ir the path of the light beam. At small time
intervals, irradiation was interrupted, the contents of the tubes
mixed by shaking,and the tubes placed in different positions in the
cell holder before resuming irradiation. The tubes were irradiated
for equal time intervals in each position of the cell holder. Total
periods of irradiation were adjusted so that usually only 2-5 per cent

isomer conversion was obtained. The analysis for per cent conversion
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was either by method 3 or method 4 described for the photo-
stationary state experiments.

Potassium ferrioxalate actinometry was employed (39).
Tubes containing solutions of potassium ferrioxalate (0.006 F) ir
0.1 N sulfuric acid were irradiated prior to, during, and at the end
of each experiment. The production of ferrous iron was determined
by measuring the optical density of its complex with 1, 10-phen-
anthroline at 5100 A on a Beckman D. U. spectrophotometer. The
extinction coefficient of the complex at 5100 A was determined by
the recommended procedure (39) using a standardized sclution of
ferrous sulfate (40). The extinction coefficient was to be (1. 132 +
0.003) x 107 2. moles-l cmul. The quantum yield for ferrous iron
production at 3660 A was taken as 1.21 {39). The higher value (1.7)
reported by Liee and Seliger (41) is probably in error. The ferri-
oxalate actinometer has beer checked against uranyl oxalate actin-
ometry (39,42) and against benzophenone-benzhydrol actinometry {43},
and in all cases the values of Hatchard and Parker appear to be

correct.
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RESULTS
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STATIONARY STATES FOR THE STILBENES

IN THE PRESENCE OF SENSITIZERS

The stationary state data are tabulated below {Table 9).
Unless it is otherwise indicated, the solvent used was benzene {grade

1). The method of purification for the trans-stilbene and the sen-

sitizer used in individual experiments is indicated by the number
following the concentration. The numbers refer to the methods
described in the experimental section. No number is giver when

only vne method of purification was used. The methods of analysis,
-as well as the filter systems used, were described in detail in the
experimental section. Briefly, the methods of analysis are: (1)
ultraviolet spectroscopic analysis of total mixture, {2) separation of
sensitizer by chromatography on alumina prior to ultraviolet spec-
troscopic analysis, {3) vapor phase chromatographic analysis of total
mixture, and (4) separation of sensitizer by chromatography on alum-
ina prior to vapor phase chromatographic analysis. The properties

of the filter systems are: (1) nu light was transmitted of wavelength
shorter than 2900 A, (2) only the 4045 and 4358 A lines of mercury
were transmitted, (3) and (4) mercury lines of wavelengths longer than
3300 A were transmitted. The limits of error given are average devi-

ations from the mean.
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Table 9. Stationary States of the Stilbenes with Different Sensitizers.

Sensitizer Total Method % cis
Conc. Stithene Initial Fiiter Temp. of at
(m/12) Conc.{m/2)% cis  System °C Analysis P.S.State
Acetophenone

0.050 .050-2 0 1 28 1 59.311.0
0.0102 0.051 100 i 28 1 59.1+40.5
Benzophenone

0.050 0.050-2 0 1 28 1 59.610.4
U. 050 0.050 140 1 28 1 59-6i0.8
0. 050 0.056-3 0 4 59 3 63.410.1
0.050 0.050 100 4 59 3 64.340.7
0.050 0.050-3 0 4 59 3 62.5+0.5
0.050 ¢.050 100 4 59 3 62.7+0.2
Thioxanthone

0.050 0.050-3 , 4 28 3 61.5i0.2,
0.050 0. 050 100 4 28 3 58.9+0.5
Flavone

0.050 0.050-2 0 3 28 2 61.74+0.1
0.050 0.051 100 3 28 - 2 61.340.6
Michler's Ketone

0.050 0.050-2 0 3 28 2 63.2+0.3
0.050 0,050 100 3 28 2 62.8+0. 2
4-Acetylbiphenyl

0.050 0.050-3 0 4 28 3 64.6+0.2
0.050 0.050 100 4 29 3 65.2
0.050 0.050-3 0 4 60 4 68.7+0.6
2-Acetylfluorene

0,050 0.050-3 0 4 31 3 65.4+0.1
0.050 0.050 100 4 31 3 66.140.3
0.050 0.050-3 0 4 59 3 68.2.:1_—_0.3
0.050 0.050 100 4 59 3 68.710.4
9, 10-Anthraguinone

0.013 0.025-2 0 1 28 1 60.540.6
0.008 0.020-2 0 1 28 i 60.0+1.2
0.008 0,020 100 1 28 1 59.7+0.3
Z-Naphthaldehyde

0.050 0.050-2 0 3 28 2 69.740.3

0.050 0.051 100 3 48 2 '71.330.3



Table 9. {continued)

Initial
Conc.{m/2} % cis

0
100
0
100

0
100
100

0
100

Q
160

0
100

0
100

100

100

100

100

100

100

100

Sensitizer Total
Conc., Stilbene
(m/t)

2-Naphthyl Pheny: Ketone
0.050 0.050-4
0.G80G 0.04853
0.050 0.050-3
0.050 0.050
2~Acetonaphthone
0,080 0.050-24
0.080 0.050
0.050 0.051
0.050 0.050-2
0.050 0.050
0.050 0.020-2
¢.050 0.040
0.010 0.050-4
0.010 0.050
1-Naphthyl Phenyl Ketone
0,050 0.050-2
0.050 0.052
1-Naphthaldehyde

0. 050 0.0/”0

B -Naphthil
0.050-1  0.050-2
0.050-1 0.051
0.020-2 0.050-2
0,020-2 0.050
o« -Naphthil

0.015 0.050-2
0.015 0.051
Fluorenone

0.080-2 0.050-2
0.080-2 0.050
0.050-1 0.050
0.050-1 0.055
0.027-2 0.050-2
0.027-2 0.050
0.013-2 0.050-2
0.013-2 0.050

100

Filter
System

[ AVE Y

N = DD

Temp.
°C

28
28
59
59

28
i8
28
28
28
28
Z8
28
28

28
28

28

3042
3012
28
28

28
28

28
28
28
30+2

28
28
28

Method
of
Analysis

v NN VDN~

b

I Do T DV

N~

Do v I = = Iv N

o ¥

% cis

a4f
P.5.State

71.140.7
71.440.4
76.3+0.5
74.9+0.3

70.240.1
70.440. 1
£9.240.3
70.8+0.5
70.040.6
68.9+0.5
69.170.4
71.1+1.6
70.7+1. 1

73.4+0. i
73.4i01 9

74.0+1.0

85.2+0.7
84.7+0.4
84.2+0.5
83.940.8

87.240.5
a7. 2_—1_-0. 6

86.1+1.0
86.0+0.2
86.240.4
85.4+0. 4
86.540.4
86.4+0.5
86.7+0.5
85.640. 4



Table 9. {continued)

Sensitizer Total

Conc. Stilbene Initial Filter Temp.
(m/e) Conc.(m/2) % cis  System °C
’E‘lu.orenone;D (continued)

0.050-3 0.100 100 4 28
(. 050-3 0.050-3 0 4 28
0.050-3 0.050 100 4 28
0.050-3 0.040-3 0 4 28
0.050-3 0.040 100 4 28
0.0506-3 0.030-3 0 4 28
0.050-3 0.030 100 < 28
0.050-3 0.020-3 0 4 28
0.0%0-3 0.020 1G0 4 28
0.050-.3 0.010-3 0 4 28
0.050-3 0.050-3 0 4 60
0.050-3 0.050 100 4 60
0.050-3 0,.050-3 0 4 59
0.050-3 0.050 100 4 59
Beonail® (n-heptane)

0.020 0.020-1 0 2 28
0.010 0.020-1 0 2 28
0.006 0.020-1 0 2 28
0.001 0.020-1 0 F4 28
Benzil (EPA, diethyl ether, isopentane, ethanol, 5:5:2
0.050 0.050-1 0 2 28
Bcenzil

0.050 0.050-1 0 2 28
2, 3-Pentanedione

0.051 0.050-1 0 2 28
¢, 3-Pentanedione (EPA)

0.051 0.050-1 0 s 28
Biacetyl

0.201 0.050-2 0 1 28
1, 4-Naphthoquinoned

0. 050 0.050-2 40 2 28
0.050 0.050-2 80 2 28

Method
of
Analysis

SO S N PO T I PU R PO PO PO IUR PO PO Y

[ V]

by

1

[\ W™

% cis
at
P.5.5tate

86.4+0. 1
85.8+0.5
86.9+0., 1
85.7+0.4
84,710, t
86.5+0.3
86.210.3
86.3+0.6
85.710. 3
87.6+0. 1
90.0+0. 1
89.9+0. 2
89.4%0.3
89.3+0.1

94.7+0.2
95.2%0. 7
94,5+0.4
93.5+1.0

vol, )

93.240.4
90.8+1.0
87.4+0. 6
91.5+1.0
86.810.4

59.240. 5
60.9+0.3



Table 9. (continued)
Sensitizer Total
Conc. Stilbene
(m/2)

Duroquinone

0.080 0.050-3
¢.080 0.050
0.050 0.050-2
0.050 0.050
0. 050 0.050-3
0.050 0.0589
0.020 0.050-3
0.020 0.050
Pyrene

0.060 0.050-3
0. 050 0.05350
0.020 0.050-3
0.020 0.050
0.010 0.050-3
0.010 0.050
l,ZéBenzanthracenee
0.050 0.050-3
0.050 0.050
0.020 0.050-3
0.020 ¢.050-3
0.010 0.050-3
0.0}0 0.050-3
Benzanthronef

0.051 0.050-1
0. 050 0.051
0.020 0.080-2
0.020 0.050-2
0.Ql5 ¢.050-1
0.015 ¢.050
0.010 0.050-2
0.010 0.050-2
Acridine

0.050 0.050-3
0.080 0.050-3
0.020 0.080-3
0.020 0.050-3
0.010 0.0650-3
C.010 0.050-3

Initial
Conc.(m/2) % cis

100

100

100

100

80
100
80
100
80
100

40
80
40
80
40
30

100
20
60

100
20
60

40
80
40
80
40
80

Filter
System

L A Tl S Wy o LT

De I NI B v NIV

[ R N A Y

Temp.
°C

28
28
48
28
28
28
28
28

28
Z8
28
28
8
28

28
28
28
28
28
28

48
28
28
28
28
28
28
28

28
28
28
.8
28
48

Method
of
Analysis

Wi W W W W

% cis
at
P.5.5tate

65.8+0. 8
65.140. 2
71.4+0.2
71.040.5
71.710.1
72.840.4
75.2+0.8
74.230. 4

91.510.2
91.5+0. 2
90.8+0. 3
91.3%+0. 1
87.5+0.1
88.240.2

80.4+0.3
79.8+0. 1
87.6+0.2
B8.2+0. 2
90.740. 1
90.340. 1

42.140.9
40.9+1,0
62.240.5
60.9+0. 4
66.8+0. 8
63.9+0.8
72.040.5
70.640. 2

38.5+0. 2
38.240.1
55.4%0. 1
55.4%0.1
64.8+0.3
64.970.5



Table 9. (continued)

Sensitizer Total

Conc. Stithene Tnitial Filter Temp.
(m/2) Conc.{m/2) % cis  System °C
3-Acetylpyrene

0.080 0.050-2 0 3 28
0.080 0.0580 100 3 28
0.050 0.050-2 0 3 28
0.050 0.053 100 3 28
¢.020 0.050-2 0 3 28
0.020 C.050 100 3 28
0.010 0.050-2 0 3 28
0.010 0.050 100 2 48
1, 4—Benzoquir.oneg

0. 080 0.050-24 4] 2 28
0.080 0.054-2 65 2 28
0.050 0.050-2 0 b 28
0.050 0.0R1-2 69 & 48
0.030 0.050-2 10 2 28
0.030 0.050-2 40 2 28
0.020 0.050-2 20 2 28
0.020 0.050-2 50 2 28
0.0i0 0.050-2 30 2 28
0.010 0.050-2 50 2 28
0.005 0.050-2 40 2 28
0,005 G.050-4 60 2 28
0.030 0.050-2 10 2 28
0.020 0.020-4 20 2 28
0.020 0.020-2 50 2 28
0.020 0.015-2 290 2 28
0.020 0.105-2 50 2 28
0.020 0.010-2 20 2 28
0.020 0.010-2 50 2 28
Pho=one’

0. 100 0.050-2 0 1 28
0.101 0.050 100 1 28
Mesityl o:scideJ

0.406 0.050-.2 0 1 28
Eosink (benzene-diethyl ether, 1:1 by volume)
<0.050{sat'd) 0.050-3 0 4 31.5
<0.050{sat'c) 0.050 100 4 31.5

Method
of
Analysis

e e NI NNV NN DNDNDN DN DD DN Fo

—

L

% cis
at

P.5.5tate

29.
29.
39.
39.
55,
55,
65.
64.

19.
17.
20.
20.
22,
2.
29.
30,
35.

39.
24.
2.
23.
23,
23.
22.
0.

76
79.

70.

24+0.5
340.0
8+0.7
6+0.3
0+0. 1
240.1
0+0.9
190.6

640. 8
8+0.7
6+0.9
4¥1.7
6+0.8
6+0.5
74+0. 6
5+1.0

0+1.0h

340.3

240.7
840.4
1+1.3
0+1.0
2¥2.5
4¥1.0
8+1.0

LA+, 4

SEB. 6

6+0.6

.2+40. 1
L 2+0. 1

h
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Table 9. {continued)

Sensitizer Total Method 9% cis
Cunc. SLilbene Initial Filter Temp. of at

(m/e) Conc.(m/£)% cis  System  °C Analysis P.S.Statc
9, 10-Dibromoanthracene

0.0190 0.050-3 0 4 28 3 0.240.0
0.010 0. 050 100 4 28 3 0.2+40.0

a. Irradiation at 60° led to decomposition of thioxanthone as evi-
denced by disappearance of yellow color from the solutions.

b. Flucorenone interfered slightly with analysis 3 of the stilbenes.

c. See page 65 for further comments on datz involving benzil in
n-heptane.

d. See page 65 for further documentation of this photostationary
state.

e. A white dhotoproduct precipitated from solution. Since this is
probably 1,Z-benzanthracene dimer (44), the initial concentration
of benzanthracere should be taken as upper limits.

f. After chromatography on alumina, eluents for first two benz-
anthrone runs were pale yvellow.

g. After chromatography and analysis of the tubes for the last six
entries for 1,4-benzoquinone, it was shown that as much as 17
luo 30 per vent ol the inilial slilbene cuncentration could nol be
accounted for. This may be due either to addition of 1,4-
benzoquinrone to stilbene (45} or to preferential loss of cis-
stilbene during the evaporation of solvent after chromatography
on alumina (see page 44).

h. This value wasg obtained by extrapolation.

i. See page 66 for further comments on this resuit.

j. See page 66 for additional information on mesityl oxide.

k. The vapor phase chromatographic traces showed two small peaks,
rather than one, where cis-stiloene should appear.

e

Further data on certzin sensitizers will be presentec indi-

vidually.
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Benzil

It was found that for the first three experiments described in
Table 9 for the benzil sensitized stilbene isomerization in n-heptane,
the stationary state had been attained at the end of 1.8 hours of
irradiation. A side reaction, probably addition of benzil to stilbene
(46}, was competing,as evidenced by drop of absorption at the isosbestic
wavelength (263 mp) for the stilbenes. The effect of the side reaction

on the analysis is demonstraled in Table 10.

