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INTRODUCTION:

The use of a chemiluminescent reaction to sensitize photo
I Ochemical reactions has been pioneered by previous workers 

We have sought to further this type of investigation by study

ing the cis-trans isomerization of stilbene using energy evolv 

ed from the thermal decomposition of disubstituted peroxydi- 

carbonates in polystyrene.



HISTORICAL
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Historical

Chemiluminescence is the emission of light by a medium 

as a result of a chemical reaction or heating. Chemilumines

cent phenomena have been observed in the environment for the 

past few centuries and are well documented^. As purely chem

ical phenomena, without enzymic reagents, these reactions have 

only recently begun to be investigated.

The luminescence of dicyclohexylperoxydicarbonate (CPDC) 

in polymer solutions attracted the attention of Phillips^ in 

1967. He observed two maxima in the luminescence spectrum, at 

A=4300§ and A=53008. On the basis of his kinetic and sensitiza

tion studies, Phillips concluded that the short wave-length 

chemiluminescence probably results from cage disproportiona

tion of (cyclohexoxy) radicals from the initiator giving an 

electronically excited cyclohexanone molecule in its triplet 

state. The nature of the elementary reaction giving rise to 

the long-wave chemiluminescence is as yet unknown.

c;Razuvaev had studied this decomposition in 1965 and 0
shown that the R-O-d-O■radical was many times more reactive to 

the double bond of styrene than towards decarboxylation and 

was obviously the most stable species in the reaction (R=cyclo- 

hexyl, CgHj ̂ or 4-t-butyl cyclohexyl).
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O

R-O-C-O.+ H C=CHÇ> --------------- > products fast

O

R-O-C-O . ----------------- ^ R-O. + 0=C-0 slow

R-0 ♦ + H2C=CH0 ■> products slow

Chapman6 has produced photodimers of isophorone by irrad

iation and has theorized that two different triplets of iso- 

phorone may be involved, with polar solvents favoring the 

formation of the head-to-head dimer (III) and non-polar solvents 

favoring the two head-to-tail dimers (land II).

0

In 1969, Rathealz found that CPDC decomposition in neat 

isophorone produced photodimers of i sophorone, demonstrating

energy transfer.



The most general synthetic route to the peroxydicarbon-
7ate functionality (IV) was reported in 1950 by Strain . Per-

oxydicarbonate compounds have been used as radical initiators

Our work is the investigation of the thermal decomposition 

of di-substituted peroxydicarbonates in polystyrene (PS) film 

and an attempted utilization of the excited states in the cis 

trans stilbene isomerization.

The photochemical conversion of pure cis- or trans- 

stilbene into a steady-state mixture of both is known to occur 

in a variety of solvents and at various wave lengths of incid

ent light-*-!. To summarize briefly, the reaction is quite com

plex and is thought to proceed through a non-planar excited 

state which degenerates into both cis- and trans- stilbene

Oin polymerization reactions , as electrophiles toward aromatic
qsystems , and as luminophores in polymer media when thermally 

decomposed!®.

0 0

R'-O-II + Cl-C-Cl R ' -0-C-C1
0 0 0
II 5-10°

2 R '-0-C-C1 + Nao0 o aq R'-0-C-0-0-C-0-R'
IV

R '=alkyl

from common intermediate.



Many photochemical transformations have been studied by 

using, as a source of energy, high pressure mercury vapor lamps, 

which have a much greater photon flux than the light from a 

chemiluminescent reaction. A simple photochemical reaction 

can easily require several hours of irradiation to achieve a 

reasonable yield. Even sensitized reactions, which are always 

more efficient than un sensitized reactions, require strong ir

radiation for a period of time depending on the difficulty of 
the reaction.

The reaction we have investigated is inefficient. The 

cis to trans isomerization of stilbene has been found to pos

sess a quantum yield of 0.4210.03 by Hammond11 for all sensiti

zers measured. This chemiluminescence is quite weak. The yield 

of light for each act of recombination of cyclohexoxy radical 
is 4xl0~4 as found by Phillips4 .