Table 10. Effect of Side Reaction on Calculation of Stationary States
for Benzil Sensitized Stilbene Isomerization.

Time Apparent Total
(hours) Stilbenc Conc. (m/£) % cis Calcualated
Experiment 1 2 3 | 2 3
0 0.0204 0.0199 0.0200  1.5+1.5 0.5+0.5 1.240.2
1.8 0.0194 0,0195 0.0199 94.7i0”.’. 95.2.i0.7 34, 5i0.4
2.8 0.0190 0.0190 0.0192 92.-7-3-_0.5 93.0—-5:0.1 93.0i0.1
3.5 0.0184 0.0184 0.0186  92.0%1.0 93.270.4 92.3%0.6

The fourth benzil experiment in n-heptane was not complicated
as above. No change in the apparernt total stilbene concentration was

ocngerved during a 2 hour irradiation period.

1,4-Naphthogquinone

Because of the special place of the point for 1,4-naphtho-
quinone on the stilbene curve (see discussion) and since the dimer-

ization of 1,4-naphthoquinone (44} or its addition to stilbene (45)
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might produce a higher erergy sensitizer, it was necessary to further
establish this stationary state. Two experiments were carried out
which were identical to the experiments for 1, 4-naphthoguinone
described in Table 9, except that the initial stilbene compositions

were 60 and 70 per cent cis isomer, respectively. Samples of the

two solutions were irradiated in parallel for short time periods. The

results are shown in Table 11. The trends observed are in excellent

Table 11. The Stilbene Stationary State in the Presence of
1, 4-Naphthoquinone.

Time
(minutes) % cis Ye cis
0 60 70
60.640.4 68.94+0.2
60.7+0.2 68.0+0. 1
15 60.5+0.0 67.4+0.3

agreement with the values shown in Table 9.

Phorone and Mesityl Oxide

The significance of the data shown in Table 9 for the phorone
and mesityl oxide sensitizec stilbene isomerization is not clear at this
time. The rates of isomerization were very slow in each case, and
since only the 2900 A cut-off filter was used, it is possible that the
observed isomerization was due to direct absorption of light by the
stilbenes. Furthermore, the ultraviolet absorption measurements
indicated that products from sidc reactions interfered with the analysis

for the stilbenes.
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The presence of mesityl oxide in high concentration coes not
appear to affect the rate of the benzophenone or the 9, 10-anthra-
guinone sensitized stilbene isomerizations; however, it seems to
affect the composition at the stationary state. This effect is not
understood at praesent, but it may be an artifact of thc method of
analysis. Data are shown in Table 12. The rates for stilbene isomer-
Table 12. Sensitized Isomerization of the Stilbenes in the Presence

uf Mesilyl Oxide (0.40 M in benzene).
Sensitizer Total Method % cis

Conc.(m/f) Stilbene Initial Fiiter Temp. of at
Conc.{m/2) % cis System °C  Analysis P.S5.Silate

9, 10-Anthraquinone
0.008 0.020-2 0 1 28 1 53.2+1.1

Benzophcnone
0.025 0.045-2 0 1 28 1 62.1+1. 2

ization in the presence of and in the absence of mesityl oxide for

gensitization by 9, 10-anthraquinone arc compared’in Table 13. Under

Table 13. Effect of Mesityl Oxide on Rate of 9, 10-Anthraquinone
Sensitized Stilbene Isomerization.®

Time (hours) Po cis(no measityl oxide) % cis(0.400 M
" mesityl oxide)
0 0 0
0.33 50.0+0.5 32.510.1
0. 66 59.4+1. 4 47.240.9
1.00 59.1+0.4 53.7+1.0
3.00 61.4+1.2 52.8+1.3

a. 9,10-Anthraquinone (0.008 M) and trans-stilbene (0. 020 M) in
benzene solution. Filter system 1, analysis 1, and 28° temper-

ature were used.
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similar conditions {0.400 M in mesityl oxide), in the absence of 9, 10-
anthraquinone, the stationary state for the stilbenes is not attained
after 15 hours of irradiation. It may be reasonable to assume that
the triplet state energy of mesityl oxide is lower than those of benzo-
phenone or 9, l0-anthragquinone. This assumption leads to two con-
clusions. The first is that intersystem crossing is not an efficient
process in mesityl oxide, and the seconc is that the triplet state of
mecaityl oxide, when producced indircctly, can cffect the isomerization

of the stilbenes.

Santonin and 4-Methyl-4-dichloromethylcyclohexadienone

Irradiation of either santonin {0.05 M) or 4-methyl-4-dichloro-

methylcyclohexadienone (0.05 M) in the presence of cis- or trans-

stilbere (0.05 M) for 5 hours (filter system 4) led to essentially no
isomerization of the stilbenes {method 3). Furthermore, analysis of
one of the irradiated santonin samples by Mr. M. H. Fisch, showed
that the presence of stilbene apparently did not aficct the course of

the photodecomposition of santonin (47).

Benzophenone and 2, 3-Pentanedione

An experiment was carried out in which benzophenone {0.050 M)
and 2, 3~pentanedione {0.054 M} werc used simultaneously as sen-
sitizers for the isomerization of trans-stilbene {0.050-1 M). Irradi-

ation was carried out at 48° using the 2900 A cut-off filter (filter
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system 1), Analysis of the mixtures was by ultraviolet spectroscopy

(method 1). As expected, the observed stationary state (81+1.5% cis)

is bracketed by the stationary state for benzophenonc {59. 6+0. 8% cis)

and the stationary state for 2,3 -pentanedione (87.4:0. 6% cis).

Fhenanthrenequinone

A stationary state was not obtained for phenanthrencquinone
because the formation of adduct with stilbene (48) prevented analysis
oy ultraviolet spectroscopy. However, the results are of interest
since they indicate that the rate of formatior of adduct is the same
from either stilbene isomer. The rate of the side reaction is reflected
by the apparent concentration of stilbene that is calculated from the
absorption at the isosbestic point {Table 14).

Table 14. Razte of Formation of Adduct between Phenanthrenc-
quinone and the Stilbenes.

Initial Concentrations

Phenanthrenequinone: 0,020 M 0g.020 M

Stilbene : U.U0Z0 M trans 0.020 M cis
Time(hour s} Apparcent Total Stilbene Concentration

0 0.0199 0.0195

1.00 0.0163 0.0163

3.66 0.0153 ---

6.25 0.0148 0.0147

Chelates, Azulene

Ferric dipivaioylmethide and chromium dipivaloylmethide did

not photosensitize the isomerization of the stilbenes (49). Results
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compaving rate of isomerization of trans-stilbene (0.05 M) in the
absence or prescnce of the chelates {0.005 M)are shown in Table 15.
It appears that the effect of the chelates can be attributed to internal
filtering of the unsensitized isomerization.

Table 15. Rate of Isomerization of trans-Stilbene in Presence of
Chelates (reported in % cis)

Time {hour s) Blank Fe(DPM)3 Cr(DPM)3
0.50 €.5 6.0 6.0
1.03 12.5 10.0 9.5
2.00 21.0 19.0 4.5

The same restlt was obiained when azulene was used as the

photosensitizer.

SENSITIZED ISOMERIZATION OF THE STILBENES

IN THE PRESENCE OF AZULENE

Dzta for experiments in which azulene was included in the reac-
lion mixtures witk various sensitizers are shown in Table 16. In all
cases benzene solutions of the sensitizer (0.020 M) and the stilbenes
(0.050 M) were used. The "merry-go-round'' apparatus was cmployed
and unless it is otherwise indicated, filter soiution 2 {page 41)
and method of analysis 2 (page 43 )} werc cmployed. The temper-
ature of the reaction mixtures was kept at 28° during the irradiation

period.
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Table 16. Slationary States for the Stilbenes with Various
Sensitizers in the Presence of Azulene.

Scrnsitizer Azulerne Conc. Initial % cis at
(m/#) % cis P.S. State
9, 10 -Anthra— 0.005 0 45.6+0. 4
quinone 0.005 100 47.4+0.5
0.010 0 38.8_1:0.?
0.010 100 38.8+40.1
Denzil 0.005 0 87.4i0. 1
0.005 100 87.6+0.1
0.010 0 82.2+1.0
0.010 100 83.610.4
Fluorenone 0.0039 0 79.9i0.2
U.9039 100 80, 11—_0.5
0.010 0 '71.6i0.2
0.010 100 71.6%0.4
Benzanthrone 0.010 0 ) a
0.010 100 ) 55.011.9
Benzophenoneb 0.005 0 48.310.2
0.005 100 47.8+0.2
0.010 0 39.5+1.0
0.010 100 40.5+0.2

a. This value obtained by extrapolation.

b. In this case filter system | and analysis 3 were used. It was
found that ultraviolet spectroscopic analysis gave erratic
results, possibly because of some photodecomposition of
azulene. Only in the benzophenone experiments was azulene
absorbing a major portion of the incident light.
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STATIONARY STATES FOR THE SENSITIZED ISOMERIZA TION

OF Z,3-DIPHENYLBUTENE-2

Photostationary states were determined for the isomerization
of 2,3-diphenyloutere-2 in thc presence of three sensitizers. The
stationary states were approached starting from the pure trans
isomer. Three samples of each solution were irradiated for long
time intervals {20.5, 32.5, and 40.5 hours, respectively). Analysis
was as described for the stilbenes (method 4, page 44 ). It
involved chromatography of the reaction mixtures on alumina prior

-to vapor phase chromatographic analysis. For each sensitizer the
stationary state had been attained during the shortest irradiation period.
The uranium glass filter and the merry-go-round apparatus were
used. The solvent used was benzene {grade 1) and the temperature

during irradiation was 28°. Results are shown in Table 17.

Table 17. Stationary States of the 2,3-Diphenylbutene-2's with
Different Sensitizers.

Sensitizer Initial trans-2,3-
Conc. {m/4)} Diphenylbutene-2 % cis at
Conc. {m/#) P. S. State

B enzophenone

0.050 0.050 24.7+0.2
Fluorenone
0.050-3 0.050 4.0840.06

9, i0-Dibromoanthracene
0,010 0.050 31.010,5




73

ON THE FORMA TION OF GROUND STATE COMPLEXES

BETWEEN SENSITIZERS AND THE STILBENES

It was found that whereas a solution of chloranil (0.05 M) in

benzene is yellow, the solution becomes rcd in the presence of trans-

stilbene {0.05 M) and orange in the presence of cis~stilbene {0.05 M).
This striking evidence in favor of ground state complexes between
chloranil and the stilbenes led to the suspicion that complexes may
also form hetween the stilnenes and some of the seneitizcrs. This
possibility was examined in only two cases. It was found that undex
the conditions of sensitized isomerizations, trans-stilbenc forms a
weak complex with 1,4-benzoquinone, but does not complex withk
benzanthrone. The results that led to these conclucgions arc tabulated
below. Spectra were measured with the Cary 14 spectrophotometer.

Table 18. Apparent Extinction Coefficients of 1, 4-Benzoquinone
in the Presence of trans-Stilbene in Benzene.

trans-Stilbene 1,4-Boenzoquinone Apparent Extinction Coefficient

Conc. {m/4)  Conc. (m/?) 3900A 41004 43004 45504 4800A
0.0866 0 Q ] g 0 0
0 0.0702 8.55 13.2 18.9 20.4 11.4
0.0433 0.0351 14.8  18.2 21.9 21.8 12.2
0.0130 0.0105 10.3  14.5 19.8 20.9 11.6
0.0606 0.0211 17.2  20.0 23.2 22.2 12.3
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Clearly, dependence of the apparent extinction coefficiert on trans-
stilbene concentration is observed in the case of 1,4-benzoquinone

but not in the case of benzan‘hrone.

Table 19. Apparent Extinction Coefficients of Benzanthrone
in the Presence of trans-Stilbene in Benzene.

trans-Stilbene Benzanthrone Apparenrt Extinction Coefficient
Conc. {m/g) Conc. (m/g) 24004 4425A 44504 45004

0 0.0250 33.2 19.7 11.6 4,44
0.0126 .0250 33.2 19.7 11.6 4.48
0.0505 0.0250 33.4  19.7 11.6 4.48
0.0619 0.0250 33.3 19.8  11.7 4.44

The fact that change of either stilbene or sensitizer concen-
tration does not affect the stationary state of the stilbenes when
Z2-acetonaphthone, benzil, or fluorenonec are used as sensitizers

(see Table 9) indicates that ground state complexes are not involved

in these three cases.

STATIONARY STATES FOR THE DIRECT

PHOTOISOMERIZATION OF THE STILBENES

Photostationary states for the unsensitized isomerization of
stilbene in the presence or absence of quenchers are shown in Table
20. As was descrihed in the experimeantal part, the filter system used
for the experiments described in the first four entries of Table 20
was not very satisfactory. For these experiments the incident light

was not monochromatic. However, since irradiation was mainly with



Table 20.

Quencher

None

Azulene

Fe(DBM)3

Quencher
Conc.(m/£)

OO OO0 oo

0.004
0.004
0.008
0.008
0.012
0.012
0.020
0.020

0.0016
0.0024
0.0024

75

Total Stilbene
Conc. (m/g)

0.0500-3
0.0500
0.0010-3
¢.0010
0.0016
0.0016

0.0016
C.0016
0.0016
0.0016
0.0016
0.0016
0.0016
0.0016

0.0016
0.0016
0.0016

Initial
% cis

0
100
0
100
75-3
100

75-3
100
75-3
100
75-3
100
T5-3
100
75-3
75-3
100

Stationary States for the Isomerization of the Stilbenes
<

by Direct Light Absorption (3130 A) in the Absence or

Presence of Quenchers in Benzene-4.

Finzal
% cis

84.740. 4
83.141.0
92.211.2
91.7+1.0
89.640.5
89.440. 1

88.4+0.2
88.4%0. 1
87.9+0.5
87.1+0.5
87.140.2
86.9+0.2
85.310.5
85.6+0. 1

89.8+0. 4
89.5_+_0.2
89.2i0.1

the 3130 A mercury line, the effect of stilbene concentration on the

stationary state is, at least qualitatively, sigrificant.

The ulira-

violet spectroscopic analysis used for the first four runs in Table 20

ruled out the possibility that phenanthrene formation might occur in

-

thc absence of oxygen in scolution.
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THE DISAPPEARANCE OF TRANSIENT(S) FORMED UPON"

DIRBCT IRRADIATION OF THE STILBENES

As is shown in Figure 3 (see also Table 5}, the disappearance.
of the transient obeys first order kinetics at least for the first 70
minutes after irradiation was interrupted. The rate of disappearance
of color appears to increase at the lower concentration of transient.
The initial rate constant for transient disappearance is 5.4 x 10—3
min“I at about 30° {half-life about 128 minutes). The rate constant
increases 10 7.2 x 10-3 min_l at the later stages of the reaction.
This increase might be attributed to experimental uncertainty.

Very gualitative measurements were made to determine the
effect of azulene on the rate of disappearance of the transient(s).
The data were shown in Table 6. Their qualitative nature is mainly
due to the very small concentration of transient formed unde> the
conditions of the experiments involved {see Table 6). As is shown
in Figure 4, the data do not satisfy first order kinetics. FPerhaps
the only meaningful conclusion that should be drawn from these results
is that the disappearance of transient is faster in the presence of
azulene.

The effect of azulene on the absolute concentration of transient(s)

is easily calculated. Since the transient forms only from cis-stilbene,

its concentration should be proportional to the fraction of light
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Fig. 3. Rate of Disappearance of Transient. -
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Fig. 4. Decay of Transient Absorption at 4500 k.
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absorbed by cis-stilbene. Usging the extinction coefficients at 3130 A
{Table 7) and the concentrations of the components of each solution
(Table 20) at the stationary state, it is calculated that in the presence
of azulene 0.59 as much transient{s) absorption should be observed

as is cbescrved in the absence of azulenc. Immediately after jrradi-
ation was interrupted, the observed ratio of optical densities at

4500 A was actually 0.83. The steady state concentration of tran-
sient(s) appears to have increased by 40% when azulene (G.004 M) was
added to Lthe reaclion mixture. Despite the crudity of this measure-

ment, this increase appears to be outside experimental error.

QUANTUM YIELDS FOR SENSITIZED STILBENE ISOMERIZA TION

The results from preliminary experiments are very approxi-
mate, The reaction mixtures for these experiments were not satis-~
factorily protected from diffuse da‘;'light. As a result, an indeter-
minate amount of isemerization occurred prior to irradiation or the
optical bench., The data are shown in Table 21. The values should
be regarded as high estimates (by as much as 50%) of the correct
value.

In the last set of experiments, extreme care was taken to
insure that exposure of the solutions to light was only during the

desired period of irradiation. The data are shown in Tables 24 and 23,
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Table 21. Preliminary Quantum Yields (o) for the Sensitized
Stilbene Isomerization.

Sensitizer Sensitizer Stilbene o
Conc. (m/2) Conc. (m/#) et Peoc

Fluorenone 0.050 0.050 0.4

0.050 0.050-3 0.5
Benzil 0.050 0.050 0.4

0.050 0.050-3 0.5
Benzophenone 0.050 0.050 0.5

0.050 0.050-3 0.5
F'lavone 0.050 0.050 g.4

0.050 0.050-3 0.4
2 -Naphthyl 0. 050 0.08’0 4.5
Phenyl Ketone 0.050 0.050-3 0.4

Table 22. Quantum Yields for the Benzophenone Sensitized
Isomerization of trans-Stilbene in Benzene (grade 2).

Benzophenone trans-Stilbene Conversion .

Conc. {m/£} Conc. {m/2) (%) P e
0.050 0.050-~3 2.39 0.4140.02
0.050 0.030-3 2.39 0.4140.01
0.050 0.010-3 5.14 0.44+0.01
0.050 0.0056-3 5.30 0.4530.02
0.050 0.001-3 8.77 0.48_-!;0.01

The errors reflect only the uncertainty in the vapor phase chromat-

ographic analysis. The Initial content of cis isomer in the trans stock

solution was shown to be 0.09% of the total stilbene concentration,
and the content of trans isomer in the cis stock solution was found to

Le 0.15% of the total.
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Table 23. Quantum Yields for the Fluorenone Sensitized
Isomerization of the Stilbenes in Benzene (grade 2)

Fluorcnone

Conc. {m/2)

0,050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
0.050
¢.050

g.
0.
0.
Q.
0.
0.
0.
. 020
. 010
. 005
. 001

o0 oo

Stilbene
Conc.{m/1)

100
050
050
040
030
030
020

Conversion

(%)

1.21
2,60
L.44
1.88
2.53
1.22
2.28
2,43
3.87
4.74
5,19

&€
t=c

0.42+0. 00
0.44%0. 00

0.43+0. 02
0.43%0.01

2.39+40.01

0.34+0. 00
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The formation and the quenching of stilbene triplet states by
energy transfer were used ir an attempt to elucidate the mechanism
of cis-trans photoisomerization in this system. An important con-
sequence of this study is that it led to a better understanding of triplet
excitation transfer processes.

It was shown that cis-trans isomerization can be effected by
irradiatior of solutions containing cither stilbene isomer in the
presence of suitable energy donors (photosensitizers). Donors were
a series of compounds which after excitation by absorption of light
decay, at least in part, by way of triplet states. In the sensitized
isomerization experiments the lighlL was carefully filtered so that in
most cases it was absorbed only by the sensitizer. Implicit in this
statement is the best argument against the involvement of singlet
energy transfer to account for the results. Even in the few cases
where a small fraction of the exciting quanta absorbed by the sensi-
tizers had sufficient energy to effect the SO—'S1 transition in the stil-
benes, efficient transfer of singlet energy can be rulcd out. After
internal conversion to the O-vibrational level of the lowest singlet
state of the sensitizer, singlet energy transfer to either trans- or
cis-stilbene would be endothermic in all cases by 5 kcal per mole or
more. These arguments suggest strongly that the mechanism of the
sensitized isomerization involves as a key step transfer of triplet

excitations from the excited donors to the stilbenes.
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The behavior ol different sensitizers was characterized by the

determination of the photostationary .cis3)/Ttrans) ratio obtained in

their presence. In most cases this ratio appears to depend mainly

on the triplet state energy of the sensitizer (see appendix). When

the energy of the sensitizer was below 53 kecal per mole ‘he stationary
state was showrn to be a function of the concentration of the sensitizer.
The following mechanism accounts for most of the data. Asterisks

indicate excitec iriplet states.

k
* 1 %
S + trans —T_l— S + trans (1)t
% kz *
8 + cis —— S + cis (2)
* ) ks *
S + cis — S + trans (3)
o k
cis — trans¥ (4)
* ks
trans ————» trans (5)
* kg .
trang ~——— cis (6)

Reactions 1, 2, and the reverse of 1 are of the type commaouly
suggested for energy transfer (50). The excitation and deexcitation
acts in 1 and £ involve the states which are spectroscopically
observed in T 1_’50 emission (phosphorescence) and SO-* Tl absorption.
Occurrence of 4 is suggested by the observation that excitation of

either isomeric stilbene produces an excited state which can be

T Numbers of equations in this discussion should not be confused
with those used in the introduction.
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deactivated to tranc-stilbonc by transfer of clectronic energy to a
suitable acceptor {low cnergy sensitizer or azulene, vide infra}.

The transformation of the cis triplet to a triplet of different
geometry must be fast since the reverse of reaction 2 was not
obscrved even in the most favorable cases.

Reaction 5 is an orcinary radiationless transition. Reaction b
implies that isomerization occurs in the vibrationally excited SG states
farmed by intersystem crossing from the trans triplet. This reaction
is not demanded by the data and will be discussed at some length later.

The most startling reaction in the mechanism under consider -
ation is 3. This process must involve some transformation of the
acceptor that does not conform to the Franck-Condon Principle. This

nonvertical excitation of cis-stiibene is demanded by he dala. cis-

Stilbene is a moderately effective acceptor of energy from sensitizer
triplets which do not have sufficient energy to promote the substrate
to its spectroscopic state.

The dependence of the composition of the photostaticnary state
on the triplet state energy of the sensitizer is shown in Figure 5.
Since results with sensitizers having excitation energies less than
53 kcal per mole are sensitive to the concentration of the sensitizer,
the data plotted are extrapolated valaes for infinite dilution.

If reaction 3 is omitted, the mechanism predicts the following

photostationary condition:
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[cis k k
-5 - 176 (7)
[trans s k, (k5 + k_ll'S]}

The results in Figure 5 obey the condition k5>> k l[S]. Under

tkis condition, 7 reduces to 8 .

[trans_"s T Rk k (8)

Variatior in the stationary state ratio as the sensitizer is changed
should depend on the values of kllk{:.

The SD~* Tl absorption spectra of cis- and trans-stilbene have
beer measured. From the spectra maximum energies for the 0-0
bands of the two isomers are estimated to be 57 and 50 kcals per
mole, respect:lvely.ﬂ= Since energy transfers exothermic by more
than 3-5 kcal per mole appear to be diffusion controlled {(50,51), the
ratio k1/k2 should be unity for sensitizers with excitation energies
greater than about 62 kcal per mole. For these sensitizers the
composition of the stationary state should be determined only by the
decay processes of the stilbene triplets. Figure 5 shows that this

expectation is borne out, since for sensitizers with excitation energies

between 62.4 and 74 kcal per mole, the stationary state is independent

¥ As will be shown later, the chemical evidence presented here
suggests that the 0-0 band of trans-stilbene is actually at 4711 kcal

per mole. If this is the case, then the lowest band observed spectro-
scopiczally is the 0-1 band.
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of the nature of the sensitizer.

One would expect the value of kllk to increase as the energy

2
of the sensitizer is lowered toward, and falls below, 57 kcal per mole.
This accounts for the production of cis-rich mixtures with sensitizers
having excitation energies of 54-62 kcal per mole. If energy transfer
always occurred such that only the corresponding spectroscopic
""planar'' triplet were formed from each stilbene, the value of k1/k2.
should continue to increase as the energy of the sensitizer falls below
54 kcal per mole. However, Figure 5 irndicates that the value kl/k&
apparently decreases for sensitizers with energies below 54 kcal per
mole, increases to a new maximum at about 48 kcal per mecle, and
finally becomes immeasurably small with sensitizers of still lower
energy. Itis suggested that reaction 3. or some other process
requiring less energy that the transition to the spectroscopic cis

triplet, must become important with sensitizers of lower cnergy than

54 kcal per mole. Since the ground state of cis-stilbene is unstable

with regpect to that of the trans isomer by 6 kcal per mole (13}, in

any pair of processes in which the two isomers undergo transitions
to a common state, the reaction involving the cis isomer will be
favored on energetic grounds. Inclusion of step 3 in the mechanism

leads to the rate law shown in equation 9.



89

[cis’ k_k
LCI:’:; 176

——— (9)
ctrans], (k, ¥k, )k +k_ [87)

With high energy sensitizers, kj and ka, the rate constants
for energy transfer with vertical excitation of the accepzor, have the
magnitude for diffusion-controlled processes and are larger than k3.
The value of kz falls off as the excitation energy of sensitizers
approaches and falls below the SO—' Tl excitation energy ofﬁ-stﬂbene.
As the energy of the sensitizers is lowered further, the value of kl
decreases. Since k3, the rate of transfer with nonvertical excitation
of cis-stilbene, depends on factors other than the speciroscoplic
cxcitation energy of the acceptor, kll(kz+k3) may be small with low
energy sensitizers.

The appearance of a new maximum at about 48 kcal per mole
needs to be explained. The sudden increase in the value of kl(}ca+k3)
in this region cannot be easily reconciled with a 0-0 bana for the trans
triplet at about 50 kcal per mole. Itis therefore suggested that

because of Franck-Condon factors, the 0-0 band of trans-stilbene

triplet has not been observed spectroscopically. The energy differ -
ence between successive vibrational levels in the trans triplet can

be estimated from the vibrational structure of the SO** T1 absorption
specirum of trars-stilbene to be about 4 kcal per mole (11, 12). Thé
lowest energy bands observed speclroscopically are at 49.5 (12) and

50.8 (11) kcal per mole. If these values represent the 0-1 absorption
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band, then a 0-0 band at 47+1 kcal per mole would fit in the observed
vibronic progression within experimental urcertainty. The ration-
alization of the maximum at 48 kcal per mole in Figure 4 can now be
based on the reasonable hypothesis that the rate of energy transfer
from donor to acceptor first falls below the value for a diffusion
controlled process when the excitation energy of the donor is less
than the energy separation between the 0-vibrational level of the
ground state and the l-vibrational level of the triplet state in the
acceptor. Experimental evidence in other acceptor-donor pairs
supports this assertion, since it is generally found that the magnitude
of rates of energy transfer first starts to drop when the process is
still exothermic by 3 to 5 kcal per mole (50,51). To complete the
argument, it is required that the rate of energy transfer again approach
the diffusion controlled magnitude when the 0-0 bands of acceptor and
donor match perfectly in energy. Itis perhaps highly significant

that the above considerations, when applied to cis-stilbene as the

cnergy acccptor, predict the minimum in Figurc 5at 57 keal per mele,
If the interpretation of the curve in Figure >is correct, it _eads to

the first example of the assignment of vibrational structure in spec-
troscopic states using photochemical means. Photochemists have
realized for some tirme that spectroscopic dala lead o information
about excited states which is vital to the intimate understanding of

the mechanisms of photochemical reactions. Notice is served to
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spectroscopists that the photochemical data presented here indicate
that the reversc of this statement may also be true.

Levy and Szwarc (52) have noted that a good correlation exists
between methyl affinities of aromatic hydrocarbons and their respec-
tive singlct-triplet excitation energics. They have pointed oul that
it may be possible to predict the triplet state excitation energy of
aromatic molecules from their reactivity toward methyl »adicals.

[t is very pleasing that the preciction of the singlet-triplet excitation

energies of ¢is- and lrans~stilbene using their respective methyl

affinities is in precise agreement with the values precicted by the

preceding analysis of Figure 5. Pertinent data are given in Table 24.

Table 24. Methyl Affinity Correlation with Triplet State
Energy (52, 53)

Methyl Affinity #_(kcal/mole)
o T
(85°)

Benzene 1 84.4
Biphenyl 5 65.4
Naphthalens 22 60.9
cis-Stilbene 47 (57)
Chrysene 58 56.6
Pyrene 125 48,5
trans-Stilbene 183 {47.7+1)
Benzanthracene 468 47.3
Anthracene 820 42.5

On the high energy side of Figure 5, where sensitizer energies

can be accurately determined from their intense phosphorescence
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spectra in hydrocarbon glass at 77°K, the points fit the curve with
remarkable precision. Ir fact, the curve should be useful in the
estimation of energies for donors whose phosphorescence spectra
have not been observed. In the course of this study, some apparent
deviations from the curve have been found. Noted among these
Ceviations were those of o- and B-naphthil. Careful study of the
vhosphorescence spectra of these two sensitizers revealed the
presence of two stereocisomeric triplet..s in each case (54). Since the
stereoisomeric triplets had cifferent 0-0 band energies in their
respective phosphorescence spectra, and sirce they were both capable
of transferring energy to the stilbenes, the stationary states merely
retlected the fact that cffectively two sensitizers were being quenched
by the stilbenes rather than one (as had been previously assnmed).
It is hoped that other deviations from the curve, when found, may
initiate studies which, as in the case of the naphthils, will lead to
a more intimate description of sensitizer triplet states.

The phosphorescence spectra of some of the sensitizers
measurec in EPA glass (diethyl ether, isopentane, ethanol; 5:5: 2
by volume) show pronounced blue shifts relative to corresponding
spectra in hydrocarbon glass (methylcyclohexane, isopentane; 5:1
by volume) (both at 77°K). For example, the 0-0 band of the phos-
phorescence spectrum of bernzil is at about 61 kcal per mole in EPA

and at 53.7 kcal per mole in hydrocarbon glass (54). The corresponding
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shift in 2, 3-pentanedione is from 57. 8 in EPA to 54.7 kcal per mole
in hydrocarbon glass. Examination of Figure 5 indicates that if this
solvent effect were to manifest itself in solution at room temperature,
it would be reasonable to expect that the benzil and the 2, 3-pentane-
dione sensitized stilbene isomerizations would lead to drastically
different photostationary states in different solvents. Such a solvent
effect was not observed experimentally. As is shown in Table 25,

the stationary states vary orly slightly in the threc solvents uscd.

Thte lack of significant variation in the photostationary states leads

Tahle 258. Solvent Effect on the Sensitized Stilbene Isomerization.

Sensitizer Solvent T(°C) % cis at
FP.S8. State

2,3~Pentanedione n-Ileptanc _ 28 91 il
Benzene 28 &87. 5j-_1
EPA 28 91 ¥l

Benzil n-Heptane 28 95 +1
BRenzane 28 91 _'}:1
EPA 28 93 *1

to a very important conclusion. It appears that to a first approximation
only the acceptor -donor pair need be considered in describing the
energy transfer process. This lends further support to the inference
that triplet energy transfer occnrs only when the acceptor and the donor

are nearest neighbors in soiution.
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The fact that sensitizer concentration effects obey equation 9
(see Fig. 6) implies that transfer of energy to either stilbene

produces an electronically excited species which can transfer energy

to sensitizer molecules in their ground state. This point needs
cmphasis, since there is a school of thought which, especially in the
case of sensitizers with lower energy, would prefer a mechanism for
the sensitized isomerization involving the intermeaiary of an adduct
diradical beiween sensitizer and either stilbene (55). This mechanism
involves the reversible formation of a o-bond between the sensitizer
and the stilbene and does not include an elecironically excited stilbene

state in the scheme. Itis shown ir the equations below starting with

trans-stilbene.

H A
:H‘ o k € L / /
s " 4 :
s 4 H 10 . ..,\/ or r_{“r;" (10)
) H o (7'/
S H j
. -S"%\"
H
k H o
P H
k__ H H
1 T S+ e (12}



Fig. 6. Sensitizer Concentration Effect on
Stilbene Isomerization.
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Additional evidence in favor of the intermediacy of ‘electronic-
ally excited stilbenes was provided by experiments in which azulene
was included in the reaction mixtures. Since there is reason to
believe that azulene has a very low energy triplet state, it was expected
that its presence would be reflected in an alteration of the pholo-
stationary state composition of the stilbenes because it should be a

very effective quencher of the trans triplets according to reaction 13.

A %
trans + Azulene ——= trans + Azulene (13)

Data for various azulene concentrations fitted the stationary state

“law 14, which includes equatiorn 13 in the mecharism. As shown in

oy ; - 1 A=z

l,1.1‘:11':15.]5 ) (kz+k3)(k5+k_1f5_l + kl?’LA?J (14)
e -

[C'I&‘S' klké

Figure 7, the azulene effect was observed irrespective of the energy
of the sensitizer. Clearly, atleastin the cases shown in Figure 7,
all energy transfer processes produce long-lived stilbene triplets
which are quenched by azulene with the inevitable praduction of ground
state frans-stilbene. This observation unequivocally demonstrates
that reaction 3 does not deliver excitation to cis~stilbene as vibra-
tional {thermal) energy. Esxcept in the cases of eosin and 9, 10-dibro-
moanthracene, an excellent argument against the exclusive operation

of the adduct diradical mechanism in the remaining cases is the
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Fig. 7. Azulene Concentration Effect on
Stilbene Isomerization.
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extreme sensitivity of the stationary states to the energy of the
sensitizers. It should be pointed out that the above arguments do not
apply against a mechanism in which the diradical can break up to

give electronically excited states. In view of the fact that with almost
all energy donors used in this work no adduct between the stilbenes
and each donor could be detected, a diradical which would be an
intermediate in equilibrium with excited states would merely be an
unsatisfactory description of the energy transfer process.

The data in Figures 6 and 7 require further comment. Exam-
ination of equation 14 shows that the ratio of the slope to the inter-
cept for the lines in Figure 6 should give k-llk5 and that the same
ratio for the lines in Figure 7 should give k13/k6, provided the
condition k_l':S] << k5 holds. These ratios are shown in Tables 26
and 27, along with maximum (rather than average) experimental
deviations. As required by the proposed mechanisms, the value of

Table 26. Extent of Reversibility in Energy Transfer with Various
Sensitizers.

Sensitizer ETa 2 L /kSXIO-Z(f /mole)
(kcal/mole) Average Maximum Minimum
8 -Acetonaphthone 59.3 0
9-Fluorenone 53.0 0
1, 4-Duroquinone 51.7(?) 0.10 0.19 0.03
1,4-Benzoquinone 50.0(? 0.37 0.51 0.25
Pyrenc 18.5 0.14 0.18 0.08
1,2-Benzanthracene 47.3 0.52 ? 0.52
Benzanthrone 46(7) 1.7 2.5 1.3
Acridine 45.3 0.87 1.05 0.80
3-Acetylpyrene 45.3(7?) 0.88 1.12 0.74

a. See appendix for references to triplet state energies.
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Table 27. Relative Rate of Quenching of trans Triplet with Azulene.

Sensitizer ET k13/k5x10—2' (£ /mole)
(kcal/mole) Average Maximum Minimum

Benzophenone 68.7 1.2 1.3 1.1

9, 10-Anthraquinone 62.4 1.4 1.6 1.2

Benzil 53.7 1.2 1.7 0.8

g-Fluorenane 53.0 1.4 1.6 1.3

Benzanthrone 46(7) 1.3 2.3 0.8

1(13/k5 is independent of the energy of the sensitizer within experi-
mental error. This indicates that azulene is seeing the same stilbene
triplet{s) all along the curve in Figure 5. From Table 27, a best
value for k 13/k5 is 1.3 x 102. Since it has been shown that both
benzophenone (50b) (ET = 68.7) and anthracene (56) (ET = 4¢2) triplets
are quenched by azulene at the diffusion controlled rate, it is very
probable that k13 has the magnitude for a diffusion controlled process
also. By dividing the values of ]«f_l /kb in Table 25 by 1.3 x 10&, we
obtain L _1/k13, which should be a measure of the deviation of k-—l
from the diffusion controlled rate. In Figure 8, the values of

2 1/k are plotted against sensitizer energy. The point for 1,4-

13
benzoquinone is not included in Figure 8 because in this case the
result is complicated by the presence of ground state complexes
between 1, 4-benzoquinone and the stilbenes (see experimental). The
arguments which were used to explain the appearance of the second

maximum at 48 kcal per mole in Figure 5 lead to the prediction that

Figure 8 should show a maximum when the sensitizer triplet state
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Fig. 8. Relative Rates of Quenching of
trans Triplet
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energy matches the 0-0 band in the emission spectrum of the trans
triplet. Such a maximum occurs at about 46 kcal per mole. That

the maxima in Figures 5 and 8 should not coincide exactly in energy
is not unexpected. The observation is in agreement with the fact that
often the lowest energy transitions in absorption and emission spectra
of molecules do not coincide when measured under identical conditions.
In such cases, the lowest energy band in the absorption spectrum is
found at higher frequency than the corresponding band in the emission
spectrum (57). It appears that the trans triplet assumes a slightly
different, less energetic, configuration between the time that it is
produced and the time that it returns energy to an acceptor.

Since stilbene triplets transfer electronic excitation to either
azulene or low energy sensitizers with the inevitable production of
ground state trans-stilbene molecules, the intermediacy of a relatively
long-lived triplet having a transoid configuration is demanded. The
available data, however, do not exclude the possibility that some other
triplet with non-cisoid configuration is involved. As was previously
suggested (see 1'.ntrocluc’cion)f the presence of such a triplet may
account for the effect of temperature on the quantum yields of fluor-
escence and isomerization of trans-4-bromostilbene (12). The
presence of this '"phantom'' triplet is also made reasonable by con-
sideration of the apparent lifetime of the trans triplet. This quantity

can be estimated from the results in Table 27. As has been pointed
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out, since energy transfer from anthracene triplets to azulene is
diffusion controlled (56), it is likely that the more exothermic energy

transfer from the trans-stilbene triplet to azulene is also diffusion

controlled. Probably a good estimate for the magnitude of kl is

3
10 -1 -1 . .
100 sec = £ mole ~ (56). Since k /k5 = 130 4 / mole, it follows

13
7 -1 e . .
that k5 =8x 10" sec . The apparent lifetime of the trans triplet,
-1 -8
(k5 + k()) , is thus less than 10 sec. This value is several orders
of magnitude smaller than even the smallest experimentally deter -
mined lifetimes of other aromatic hydrocarbons (58). It indicates

that the species observed by McCarty and MacLachlan (59) in double

flash experiments of trans-stilbene in cyclohexane solution was

incorrectly identified as the trans triplet . (This species had a mean
lifetime of 40 m sec.) The absence of phosphorescence from olefins
has been explained by Potts (60). This author pointed out that at
least for compounds which are closely related to ethylene, Mulliken's
calculations (24) indicate that the potential energy surfaces of the
ground state and of the lowest triplet state intersect when the double
bond is twisted by an angle of about 60°. Through this intersection,
intersystem crossing into the ground state may be extremely rapid.
If a perpendicular triplet is involved in the stilbene case, it must be
in equiiibrium with the trans triplet at room temperature and thus

close to isoenergetic with it. Steps 15-17 would be included in the
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t B e p.,. (15)
p — ot (16)
p —— s ¢ (17)

mechanism for stilbene isomerization. Inclusion of these steps leads

to the prediction that the ratio of slope to intercept for the lines in

k
. 15
i 1tok + —=
Figure 7 is equal to 13/(k5 m . k16
potential energy surfaces for the ground singlet state and the lowest

t k_.
) rather than k13/ 5 If the

triplet state of the stilbenes cross in the region of 90° of twist about
the double bond, Potts' argument leads to the prediction that
>> k_.
K1677 X5
The potential function for twisting about the central bond in the

lowest stilbenc triplct statc might look as is shown in Figure 9. The

two possible nonvertical transitions of cis-stilbene are indicated by

wavy arrows and the spectroscopic transitions by straight arrows.
The two triplets, if present, probably should each decay to

either trans- or cis-slilbene with different efficiency (that is,

klé/kl'? £ k5/k6). Since different equilibrium compositions of

trans and ""ohantom' triplet should exist at different temperatures, a
difference indecay ratios for the two triplets will be reflected in
dependence of the photostationary states for different sensitizers on

the temperature. As shown in Table 28, this expectation was realized

experimentally. The [cis]/[trans] ratio at the stationary state
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Fig. 9. Potential Function for Rotation in
Stilbene Triplet States.
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Table 28. Temperature Effect on Photostationary States.

ipl - - 1 -1
Semsitizer  Temp.  [C] /M1, (TC1,/T1 )o(TCT /711 )
Ave. Max. Min. Ave. Max. Min.
B enzophenone 28 1.48 1.46 1.50 1.16 1.21 1.12
59 1.72 1.68 1.76
4-Acetylbiphenyl 28 1.85 1.89 1.81 1.18 1.26 1.12
59 2.19 2.11 2. 48
2-Acetylfluorene 31 1.92° 1.96 1.88 1.12  1.16 1.09
59 2.16 2.19 2.14
8 ~-Naphthyl 31 2.73 2.80 2.68 1.13 1.20 1.06
phenyl ketone 59 3.10 3.22 2.98
9-Fluorenone 28 6.25 6.42 6.09 1.39 1.50 1.30
59 8.71 8.34 9.11

increased by 12 to 40 per cent when the reaction temperature was
raised by about 30°C. This effect can be accounted for by a mech-
anism involving the "phantom'' triplet if it is assumed that the decay

ratio of thies triplet favors cis-stilbene more than the decay ratio of

the trans triplet, and that the '""phantom'' triplet is slightly more
energetic than the trans triplet. It should be emphasized that if the
"phantom'' triplet is included in the mechanism, reaction 6 is no
loﬁger demandcd. Rcaction 6 would be considered a possible process
if upon isoenergetic inter system crossing from the trans triplet, the
excited grqund state produced has a greater energy content than the
transition state for the thermal isomerization of the stilbenes.
Provided this condition is satisfied, then it is likely that the initially
formed excited ground state will explore all ground state geometries

in attempts to find suitable routes for radiationless deactivation.
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Unfortunately, it is not possible to reach at this time any definite
conclusions regarding the plausibility of reaction 6. As has been
pointed out, a minimum energy for the trans triplet is 46 kal per
mole. This vaiue is bracketed by the two available independent
measurements of the transition state energy for the thermal isomecr-
ization of the stilbenes, 48 (21) and 43 (20) kcal per mole, respec-
tively.

That the observed temperature effect must be reflected in the
decay process rather than in the excitation stcp is fairly certain.
For all the sensitizers in Table 28, energy transfer to trans-stilbene
is exothermic, and, except in the case of fluorenone, it should be
diffusion controlled. Except for benzophenone, energy transfer from

the sensitizers to the cis-isomecr has beccome rclatively incfficient

as reflected by photostationary states which are richer in cis-stilbene.
Thus, if significant activation energies were involved in the excitation
steps, they should be greater for the excitation of the cis-isomer.
This predicts that at higher temperatures the stationary states should
become richer in trans-stilbene. This is contrary to the results in

Table 28. The result for fluorenone is especially significant. This

sensitizer does not possess the energy necessary to excite cis-

stilbene to the spectroscopic cis triplet. In this case, if reaction 2

were important, the excitation of cis-stilbene should have a sig-

nificant activation energy. Such an activation energy is not reflected
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in the measurements made, a fact which lends further support to the
involvement of nonvertical excitation of cis-stilbene to either the
trans or the ''phantom' triplet. Actually, it appears that with

fluorenone,raising the temperature increases the cis content of the

stationary mixture to a greater extent than would be expected from

the temperature effect attributed to the decay process. The fact that
the point for fluorenone is below the first maximum in Figure 5
indicates that the rate of energy transfer to trans-stilbene, kl’ is less
than diffusion controlled for this sensitizer. If the activation energy

for the nonvertical excitation of cis-stilbene is smaller than the

activation energy for the excitation of trans-stilbene, fluorenone will
behave at the higher temperature more like a high energy sensitizer
(say benzil). The results in Table 28 indicate this to be the case.
Two other mechanisms which might explain the effect of tem-
perature without the involvement of a ''phantom’’ triplet should also
be mentioned. The first is merely the mechanism given by equations
1 to 6. Within the framework of this mecchaniem, one can account for
the temperature effect if it is assumed that the decay of the trans
triplet, steps 5 and 6, is activated. It can be easily shown that if
the activation energy for step 6 is greater by 1 kcal per mole than
that for step 5, the [(_:_ifj_/[tl‘ans] ratio at the stationary state will
increase by 15 per cent on raising the temperature from 28 to 59°C.

The second mechanism involves the assumption that the activated
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process is in the interaction of ground state stilbene molecules with

the trans triplet in steps such as shown in equations 18 and 19. Such

% x
trans + trans  =——2= excimer (18)
*
excimer ———> 2 trans (19)

a mechanism has been proposed (5) as an explanation for temperature
effects (2) observed in the unsensitized photoisomerization of the
stilbenes. That the overall process described in steps 18 and 19
occurs in the sensitized isomerization has been established. | The
evidence will be discussed later. Use of this scheme to explain the
results in Table 28 is made particularly attractive because it has

been reported that the benzophenone sensitized isomerization of the
stilbenes using very dilute solutions (in which decay of the trans triplet
by interaction with ground state molecules should be negligible) is not
temperature dependent (29b). However, the stationary state at
infinite dilution of stilbene in the presence of benzophenone is
[cis]S/[trans]S = 1.60 (61). The maximum temperature effect that

can be accommodated by the mechanism which assumes (as a first
approximation) that only steps 18 and 19 are temperature dependent
cannot lead to stationary ratios greater than 1.60 for the benzophenone
sensitized isomerization. At best, at the higher temperature the
equilibrium in step 18 will overwhelmingly favor the left side and

the same stationary state as is obtained at infinite dilution would

result. Since the observed ratio for the benzophenone sensitized
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isomerization at the higher temperature is at least 5 per cent greater
than this limit, steps 18 and 19 cannot be the only activated processes
involved. The data.presentedhere predictthatthe stationary state for the
sensitized isomerizations will be temperature dependent even at
infinite dilution. Reports to the contrary are puzzling and should be
checked.

If the mechanism for the sensitized isomerization of the stilbenes
were given by equations 1 to 6 and interactions of triplet states with
ground statc molccules, such as shown in equations 18, 19, and the
reverse of reaction 1 were not important, then a study of the trans to

cis and the cis to trans quantum yields for the stilbenes should pro-

vide a quantitative measure of the quantum yields of intersystem
crossing for the various sensitizers. As is shown by equations 20

and 21, the sum of the quantum yields equals f, the sensitizer inter-

1 K5tk (1 ko2 ) (20)
Qt"c f 1{6 kl[trans]
G - kiké U +:2)T: 57 ) 21
ot 5 2 N LEE

system crossing yield, provided no quenching process of sensitizer

triplets, equation 22, is competing with quenching by either cis or

%
S ———= S+ E (22)
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trans stilbene (i.e., kl[trans] and (k)+k3)[ci__s]>> k

).

Furthermore, if the above conditions are satisfied, the ratio

3
“

of the quantum yields should predict the photostationary state for
high energy sensitizers (i.e., it should depend only on the rate con-
stants for decay of the stilbene triplets).

Preliminary quantum vyields were measured in this work. These
were checked and extended by Dr. D. Cowan (61). Selected results
for the benzophenone sensitized isomerization are shown in Table 29.

Table 29. Quantum Yields for the Benzophenone Sensitized
Isomerization of trans- and cis-Stilbene in Benzene.

Benzophenone Stilbene Qa,c b a,c
conc. in m/{ conc. in m/4 toc Qt—*c Qc—*t
0.100 0.050 0.41
0.05k0 0.100 0. 35
0. 050 0.44 0.41 0.38
0.030 0.41
0.025 0.44
0.010 0.44
0.005 0.45
0.001 0.47 0.48 0.37

a. Results by Dr. D. Cowan.
b. This work.
c. Benzophenone used in these runs was zone refined.

The experimental uncertainty in individual entries in Table 29
varied between 2 and 5 per cent. The reproducibility of independent
experiments was also in the range of 2-5 per cent. Dr. D. Cowan's

values are in general the more reliable of the two sets, but the

agreement between his values and those from this work is satisfactory.
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Examination of Table 28 shows that the ratio of the quantum
yields does not predict the photostationary state. Furthermore, it
appears that whereas the cis~trans quantum yield is independent of
the concentration of stilbene, the trans—cis quantum yield increases
as the concentration of stilbene is decreased. Clearly, some inter-

action between ground state trans-stilbene molecules and trans triplet

must serve to decrease the rate of isomerization at the higher stilbene
concentrations. This concentration effect, if real, should also be
reflected in the photostationary states. It was found that with 0.05 M

benzophenone, the [cis]/[trans] ratio at the stationary state increased

from 1.43 to 1.59 (61) when the stilbene concentration was 0.05 M

and 0.001 M, respectively. This is in agreement with the ratio of

1.6 reported for very dilute stilbene solutions (~ 10‘41\/1) (29b). The
effect found, however, is smaller than expected if trans-stilbene
ground state were the only quenching agent. Apparently, sensi;tizer
ground states are also effective in quenching the trans triplet to ground
state trans -stilbene. Experimentally, this is verified, since it was
found that in general trans~cis quantum yields determined in the
presence of higher concentrations of sensitizers are lower (vide infra
and Table 29).

If equations 243 and 24 are included in the mechanism, the following

£
> excimer -———> 2 trans (23)

%k
trans + trans

* *
trans + S ——= (S -trans) > trans + S (24)
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relationships may be derived for sensitizers with triplet state energies

greater than 62 kcal per mole (i.e., such thatk, =0, k, << kl[t]

1
r -k ).
or kz_c] and kl kz)
1 1 k +k, +k._[t]+k_ [S 25
S W R TET) ( 5T, 5t 24[ D (25)
tre 6 24
(11 = Kotk (26)
c—t fk5
2
= K (l_+K _kz3[°]s{(k5+k6) "k5kz4rsl}
s 1 65 6 (k +k, +k,, TST) ]
- r
[t ]S k5(k5+k6+kz425])

(27)

In the absence of quenching steps, 23 and 24, the stationary

state is [cis]s/[transl = k6/k5 = 1.60. It follows that the maximum

trans—cis quantum yield should be given by equation 28. This quantum

Q =1.60Q = 0.58 (28)
c—t 7

t-c

yield should be attained as the concentrationsof sensitizer and trans-

stilbene approach zero. The trans—cis quantum yield for [S]=0.056 M
and [t] = 0.001 M should reflect only effects of the concentration of

the sensitizer. Using the observed value (0.48) and equation 25,

and assuming that k24 >> 0.02 k23’ we get equation 29. From
1 1 k +k, 05k 29
0.48 ~ f(k,-.05k )<5 6 24 9
: 6 24

equations 29, 30, and 31, we can calculate k24/k6 =2.4 M—l,
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f=2.60Q  =0.95 (30)

k6=1,60k (31)

Using equation 27 and the dependence of the [cis i/[tra.ns]‘s ratio
-1

on the concentration of stilbene, the ratio k2.3/k6 =2.3 M  can be

obtained.

An independent check of the values of k24/k6 and k23/k6 can

now be made. Equation 27 can be used to calculate the trans—cis

quantum vyield for 0.050 M benzophenone and 0.050 M trans-stilbene.
The calculated value, 0.45, agrees well with the experimental 0.44.
Although these results are promising and present strong evidence

in favor of processes such as are shown in equations 23 and 24, more
work should be done to document these phenomena more precisely.

and k_ . /k, do not satisfactorily predict the

i k
The ratios of k23/ 6 21/%¢

trans—cis quantum yield for 0.10 M benzophenone and 0.050 M trans-

stilbene (calculated value using equation 25 is 0.37, observed is 0.41),
and it is possible that a more detailed study in this area will either
remove the discrepancy or lead to a better theory for the explanation
of the results.

Equations 43 and 24 were neglected in the treatment of the data
in Figures 5, 6, 7, and 8. This simplification is justified since it
wae shown that their inclusion in the mechanism does not in any way

affect the conclusions reached. The values for the ratios of rate
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constants shown in Tables 26 and 27 are not affected to a degree
greater than the indicated experimental uncertainty.

It should be pointed out that if the results of Fischer and Malkin
are taken at face value, one is forced to the conclusion that reaction
24 cannot be important. This follows from their contention that the
stationary state for the benzophenone sensitized stilbene isomerization
is independent of the concentration of benzophenone. A discrepancy
befween Fischer's results and those presented here has already
been pointed out in the discussion on temperature effects. Until at
least that discrepancy is removed, it is felt that other of Fischer's
results may also be considered questionable.

The possibility that the concentration effects observed are due
to the introduction of quenchers which are present in trans-stilbene

and benzophenone as impurities is not likely. The results indicate
k k

that A3 13, 50. To obtain the minimum quencher concentration
k2.3 k24

that will accommodate the results, it is assumed that this quencher
is as effective An acceptor of energy from trang triplets ag azulene
(probably by a diffusion controlled process). Then if, for example
in the case of benzophenone, a proportionality is assumed between
quencher concentration, [Q], and sensitizer concentration, [S],
we cén calculate the fraction of quencher as shown in equations

32 to 36. Two per cent impurity content in either the benzophenone

or the trans-stilbene used for the experiments in question is not
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Q] = «als] (32)
kZ.l = kqoz = kbo/ (33)
I |

19

— = 50 (34)
21

k

_B o 50 (35)
K Y

13

o = 0.02 (36)

acceptable (see experimental for purification of these compounds).

It should be pointed out that even if impurities were present it would

be improbable thal they would possess triplet states lower than 50

kcal per mole, and thus would not be expected to be effective quenchers
of the trans triplet.

A possible quenching process which cannot be ruled out at this
time may involve a transient photoproduct of the sensitizer. For
example, in the case of benzophenone, such a product may be di-
hydrofluor enone (se‘e (62) for analogous reactions).

Steps such as shown in equation 23 have been reported as being
of importance in the decay of chlorophyll triplets (63). However,
in this case the possibility of quenching by impurities in the chlorophyll
could not be ruled out.

The approximate expressions 20 and 21 indicate that for sensi-

tizers with short lifetimes, it should be possible to observe a decrease
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in the quantum yields for isomerization as the concentration of stilbene
is decreased. Provided kZZ is large, the condition kzz = kl[trans]
might hold for stilbene concentrations sufficiently large to permit

the experimental determination of quantum yields ([trane]=> 0.001 M. )

The trans—cis quantum yields for fluorenone (Table 30) are in accord

——————

Table 30. " trans—cis Quantum Yields for the Fluorenone Sensitized
Stilbene Isomerization in Benzene.

9-Fluorenone Stilbene

conc. in m/¢ conc. in m/# Qt—’c Qc-’t
0.100 0.050 0.41% 0.23%
0.050 0.100 0.41 0.25
0,050 0.44
0.040 0.42
0.030 0.43 0.21
0.020 0.39
0.010 0.33 0.20
0.005 0. 40
0.001 0.28

a. This measurement by Dr. D. Cowan (61).

with this prediction. Interestingly, the values for the quantum vields
appear to decrease at the two concentration limits. Presumably, at
the highest concentration quenching of trans triplet by ground state
trans-stilbene is occurring, whereas at the lowest stilbene concen-
trations radiationless décay of the fluorenone triplets competes with
energy transfer to trans-stilbene.

It was initially hoped that use of equation 20 and data such as
shown in Table 30 would permit the evaluation of relative radiationless

decay rates (kZZ) for various sensitizers. Unfortunately, complications



117

involving quenching of the trans triplet by ground state molecules

make trans-stilbene a poor candidate for studies of this type. Since

the cis— trans quantum yield is apparently not sensitive to processes
such as shown in equations 23 and 24, equation 21 is probably exact
and should be subjected to experimental test.

A very important result of the study of cis~trans quantum yields
was given by equation 30. The calculated intersystem crossing
quanium yield for benzophenone is 0.95.

This value checks exactly with that predicted by the quantum

yields of the benzophenone sensitized isomerization of cis- and trans-

1,2-diphenylpropene (64), and is not much different from unity, the
value estimated from independent studies (65).

As shown in Table 31, the quantum yields of stilbene isomer-
ization for several other ketones are sufficiently similar to those found
Table 31. Quantum Yields of Sensitized Stilbene Isomerization

in Benzene.?®

Sensitizer Conc. Stilbene Q Q

m/4 conc. m/{ e et
Benzophenone 0.05 0.05 0.44 0.37
Acetophenone 1.0 0.05 0.40 0.37
Fluorenone 0.05 0.10 0.41 0.23
Michler's ketone 0.10 0.05 0.42 -
4-Methylbenzo- 0.05 0.05 0.42 -

phenone

‘a. Values determined by Dr. D. Cowan (61).
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for benzophenone to suggcst that they all intersystem cross with high
efficiency. Approximate quantum yields for three more ketones,
benzil, flavone, and B-naphthyl phenyl ketone, are also in the range
of 0.3 to 0.5 for both processes.

The guantum yield measurements provide an additional con-
vincing argument against the possibility that the nonvertical excitation
of cis-stilbene merely involves transfer of vibrational energy. Since
the trans- cis quantum yields for fluorenone (Table 30) for high stilbene
concentrations are practically identical with those found for benzo-
phenone, it is expected that the maximum cis~ trans quantum yield

for fluorenone will be 0.37. The guantum yield for 0.01 M cis-

stilbene in benzene is 0.20. This value makes it possible to calculate

that cis-stilbene is more active than benzene as an energy acceptor

by at least a factor of 1000. This estimate of relative reactivities is
based upon the hypothesis that radiationless deactivation of fluorenone
triplets is due entirely to transfer of vibrational energy to individual
benzene molecules. It probably vastly underestimates the special
role éf cis-stilbene as acceptor of energy (66).

The possibility that the information which has resulted from
this study can lead to a better understanding of the mechanism of the
unsen.sitized stilbene isomerization will be examined now. Several
discussions of this mechanism have appeared in the literature recently,

and the spectroscopic and photochemical data have received various
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interpretations (see introduction). One point about which there seems
to be universal agreement is that the isomerization does not occur

in the first excited singlet states. By default, therefore, triplet
states have been usually proposed as the intermediates. In this study,
the behavior of the stilbene triplets was studied and the fact that
isomerization can occur by way of the lowest triplet states seems to
have been unequivocally confirmed. Although absolute proof for the
involvement of triplet states for the isomerization under conditions

of direct irradiation is still lacking, several considerations make

this hypothesis very attractive.

The "natural'' decay ratio of stilbene triplets has been shown to
be [_c__:i_s_i_]/[trans] = 1.60. If it is assumed that the quantum yield for
intersystem crossing is unity for both stilbene isomers, then the
stationary state for irradiation with monochromatic light of wave-

length A should be given by equation 37,

l:—C-i—:s"-:ls e:1:
Teans] ~ 1+ ©° ( :")h (37)

where et and ¢ are the extinction coefficients of trans- and cis-
c rans-

stilbene, respectively, at the wavelength in question. Observed and
calculated stationary states for irradiation with the 3130 A mercury
line are shown in Table 32. The agreement between calculated and
observed values is excellent. It should be pointed out that the con-

centrations used for the measurements in Table 32 are sufficiently
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Table 32. Photostationary States for the Stilbenes (3130 fi).

Stilbene Solvent et/ec % cis at Stationary State

conc. m/f at 3130 A obs. calc. Ref.

1x107° n-Hexane 93.0 10

4x10-5 Isohexane 93.0 18
Isobctane 7.2 92.0 7

1.6x107> Benzene 5. 83 89.7 90.3 This work

low to render contribution by process 20 to the stationary state neglig-
ible.

A unique feature of the unsensitized isomerization is the forma-
tion of an orange transient from cis-stilbene. This transient has been
shown to react with oxygen with the subsequent formation of phenan-
threne (3) and to revert thermally to cis-stilbene in the absence of
light. It bhas been postulated that it is the dihydrophenanthrene (DHP)

shown in equation 38.

Confirmatory evidence for the formation of this species was
obtained independently in this study (see experimental). At 30°C the
decay of the species was first order and its mean lifetime was cal-
culated to be 185 min. Assuming a minimum cxtinction coefficient

3 : o
(107) for its absorption maximum (4550 A), its maximum photo-

ol
stationary state concentration achieved upon irradiation with 3130 A
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light of either cis- or trans-stilbene (0.050 M in benzene) was

-4
estimated to be 8 x 10 M. 1Itis very likely that the transient has
a lower triplet state energy than the trans triplet. If so, it should

affect the [cis]/[trans] ratio of stilbenes at the stationary state by

serving as an electronic energy acceptor. Reactions 39, 40, and 41

< %
trans + DHP ———= trans + DHP (39)
DHP ———= cis (40)
¢ *
DHP > trans (41)

are likely. Their consequence would be to increase the [trans]/[cis]

ratio at the stationary state (essentially the azulene effect) and to
keep the steady state concentration of transient low. Clearly, the
interference of the dihydrophenanthrene intermediate should be
maximized by increasing the total stilbene concentration and lowering
the reaction temperature. Since, despite its long lifetime in the dark,
the steady state concentration of transient is very small, there must
exist photochemical paths for its destruction. Steps 39 and 40 should
become important when its concentration approaches and exceeds

10_3 M. Provided the triplet state of the transient is lower than that
of the trans triplet, such a concentration effect is demandgd by the
results with azulene. That the transient is not formed by way of
stilbene triplets was conclusively shown, since its absorption spectrum
was not observed in experiments with seﬁsitizers. For this reason,

equation 41 is considered a very likely path for the fate of triplet
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dihydrophenanthrene. The possibility that equation 42, followed by
b3 %
S + DHP ——— S + DHP (42)

equation 41, is responsible for the failure to detect the transient in
the sensitized experiments is not tenable. Equation 39 could be at
best diffusion controlled. Since most of the sensitizer triplets would
still be quenched by stilbene ground state molecules, equation 42
could not become important in the absence of a detectable amount of
dihydrophenanthrene. The possibility of destruction of the transient
by means of singlet energy transfer from the sensitizer, although
real, is probably not a sufficient reason for the failure to detect it
in the presence of sensitizers. Singlet energy transfer from trans-
stilbene should also be possible in the unsensitized irradiation, and
yet transient formation under the latter conditions is detected.

Thus, assuming a triplet mechanism, the results presented here
lead to the expectation that the stationary states for the unsensitized
isomerization of the stilbenes should be dependent upon the stilbene
concentration for two reasons. At concentrations greater than 10—3 M,
ground state interaction with the trans triplet, equation 23, should
become important and, very likely, at stilbene concentrations greater
than 0.05 M, equation 39 shéuld come into play. Both effects lead to

the prediction that at higher stilbene concentrations the [trans]/[cis]

ratio at the stationary state should be higher.
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Although such a concentration effect was observed in this work
see experimental), the effect was much better documented by D.
Yy

Schulte-Frohlinde et al. in the case of 4-nitro-3'-methoxystilbene (5).

Their results are shown, in part, in Table 33. If it is assumed that

Table 33. Quantum Yields and Stationary States for the Isomerization
of 4-Nitro-3'-methoxystilbene in 1-Methylnaphthalene
with 3660 A Light.

Concentration Equilibrium
Q ]
m/i toc % cis
-4
1.0x10 0.31 81.0
-4
5.0x10 0.30 77.5
-3
5.0x10 0.29 7.5
1.0x10% 0.25 75.5
5,0x10—& 0.22 58. 5
-1
1.0x10 0.18 41.0

in this concentration range the important factor which leads to the
observed concentration effect is equation 23, then the mechanism
for the unsensitized photoisomerization of 4-nitro-3'-methoxystilbene

can be summarized by the following equationas:

hv o
trans ————> t{rans (43)
hov ek
cis —= cis (44)
Setle
trans > trans (45)
ek
trans ~—> frang¥* (46)

ool
cis ——= cis (47)
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Bt S
cis > cis (48)
% S
cis ——> trans (4)
3%
trans —— trans (5)
*®
trans ——— Cis (6)
B3 sk
trans + trans ——> excimer ——= 2 trans (23)

In the above mechanism, double stars denote excited singlet
states and single stars denote triplet states.

Using the above mechanism, equations 49 and 50, which predict

_ , 23 . - oo
— = ( + [trans]) (49)

[trans]s s k,g (k45+k46)

- = (k. + k.
[c:xs]s e, k46k6 (k4’7+k48) 5 26

| trans] ) (50)

the expected concentration dependences , can be derived. The
possibility that excited singlet states are interacting with ground
states has been neglected from the mechanism.

The fit of the data in Table 33 to equations 49 and 50 is shown
by Figures 10 and 11, respectively. Since the values in Table 32
are subject to 10 per cent experimental uncertainty, the deviations
of the points from the lines in Figures 10 and 11 are well within the
error limits. Despite the satisfactory fit obtained, these results

are not entirely pleasing. Using the intercepts and slopes in Figures
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Fig. 10. trans-cis Quantum Yields for
4-Nitro-3'-methoxystilbene as a
Function of Stilbene Concentration.

o) 5 > 10
trans —Stilbene Conc. x I0° {m/1)—»
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Fig. 11. Stationary State Dependence on
4-Nitro-3'-methoxystilbene
Concentration in 1 -Methylnaphthalene.

| _
o} ' 3 6

[trans]s x 10% (m/1) —>
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10 and 11 and equations 49 and 50, the following ratios of rate

constants can be calculated;

k
20
= 7.2 (51)
+k
kgtke
k
20
T = 78 (52)
5
k, = 9.8k, (53)
k
4
'}T'g':l?—— "v 0.33 (54)
43 42
k €
4
r?-_g{—-— = 0.85— (55)
44 45 C

Although the values calculated, equations 51 to 55, are con-
sistent with the available data for the isomerization of 4-nitrof3'-
methoxystilbene in l-methylnaphthalene, two serious objections
should be pointed out. The cis-trans quantum yield has been shown
to be independent of the solvent used, the average value for several
solvents (this quantity appears not to have been measured in 1-

k

methylnaphthalene) being 0.4. The calculated value of 1—{-61 » equation
5

53, demands that the maximum cis— trans quantum yield in l-methyl-
naphthé.lene be 0.1. 1t is not likely that the friplet decay ratio should

be so altered exclusively by 1-methylnaphthalene. Finally, the inter-

system crossing ratio for excited cis singlets, equation 55, cannot
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be larger than unity, however, the ratio of the extinction coefficientg
of the two isomers at 3660 A in 1-methylnaphthalene, if known,
would probably predict a higher value.

To detect the presence of trans triplets in the unéensitized
stilbene isomerization, the stilbenes were irradiated with 3130 A
light in benzene solutions containing azulene. It was found that, as
in the case of the sensitized isomerization, the presence of azulene
led to photostationary states which were richer in trans-stilbene.
Although the observed effect suggests that equation 13 is involved
and that trans triplets are intermediates in the unsensitized isomer -
jzation of stilbene, the results fell short of expectation. The station-
ary states for different azulene concentrations are shown in Table
34. If the only way in which the presence of azulene affects the

Table 34. Effect of Quenchers on the Unsensitized Stilbene
L]
Isomerization (3130 A light).

Quencher Conc. of Total Stilbene % cis at the
Quencher (m/£) Conc. (m/2) Stationary
State
-3
None -m-- 3 1.60x10 89.5
Azulene 4, ()xlO_3 88.4
8. 0)‘:10__3 87.5
12.0x107 87.0
20. 0X10_3 85.5
Fe(DBM), 1.6x1077 89. 8

2.4x10° 89.4
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stationary state were by intercepting trans triplets, equation 13,

then the [trans]/[cis] ratio at the photostationary state should depend

linearly upon the azulene concentration. As shown in Figure 12,
this is not the case. Furthermore, the value of k13/k5 = 30 calcu-
lated from the initial slope of the curve in Figure 12 is not as large
as found previously (Table 27).

It was necessary to consider other steps in which azulene might
be involved. The possibility that internal filtering by azulene could

lead to larger concentrations of cis-stilbene than expected can be

ruled out. The variation of the extinction coefficients of the stilbenes
and azulene over the narrow band width of the exciting light used

was negligible (see experimental). Two other possible complications
involve energy transfer from stilbene singlet states to azulene or
steps involving azulene and transient dihydrophenanthrene.

The best way to determine the effect of singlet energy transfer,
if present, on the stilbene stationary states, would be to study this
effect with a quencher which could not participate in any other energy
transfer steps. Such a quencher is ferric dibenzoylmethide
[Fe(DBM)3]. Its ability to quench benzophenone singlets has been
established unequivocally (35,61). Since the Sl—' SO energy gaps in
the stilhenes are greater than the gap for the corresponding transition

in benzophenone, it should be possible for Fe(DBM)3 to quench stilbene

singlets on energetic grounds. Furthermore, since Fe(DBM)3 does
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not affect the benzophenone stationary state (61), it was not expected
to become involved in any steps involving the transfer of triplet state
energy. As shown in Table 34, its presence did not affect the
stationary state of the stilbenes in the unsensitized isomerization.
This result probably indicates that a concentration effect involving
singlet energy transfer from stilbene singlets to azulene is unlikely.

The effect of azulene on the formation of transient(s) was
determined by measuring the increase of absorption at 4500 A in the
presence and in the absence of azulene. After correction for internal
filtering by azulene, it was found that the increase of absorption at
4500 A was 40 per cent greater in the presence of azulene. Further-
more, the rate of disappearance of absorption, after irradiation was
interrupted, was coasiderably slower in the solution without azulene.
The absorption loss did not follow first order kinetics in either case.
These results are neither very well understood nor very well docu-
mented. The concentration of stilbene used (1.6 x 10_3M) was too
low and, as a result, the maximum change in optical density at 450U A
was only 0.100 units. Thus, the rate of disappearance of absorption
could not be measured accurately.

The fact that more transient is observed in the presence of
azulene can be explained if it is assumed that it is formed electron-

ically excited, and that reactions 57, A8, and 59 are competing paths
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Fig. 14. Azulene Concentration Effect on
Unsensitized Stilbene Isomerization.
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ek b3

cis ———= DHP (50)
Sk

DHP —— DHP (57,
seske b33

DHP + Azulene —> DHP +Azulene (58)
Ao '

DHP  ——= a trans + (1-a)cis (59)

for its decay. The double asterisks again indicate excited singlet
states. The intermediacy of an electronically excited transient may
account for part of the intense short-lived emission observed from
cis-stilbene. The emission has a maximum at 4600-4700 A (10,67).
Since the absorption maximum of the transient is at 4550 .Ai, some
of the emission might easily be fluorescence from this species.
Since some emission is observed at wavelengths shorter than 4550 ,&,
some other emitting source must also be present.

In any event, despite the crudeness of the results, there seems
to be little doubt that at least part of the azulene concentration effect

involves the transient. Simnce the transient thermally reverts to cis-

stilbene, and since all measurements of the stilbene concentrations
were made after its disappearance, its presence in larger amounts
would lead to stationary states which are richer in cis-stilbene than
one would expect if only equation 13 were cénsideredn

The complex decay kinetics observed may 'ble attributed either
to experimental error or to the presence of more than one transient.

More experiments along these lines should be profitable.
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TRIPLET STATE ENERGIES OF SENSITIZERS

The sources of sensitizer triplet state energies used in Figure
5 need some comment. In most cases these values refer to the
maximum of the 0-0 band in phosphorescence spectra obtained by
Mr. W. G. Herkstroeter and Mr. A. A. Lamola of these Laboratories.
The spectra were recorded at 77°K for solutions of the sensitizers
in a glass consisting of methylcyclohexane and isopentane (5:1 by
volume). The phosphoroscopes used for these measurements have
been described previously (54, 68). Values obtained in this manner
are shown in Table 35. In all cases the materials described in the
experimental of this thesis were used. It was found that phosphor -
eécence spectra measured in EPA glass (diethyl ether, isopentane
and ethanol, 5:5:2 by volume) were in general shifted to higher
frequencies than spectra measured in hydrocarbon glasses. These
shifts were larger for n~ n* triplet states than for n—'ﬂ* triplet states.
Since the solvent effects by EPA glass can be complex, and since the
isomerization experiments were usually carried out in nonpolar
solvents, the triplet state energies obtained from phosphoresce
spectra of the sensitizers in hydrocarbon glass solutions were pre-
ferred.

The triplet state energy of fluorenone (53.0 kcal/mole) was

obtained from its absorption spectrum in ethyl iodide (see experimental)



Table 35. Triplet State Energies of Sensitizers.

Compound

Acetophenone
Benzophenone
Thioxanthone
Anthraquinone

Flavone

Michler's ketone
2-Naphthyl phenyl ketone
Z-Naphthaldehyde
Z-Acetonaphthone
1-Naphthyl phenyl ketone
1, 4-Naphthoquinone
1-Naphthaldehyde
Biacetyl
2,3-Pentanedione

Benzil

o -Naphthil

B -Naphthil
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ET(kcal/ mole)

73.6
68.5
65.5
62.4
62.0
61.0
59.8
59.5
59.3
57.5
57.0
56.2
54.9
54.7
53.7
55.3,53.4
58.24,53.8

Source

Lamola (L)

L

L
Herkstroeter (H)

asiibe e efite s e ol eplita s e s e e s e R Ve v

and later from its weak phosphorescence spectrum (53.3 kcal/mole)

in hydrocarbon glass at 77°K.

The value for 1, 4-benzoquinone (50.0 kcal/mole) was estim-

ated from its ethyl iodide absorption spectrum. The ethyl iodide

spectrum obtained in this work was similar to that reported by

Kuboyama (69).

Since enough duroquinone was nol available for singlet-triplet

absorption measurements, its triplet state energy was estimated

by assuming it to be identical with the triplet state energies of 2,3-

dimethyl-1, 4-benzoquinone and 2, 5-dimethyl-1, 4-benzoquinone.

Singlet-triplet absorption spectra of these compounds have been

obtained in n-heptane (0-0 band at about 51.6 kcal/mole) (69).
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The values for pyrene (48.0 kcal/mole) and for 1,2-benz-
anthracene (47.3 kcal/mole) were obtained from the literature (58).
They refer to the maximum of the 0-0 band of their respective phos-
phorescence spectra (77°K, isopentane and methylcyclohexane glass,
1:4 by volume).

The value for eosin (43 kcal/mole) is from the phosphorescence
spectrum of this compound in EPA glass at 77°K (70).

The value for 9, 10-dibromoanthracene (40., 2 kcal/mole) is
from its singlet-triplet absorption spectrum at room temperature in
carbon disulfide (71).

The value for acridine (45.3 kcal/mole) was obtained by Evans
(11). 1t is taken from the singlet-triplet absorption spectrum of this
compound in chloroform in the presence of a high pressure of
oxygen.

Mr. A. A. Lamola has measured phosphorescence spectra of
4-acetylbiphenyl and 2-acetylfluorene. Triplet state energies of
67.5 kcal/mole and 64.1 kcal/mole were indicated for these two

compounds, respectively. In view of the [cis]/[trans] stationary

state ratios obtained with the stilbenes in the presence of these
rsensitizers, it becomes necessary to conclude that the triplet state
energies are high and perhaps reflect the presence of impurities in
these sensitizers. In agreement with this prediction are two facts.
The first is that whereas the addition of maleic anhydride to benzene

is sensitized by thioxanthone, it is not sensitized by 2-acetylfluorene

(72). The second fact is that the triplet state energy of
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4- benzoylbiphenyl (77°K, diethyl ether and ethanol, 1:2 by volume)
was measured from its phosphorescence spectrum to be 60.6
kcal/mole {(73). Since the energies of 2-acetonaphthone and 2-
naphthyl phenyl ketone are essentially identical (see Table 35),

it is likely that the energy of 4-acetylbiphenyl should be very close
to 60.6 kcal/mole. This latter value is also predicted by the curve
in Figure 5.

The value for the triplet state snergy of 3-acetylpyrene was
not measured, but in view of the fact that this sensitizer behaves with
the stilbenes in precisely the same manner as acridine (see Fig. 7),
a triplet state energy of 45.3 kcal/mole is predicted for this com-
pound.

An attempt was made to measure singlet-triplet absorption
from benzanthrone in ethyl iodide. Unfortunately, benzanthrone was
relatively insoluble in this solvent, and it is likely that the shoulder
observed at 51.0 kcal/mole does not correspond to the 0-0 band.

A value of 46.0kcal/mole was predicted for the 0-0 band of the
phosphorescence spectrum of this sensitizer in order that its
behavior with the stilbenes be in accord with the theory presented

td explain Figure 5 and Figure 9. It should be pointed out that this
value accurately predicts the behavior of benzanthrone as a sensitizer
for other systems (74). Furthermore, it is in excellent agreement

with the 0-0 band observed in the phosphorescence spectrum of
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3-bromo-7-H-benz[de Janthracen-7-one (3-bromobenzanthrone)

(45.7 kcal/mole) in heptane at 77°K (75).
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PROPOSITION 1

Chemical Spectroscopy Applied to Acetylenes

Experiments are described which should provide information

about the geometry of the lowest triplet states of acetylenes.

Spectroscopic data (1,2) as well as theoretical considerations
(3,4,5) indicate very strongly that the lowest excited singlet states
of acetylene and acetylene-d  have a trans-bent configuration.

& .
2

Presumably upon excitation sp~ sp rehydridization occurs and the
excited state can be crudely described as a ground state ethylene
molecule with two hydrogen atoms removed. This enables the excited

molecule to exist in either a cis or a trans configuration. The cis

form is expected to be energetically less favorable because of greater
orbital interaction in this geometry relative to the trans. This
expectation has been confirmed both spectroscopically (i.e. no absorp-
tion that can be attributed to excitation of the linear ground state to a

cis-bent excited state has been observed (4)) and by theoretical cal-

culations (5).

No information of any kind is available about the energy or the
geometry of the triplet states of acetylene. Furthermore, the effect
of substituents on the geometry of the excited states of acetylenes has

not been investigated.
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Two experiments have come to attention. however, which indicate
that an elegant approach to this problem is available. The first is
the reaction, induced by light, between acetylenedicarboxylic acid

or the methyl diester) and isopropanol (6) (equation 1)
Yy P

COZR I{I

f,j, + CH. -C-CH —22 .
C 3 3 quartz
I OH

COZR

R=H,Me

+ other unidentified products

I | (1)

The importance of the reaction described in equation 1 is in that it
suggests that some excited state of acetylene (singlet or triplet) can
abstract hydrogen from a suitable source. The formation of the iso-
lated products can be rationalized if it is assumed that the initial step
involves the abstraction of a hydrogen atom from isopropanol by a

trans-bent excited state of the acetylene.

A clue that cis-bent excited states of I may form under the con-
ditions of the experiment described above is provided by reaction 2 (7).

It is possible that the excited species which initiates reaction 2 is a

r—

(i':O R o) N
h
ﬁ N ( hv CO,R v CO,R
c \ / quartz /
| CO,R COR
CO.R
2 L _

. (2)
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cis-bent excited state of the acetylene.

The multiplicity of the excited states involved in 1 and 2
is not known. Although it has been shown (8) that reaction 1 can be
sensitized by benzophenone, this can be easily accounted for by a
mechaniem which does not involve triplet state acetylene as an inter-
mediate.

It is proposed that the photochemical reduction of acetylenes to
olefins may be effected by irradiation of the acetylenes in 1,4-
cyclohexadiene in the presence of sensitizers which decay by way of
triplet states. The reaction might proceed as is described in equations

3-8. The cyclohexadienyl radicals would be expected to either couple

R

| R

C * '} —

@ + S —_— R////} (3)
|

R

R

(’: 4 R

2,! + S* —_— */(‘ (4)
]:-I{ R

-

3 R | [ H R \"\»
/// L) — ] : (5)
R A ’ R} H N H



147

H « H R ,”—\‘\
o . )
K R “H H™ "H
H H
M<MR + [’j > )/\/R + @ (8)
R H R H H

or disproportionate (9,10). The [trans]/[cis] product ratio might

then reflect the ratio of k3 to k4, which in turn might depend strongly
upon the energy of the sensitizer. Variation of the product ratio,

if present, should lead to an accurate estimation of SO-* Tl(gi_s-bent)
and SO—> Tl (m-bent) excitation energies for acetylenic systems.

It should be pointed out that results from the proposed study
might be complicated due to possible cis-trans isomerization of the
vinyl radicals produced by reactions 6 and 7. A recent study involving
the free radical addition of thiols to acetylenes (11) indicates that such
an isomerization would be fairly facile. However, in the presence of
excess hydrogen donor hydrogen abstraction competes favorably with
this isomerization (11). An interesting feature of the proposed system
is that in reactions 6 and 7 a vinyl radical and a cyclohexadienyl radical
are produced in the same solvent éage. It is thus conceivable that a
ma jor ﬁroduct forming step might involve the disproportionation of

the geminate radical pair prior to diffusive separation of the radicals.
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The importance of vinyl radical isomecrization can be cvaluated by
determining the variation of the product composition as a function of
the concentration of hydrogen donor, 1,4-cyclohexadiene in an inert
solvent, say benzene.

Clearly, the proposed study would be doomed unless at least some
acetylenes have triplet state energies sufficiently low to permit use
of suitable sensitizers. Evidence that the SO“’ T1 excitation energy of
acetylenes might not be a severe limitation is available in the case of
diphenylacetylene. The triplet state energy of this compound has
been determined by measuring its SO—+ Tl absorption spectrum in
chloroform under a high pressure of oxygen (12). The lowest energy
band appears to be at about 62 kcal per mole, well within the range of
available sensitizers.

It should be pointed out that for compounds such as diphenyl-
acetylene the lowest triplet state may be linear. This case should also

be reflected by the lcis1/[trans] product ratio as the sensitizer energy

is varied.
Only sensitizers whose triplet states do not abstract hydrogen

atoms will be suitable for this study.
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PROPOSITION 1I

Vapor Phase Photochemistry of Benzophenone

An alternate interpretation is proposed for a series éf experi-
ments involving the benzophenone sensitized phosphorescence of
biacetyl in the vapor phase. Experiments are described which should
distinguish between transfer of singlet and triplet excitation from
benzophenone to potential acceptors in the vapor phase. Possible
photochemical reactions of benzophenone in the vapor phase are con-

sidered.

Dubois has shown that absorption of light by benzophenone in
the presence of biacetyl {both in the vapor phase) induces phosphor-
escence in biacetyl. The relative biacetyl phosphorescence intensities

in the presence (PA) and absence (P of benzophenone were measured

)
A9

as a function of the concentrations of donor (D) and acceptor (A).
The results were explained by a mechanism which assumes that
only iriplet excitation transier is involved. The steps considered

important are shown in equations 1-9. The asterisk denotes an

%
1D +hy —— 1D (1)

* 3 %
lD — D (2)
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* 1
3D —= D (3)
3D¥ + 1A — 1D + ?’A"< (1)
*
Nt by — 1A (5)
1 % 1
A —_— A (6)
%k ]
A — A (7)
* 1
> > A +hv (8)
* 1
3 —_— A (9)

electronically excited state. This mechanism predicts that under
photostationary state conditions the relative phosphorescence intensities

of biacetyl will be given approximately by equation 10.

1
k4[ Dlj } k71:-k6 _ (10)
k3+k4[ Al 7

P €
€
A 0 A
In equation 10, ¢_ and ¢, are the extinction coefficients of donor and

D A
acceptor at the wavelength of the incident light (2750 A). The data

could be fitted satisfactorily to equation 10 and the quantity k4/k3 was

4
evaluated as 10°. The rate of energy transfer, k,, was estimated by

4

assuming that transfer occurred on every collision and that the sum
of the collision radii of biacetyl and benzophenone is 10 A. This led

to the conclusion that the mean lifetime of benzophenone triplets in

1 -8
the vapor phase is = & 10 sec.

3
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As evidence against the involvement of singlet excitation transfer
Dubois points out that due to very rapid intersystem crossing, the
excited benzophenone singlet state is not sufficiently long-lived to
become involved in energy transfer processes. This is presumably
confirmed by the results of BHckstrBm and Sandros (2), which indicate
that for the same system (benzophenone, biacetyl) in benzene solution
only triplet state energy transfer takes place. Actually, close exam-
inatiofl of the results of BidckstrBm and Sandros reveals that due to the
great efficiency of intersystem crossing in biacetyl, it should be very
difficult to distinguish between the case of 100% triplet excitation energy
transfer and the case where as much as 10% of the transfer process
involves excited singlet states. Furthermore, for the similar donor-
acceptor pair of benzophenone and anisil, it appears that the sensitized
and the unsensitized emission from anisil contain almost identical
amounts of fluorescence. Since there is good overlap between the
expected fluorescence spectrum of benzophenone and the SO—’S1 absorp-
tion spectrum of either biacetyl or anisil the total absence of singlet
energy transfer in solution would be surprising. The usual explanation
that due to exceedingly rapid intersystem crossing the lowest excited
singlet state of benzophenone is not sufficiently long-lived to become
involved in energy transfer processes is no longer valid. Recent
results indicate that benzophenone is an effective donor of singlet

excitation to ferric dibenzoylmethide in benzene solution (3). The above
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considerations added to the fact that singlet energy transfer seems

to be the predominant process in the vapor phase for the donor-acceptor
pair pentanone and biacetyl (4) suggest that the assumption that singlet
energy transfer from benzophenone to biacetyl (both in the vapor phase)
can be neglected is not entirely justified.

Assuming the mechanism described in equations 1-9, Dubois
calculates a mean lifetime of 10_8 sec for benzophenone triplets. The
directly measured mean lifetime of benzophenone triplets in solution
is 10_5sen(5). Such a decrease in triplet state lifetime on passing
from the liquid phase to the vapor phase does not appear reasonable.
For example, the lifetime of the triplet state of biacetyl is 1.5 x 10_3
sec (6) in the vapor phase and 0.8 x 10—3 sec (7,8) in benzene solution.

It is proposed that the predominant path of energy transfer from

benzophenone to biacetyl in the vapor phase involves singlet excitation.

The mechanism may be described as shown below.

1 %
bt —— p (1)
1_* 1
D —> D (11)
* 3 :
15 > D (12)
3k %
1D + lA > 1D + 1_A (13)

. .
Ly — A (6)
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A — A (7)
357 > A+ (8)
3 % N (9)
1A + hv > IA%< (5)

It should be pointed out that the above mechanism also represents
an extreme case, since triplet state energy transfer (equation 4) is
totally neglected. Using steady-state kinetics, the following relation-
ship is predicted by this mechanism:

P e k [lD]

A L D { 13 : } (13)

+ + ‘
0 Kpp PR tkg LAl

Since equations 10 and 13 are formally identical (note that to a first

+ k
kg T k¢

approximation = 1}, using the arguments of Dubois, the

k
7 -1

lifetime of the excited benzophenone singlet state (k11 + klz) is
calculated to be about 10-8 sec. It should be pointed out that the cal-
culation of this value involves the assumption that energy transfer
occurs on every collision. Actually singlet energy transfer could
occur over greater distances than the assumed 10 A collision diameter.
The value should be regarded as an upper estimate of the lifetime of
the benszhenone singlet state. A lifetime slightly smaller than 10_8

sec 1is required by the fact that although the calculated radiative life-

-7
time of the excited benzophenone singlet state is 2 x 10 ~ sec (9), no
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-7
fluorescence has been observed from benzophenone (i.e. k 1 & 2x 10

1

sec << klZ)'

Measurement of the lifetime of benzophenone triplets in the vapor
phase should determine whether the presentcriticism of Dubois' mechanism
is valid. It is proposed that quantum yields be determined for the
benzophenone sensitized isomerization of trans-piperylene in the vapor
phase as a function of piperylene concentration. In this case singlet
energy transfer can be excluded on energetic grounds and the mechan-
ism should involve triplet state excitation transfer upon every collision
of triplet benzophenone and piperylene (10). In its simplest form the
mechanism is described in the following equations where P denotes

piperylene and all other symbols have their usual meaning.

1 1 %

D+hy —> D (1)
lD* > 3D* (2)
3D* > 1D (3)
per —— b+ 3p" (14)
3p* > lp (15)
3% 1

> c-P (16)

The predicted dependence of the trans—cis quantum yield as a
function of initial trans-piperylene concentration is shown in equation

17. Use of this equation should lead to the evaluation of k3/k14 and
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1 kl5 N klé 1{3
5 = " 1+ —_— (17)
tc 16 k14[ t-P]

hence to an estimate of the lifetime of triplet benzophenone in the
vapor phase.

Equation 17 is not exact, since it involves the assumption that
the quantum vyield for intersystem crossing of benzophenone is unity.
Actually this quantity has been shown to be 0.94 (11) in solution and
in the absence of singlet energy acceptors. The difference of this
number and unity might be ascribed to at least two photoreactions of
the excited singlet state. The first involves primary dissociation of
benzophenone into phenyl and benzoyl radicals. This recaction would
be especially important in the vapor phase. In fact, the phosphor-
escence spectrum ascribed to benzophenone vapor at 170° by Dubois (1)
is not at all characteristic of benzophenone, but could be very nicely
assigned to benzil. The second reaction which might be of importance
in the vapor phase is the formation of fluorenone from benzophenone.
Many examples of photooxidations in solution of the type shown in

equation 18 are known (12, 13, 14). Such reactions in the vapor phase

<
(/\U/j\.\q + O?. -—ll?—-b r/ I‘ _-X.\m + HaO.‘2 (18)
N iy s AN
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can proceed in the absence of oxygen (15) (i.e. hydrogen is the other

product) and the possibility that this process occurs with benzophenone

should be examined.

1.

2o

4.

9.

10.

11,

12.

13.
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PROPOSITION III

The Wieland Reaction

This proposition is concerned with the role of '"free'' benzoyloxy
radicals in the Wieland reaction.

——— -

The reaction of triphenylmethyl radicals with benzoyl peroxide
in aromatic solvents to yield triphenylmethyl benzoate, benzoic acid
and substituted tetraphenylmethanes is known as the Wieland reaction
(1,2,3,4).

The overall reaction is represented by equation 1. The initial step
(BzO-)—z + 2 cp3C° + ArH - cp3COBz + BzOH + QP3CA1' (1)

involves attack by the triphenylmethyl radical on the peroxide oxygen (5),
equation 2. It is generally agreed that reaction 2 as well as coupling

O18 018 o
1

4

i |
9,C* T (CO¥, -~ ¢COCy, + <PC<;’ (2)
o)

of benzoyloxy radicals with triphenylmethyl radicals, reaction 3,
BzO* + cp3C° - co3COBz (3)
account for all the triphenylmethyl benzoate formed.

At least three mechanisms have been proposed to account for

the formation of benzoic acid and tetraphenylmethanes. The first was
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proposed by Wieland (2,3) and is represented by equations 4 and 5.

BzO- + ArH~ Ar+ + BzOH (4)

cp3C' + Are - cp3CAr (5)

Hammond and coworkers (5) have pointed out that the absence of
diphenyls among the products as well as the tact that when the Wieland
reaction was carried out in toluene (3) no evidence for benzyl radicals
was obtained , speak against the above mechanism. Instead, they
suggest (4) that a concerted attack of a benzoyloxy and a triphenylmethyl

radical upon the aromatic substrate, equation 6, might be involved.
@3(:" + ArH + BzO° » BzOH +ArC(p3 (6)

Recently Benkeser and coworkers (6) determined relative reac-
tivities for the triphenylmethylation of several aromatic substrates.
It was found that the reactivity of the triphenylmethyl radical toward
aromatic rings was in the order: chCH3>cpCl >cpH>cpCOZCH3>~:pCF3

> cpNOz. Their results showed that triphenylmethylation is different
from phenylation in at least two important respects: first, nitrobenzene,
which is very reactive toward phenylation, is completely inert toward
triphenylmethylation; second, whereas in phenylation one observes some
directive substituent effects in the isomer disiributions of the products
(7), it was found that, for the substrates studied, triphenylmethylation

led to little deviation from a statistically random isomer distribution.

The observed order of reactivity was explained in terms of the ease of
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formation of a loose m-complex between triphenylmethyl radicals
and the substrate. Their mechanism for triphenylmethylation is shown

in equations 7 and 8.

\ o
- X
o+ (Jx= oo O o
X
Qp3c-©/ +Bz0" - BzOH + ¢ ,CAr (8)

They suggested that in the case of unreactive éubstrates such as nitro-
benzene complex formation between the substituent, X, and the tri-
phenylmethyl radical favors reaction 3 over 7 and 8. Actually, existing
evidence, although not as extensive as might be desired, suggests that
complexes of the type shown in equation 7 are not involved. For
example, the dissociation constént of hexaphenylethane is essentially
the same when measured in dioxane, bromobenzene, ethylene bromide
or benzene (8). Furthermore, it appears that nitrobenzene does not
form complexes of any kind with triphenylmethyl radical since its
addition to benzene solutions of the radical does not alter the absorption
spectrum (9).

A mechanistic possibility which has thus far received little atten-

tion is shown in equations 9 and 10. In view of contributions from the

BzO: + [ ¥ . B0 X . BzO @ X (9)
~
X

BZO—@ +¢,C* ~» BzOH + ¢ CAx (10)
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polar resonance structure shown in equation 9 one would expect that
electron donating substituents would increase the stability of complexes
between the benzoyloxy radical and aromatic substrates. This mechan=-
ism is thus in accord with the relative reactivities observed by
Benkeser (6).

The fact that no carbon dioxide is formed in the Wieland reaction
(4) indicates that the benzoyloxy radicals are intercepted prior to
decarboxylatidn. Presumably, processes 6, or 7, 8, or 9, 10, if
operative, are extremely fast. To determine the extent to which
benzoyloxy radicals, at room temperature, can survive decarboxylation
in the absence of such processes, it is proposed that the method of
isotope dilution be used to determine the products from dilute solutions
of triphenylmethyl radicals and benzoylperoxide in nitrobenzene. Under
such conditions decarboxylation should be competing only with reaction
3.

Direct evidence for the intermediacy of complexes between
benzoyloxy radicals with aromatic substrates might be o'btained using
flash spectroscopic techniques. It is proposed that the rate of dis-
appearance of benzoyloxy radicals produced by flash photolysis of
benzoyl peroxide be delermined in several aromatic substrates. If
complexes are involved, the absorption spectrum as well as the rate

of disappearance of the benzoyloxy radicals should be solvent dependent.



163

Ideally, conditions should be chosen such that essentially all the
benzoyl peroxide is decomposed with the first flash. If this is the
case, complications that might arise from induced decomposition of
the "'remaining' peroxide may be avoided. A rather incomplete study
of the benzoyl peroxide decomposition upon irradiation has been
reported (10) but is not very informative.

Recently, the Wieland reaction has been extended to acyl per-
oxides (11). The results suggested that the extent of triphenylmethyl-
ation of the aromatic substrate is very sensilive Lo the slability of the
acyloxy radical involved. The fact that of all the acyl peroxides used
only cyclopropylformyl peroxide led to formation of detectable amounts
of tetraphenylmethane was attributed to the greater stability of the
cyclopropylcarboxy radical toward decarboxylation relative to simple
acyloxy radicals. The extent of stabilization of acyloxy radicals by
complex formation of the type shown in equation 9 should be reflected
in greater yields of aryltriphenylmethanes in aromatic substrates with
clecctron releasing substituents. It is proposed that this possibility be
examined at least in the case of cyclopropylformyl peroxide.

A great deal of the early work on the Wieland reaction should be
reexamined. Itis intriguing, for example, that triphenylmethylation
of cyclol;xexane can be effected {3). It is likely that this reaction can
be correctly represented by the initial Wieland mechanism (analogous

to steps 4 and 5). This leads one to suspect that triphenylation of toluene
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should lead to formation of at least some benzyl radicals; a reinvesti-
gation of this system is therefore proposed. The relafive rates of
hydrogen abstraction by benzoyloxy radicals and participation in the
triphenylmethylation of aromatic substrates should be reflected by the
products formed when the Wieland reaction is carried out in mixtures

of cyclohexane and benzene.
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PROPOSITION IV

Sulfur d-Orbital Interaction

It is proposed that determination of Hammett p values for the

jonization of phenols of type I, where Y - is some substituent and -X-

v~ p—x—{_)—ou

I
o o m
is ~O-, -S-, -5-, -5-and )c:c: , will permit an estimation of the
e H

extent to which d-orbitals participate in transmitting electronic effects

through sulfur.

Extensive ultraviolet spectrophotometric studies of diaryl
sulfides (1,2) were interpreted to indicate that the aryl substituents
arc isolated. It wae concluded that conjugation through sulfur (type TT)

was not important, but that conjugation of the type III could not be ruled

+ - t - + - Wy
iD= Ot~ 3O
II 111

out. Similar studies of aryl vinyl sulfides (3) substantiate these results.
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Although most spectral evidence indicates that structures in which
sulfur is flanked by two double bonds (II) are not important (4), such
structures have on some occasions been proposed (5,6,7). For example,
it was found (5) that bathochromic shifts occur in the spectra of dyes

H

of the type IV as -X- is changed from -O- to -S- to :C=C: (see below).
H

It was suggested that this shift indicates that sulfur can transmit elec~

tronic effects but that it does so much less effectively than a double

bond.
H
S o) X o} S c=C
h \C—CH X é‘; Ph H
| / ”/ T A (mp) 307 385 481
| loge  3.67  3.72 4. 66
Me

Iv

Substitution of electron withdrawing groups on sulfur is believed
to cause a contraction of its vacant 3-d-orbitals; this contraction
increases their ability to form bonds (4). For example, it has been
pointed out (8,9) that when sulfur is involved in compounds such as V,

where Z is an electron-donating substituent, resonance structure VI
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should become more important as the electron withdrawing ability of
group X is increased. That this is the case was demonstrated (8) by
an analysis (based on the o Parameters of Taft and Liewis (10)) of

the ionization constants of acids, V, (Z‘—'COaH) and phenols, V, (Z=OH)
where -X was —CHZ, -COCHB, and -CN.

Because oxygen is electron \;xfithdrawing, its addition to the sulfur
of diaryl sulfides to yield sulfoxides and sulfones should lead to cor-
responding increases in the ability of sulfur to utilize its d-orbitals.
Bordwell and coworkers (11, 12) have studied the systems VII and VIII

O 0O
where X was either —é— or -S’-J and Y was -COZH and OH. Itwas

CH,-X —@— Y CH3—X—©’

VI VIII

Y

suggested (11) that the difference between the o -constants of para
substituents for benzoic acids and phenols might be taken as an indica-

tion of the extent of conjugation of type IX, since similar structures

CH3~)_(:.:< __\a:':'- @]

X

cannot be written for the anion of the analogous acid. It was concluded

that structures IX were important in both sulfoxide and sulfone.
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As an extension of the above investigations, it is proposed that
a determination of Hammett's (13) reaction constants, p , for the ion-

ization of phenols of type I be carried out where Y is some substituent

¢ oo
and -X-is -O-, -S-, -5-, -S-, or /\C=C\ . The p values may be used

as a measure of the efficiency of the group X in transmitting electronic
effects.
The relative importance of resonance structures X in the above
systems might be deduced from the results obtained for substituents,
v px~ =0 = =/ ‘:‘=X==(: >:o etc.
/

X

1.

=
Y, which require o values (13) when p-substituted phenols of type XI

/
are fitted to the Hammett equation. Sincc X will be important (13, 14)

H
;
when X is /C=C , it is expected that for this system substituents Y

such as NO,, CHO, and CN will require o™ values in order that they
fit the Hammett equation. The contribution of resonance structure X
will be negligible when -X- is -O- and it might be reasonable to expect
that o v-alues will be required for all the substituents in this system.
The position of the other three groups, X, between the two extreme
cases just described, might similarly reflect the extent of direct con-

jugation through these groups.
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APPENDIX TO PROIPOSITION IV

The proposed study will lead to meaningful results provided
the p for the dissociation constants of p'-substituted p-hydroxy -~

stilbenes (I) is large.

X '—\\—//—- CH=CH N/ OH

A prediction of the p for the dissociation constants of com-
pounds I can be made by assuming that the substituent effect fall-off
factor across a phenyl group will be very similar to the fall-off factor
across a styryl group. In the case of m'- and p'-substituted biphenyl-
p-carboxylic acids a fall-off factor of 0.37 has been observed (1).
Since ¢ for the dissociation constant of phenols is about 3 (2), one
would expecta p of about 1 for the dissociation constants of r_r_l‘-

and p'-substituted p-hydroxybiphenyls (II).

II

It is felt that dilution of substituent effect due to the increase
of the distance between the substituent and the reaction site in com-

pounds of type I relative to compounds of type II, will be appi‘oximately
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offset by the greater p-orbital overlap which can be attained in the
former system.
A semi-quantitative method for comparing fall-off factors for

different groups R for compounds of type III, where X is the substituent

and Y is the reaction site, has been suggested by Jaffe (3). Three
assumptions were involved:

1) Substituents induce changes in the electron density at the
meta and para positions of a benzene ring which arc proportional to
corresponding ¢ -values.

2) Change of electron density induced by a substituent on a
carbon in the benzene ring is independent of a side chain attached to
that atom.

3) In III the effect of X on the carbon atom attached to Y (i.e., s)
is independent of Y and depends only on the charge density that is
induced by X on s. |

These assumptions, when used to compare p 's for the dissociation

constants of compounds I and II, lead to equation 1, where qs(X) and

qsI(X) - qSI(II)

II II
q, (X)-q_~(H)




172

qS(H) are electron densities at atom s in the substituted and unsub-
stituted compounds I and II.

A zeroth-order LCAO-MO calculation was used to esfcirnate the
electron densities in equation 1. Since the ratio of the p 's is inde-
pendent of the substituent X, the coulomb and resonance integrals
chosen for this substituent should not affect the ratio. ¥or this reason,
the two substituents X that were considered were assigned the values
for oxygen and nitrogen suggested by Roberts (4). Resonance integrals
were calculated by assuming the bond distances and bond angles as
determined in the vapor phase for biphenyls (5) and in the crystal for

trans-stilbene (6). The methods described by Roberts (7) were used

in these calculations. The auxiliary inductive parameter (8), § = 1/3,
was used to calculate the carbon coulomb integrals, mainly because
this value appeared to be most successful in Jaffe's treatment (3). To

determine the effect of variation of this parameter, calculations were

also made using & = 1/10. The results obtained are tabulated below (9).

Calculated Relative Fall-Off Factors

5
X “x P U
N o +B 5 1/3 1.15
‘ C CccC S CcC
1/10 1.14
o v+ 26 8 /2 1/3 1.13
C CcC cC

1/10 1.11
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The agreement between the values obtained is remarkable. The
ratio of about 1.1 for p I/p I is certainly in agreement with the pre-
diction made in advance of these calculations. It should be pointed out,
however, that the assumptions involved in obtaining the abox.ze ratio are
guestionable. Furthermore, although the results suggest that the sub-
stituent effect through the phenyl moiety is smaller than the effect
through the styryl moiety, the values predicted for the ratio of either

or p to the p of substituted phenols were smaller by a factor of

1 II

three than those expected.
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PROPOSITION V

Phosphorescence from Olefins

Systems are suggested to test the proposed explanation (1)

for absence of phosphorescence from olefins.

As has been pointed out in this thesis (2), no triplet-singlet
emission has ever been observed from olefins. An explanation for
this lack of phosphorescence has been proposed by Potts (1). This
author suggests that, at least for alkyl substituted olefins, Mulliken's
and Roothaan's (3) calculations indicate that the potential energy curves
for twist about the central bond of the ground singlet and the lowest
triplet states intersect. Radiationless cross-over to the ground state
. occurs very rapidly at this intersection,and due to the long radiative
lifetimes of the olefinic triplet states involved, phosphorescence is not
a competitive decay process. Phosphorescence should be observed
from olefins for which the potential energy surfaces of lhe triplet state
and the ground state do not cross due to barriers to rotation about the
double bond. For example, Potts (1) predicts that cyclohexene should
phosphoresce.

in this thesis, the 0-0 band of the phosphorescence spectrum

of trans-stilbene was predicted to be at about 46 kcal per mole.
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Confirmation of this prediction by spectroscopic mcans would be highly
desirable, since it would add considerable weight to the speculative
hyr;othesis that when the energies of acceptor-donor pairs approach
one another, the efficiency of energy transfer becomes very sensitive
to cxact matching of 0-0 bands (2).

The photochemical data for stilbene isomerization has been
interpreted to indicate that a shallow minimum exists in the potential
energy surface of the lowest triplet state at a configuration which is
at leasj: close to trans planar. It is therefore reasonable to expect that
if the trans triplet state were to be populated at a very low temper -
ature (say 4°K), the barrier for twisting about the central bond should
be sufficiently high to prevent rotation to the perpendicular triplet
and thus eliminate fast radiationless decay to the ground state by Potts'
mechanism.

Dyck and McClure's (4) study of temperature dependence for
quantum yields of fluorescence and trans— cis isomerization was inter -
preted to suggest that the population of the triplet state of trans-stilbene
would be extremely inefficient by direct absorption of light at low tem-
peratures due to an energy barrier to intersystem crossing from the
lowest excited singlet state.  This does not appear to be the case for
trans-é-bromostilbene. It is therefore proposed that trans-4-bromo-
stilbene will phosphoresce at 4°K. Furthermore, it should be possible

to induce phosphorescence from unsubstituted trans-stilbene at 4°K
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by populating its triplet state indirectly by energy transfer from
benzophenone.

A further system which would be of interest is 1, 2-diphenyl-
cyclopentene. In the triplet state of this compound, the phenyl éroups
would be constrained close to a cis planar configuration and phosphor-
escence from this system might be similar to that which might be
expected from cis-stilbene (5). Some experimental indication that this
system should phosphoresce is available. 1,2-Diphenylcyclopentene
may be regarded as a '"chromophore' in 2,3-diphenylindenone. Phos-
phorescence has been observed from the latter compound at 77°K (6).
Perhaps fortuitously the 0-0 band of this phosphorescence is found at

57 kcal per mole. This is precisely where cis-stilbene would be

expected to phosphoresce (2,7).
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