We plan to investigate the mechanism of this isomeriaz- 

tion by using the excited species from the CPDC decomposition 

to selectively produce excited species of the two stilbenes.
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Experimental

All polystyrene plates were prepared by dissolving the 

required amounts of polystyrene and reactants in benzene, pour

ing the solution onto a 8"x8"xl/8" glass plate and allowing 

the benzene to evaporate at least overnight. The film was 

decomposed on a Fisher hotplate turned up to maximum. The 

dodecane solutions were prepared in neat dodecane and used 

immediately. All melting points were determined on a Fisher- 

Johns me1temp apparatus. A Varian Auto-prep gas chromato

graph was used to determine the stilbene concentrations.

Both di-t-butylcyclohexylperoxydicarbonate and dibenzyl- 

peroxydicarbonate were obtained from Chemetron-Noury Corpora

tion, 2153 Lockport-Olcott Road, Burt, New York, and were used 

without purification.

nPreparation of Dicyclohexyl Peroxydicarbonate

Phosgene was condensed to give 52 ml. (75.9 g, 0.764

moles), which was allowed to vaporize into 68 ml (65.2 g,

0.652 moles) of cyclohexanol cooled in an ice bath with stir

ring over 1 hr. 45 min. The solution was kept at ice bath 

temperature 3 hr., and then dry air was bubbled through the 

reaction mixture for 8 hr. The crude cyclohexyl chloroformate 

was washed 4 times with 20 ml of HqO and dried over calcium 

chloride overnight. Distillation at 2.5 mm gave 89.6 g of 

product, 85%, bp 74-78° mostly 74-75°. (lit.^

2 7 mm).

b.p. 87.5° at
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A solution of sodium peroxide was prepared by adding 42.5 g 

(0.374 moles) of 30% to a solution of 17.6 g (0.374 moles)

of 85% NaOH (Fisher) over a period of 26 min at a temperature 

of 8-10°. An incubation period of about 15 min was noticed in 

the reaction, because a rise in temperature and a certain 

cloudiness developed both of which dissipated quickly.

The fresh peroxide solution was transferred to a dropping 

funnel and added to 40.7 g (0.25 moles) of cyclohexyl chloro- 

formate, with stirring, over 15 min at 13-15°. The ice was 

allowed to melt and, after seven hr. stirring, the reaction 

mixture was filtered to remove the solid product. The product 

was washed 8 times with 25 ml of water, squeezed dry through 

several pieces of filter paper, and air-dried for 3 days to 

give 20.7 g, 57%,of white powder, mp 46.5-47°. (lit7 m.p. 46°).



DISCUSSION



Mixtures of peroxydicarbonate, energy acceptor (either 9 ,10- 

diphenyl anthracene or 9,10-dibromoanthracene) and stilbene in 

a polystyrene film adhering to glass plates were heated on a 

hot plate and the duration and appearance of the emissions 

were noted. The observations are listed in the tables in the 

Appendix. Nine different series of plates were run. Their 

compositions are summarized in Table 1.

Table 1

Composition of Plates

Series 1, Dicyclohexylperoxybicarbonate (CPDC) 

plus 9,10-diphenylanthracene (DPA)
Series 2 Di-t-Buty1cyclohexylperoxydicarbonate (BPDC) 

plus DPA or 9,10—dihromoanthracene
Series 3 Solution in dodecane; BPDC; stilbene; 9,10- 

diphenylanthracene
Series 4 BPDC and trans-stilbene
Series 5 BPDC and trans-stilbene; DPA
Series 6 BPDC; cis-stilbene; DPA
Series 7 BPDC; trans-stilbene; DPA
Series 8 BPDC; cis-stilbene
Series 9 CPDC; trans-stilbene



In the first and second series, internal emission was 

detected whether 9,10-dibromoanthracene (DBA) 9,10-diphenyl- 

anthracene (DPA) were used as acceptor-emitter. We chose to use 

DPA for the remainder of the runs.

In the third series no emission is observed, whether or not 

DPA is present.

In the fourth series, weak emission is observed upon heat

ing mixtures of peroxydicarbonate and trans-stilbene in poly- 

stylene film.

In the fifth, sixth, and seventh series only weak emission 

is detected upon heating peroxydicarbonate stilbene, and DPA in 

polystyrene.

In the eighth series, very little, if any emission is 

detected upon heating a mixture of cis-stiIbene and peroxydicar- 

bonate in a polystyrene film.

In the ninth series, lifetimes were measured for the 

chemiluminescence of a mixture of trans-stilbene and peroxydi- 

carbonate in polystyrene.
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360-

300-

240
extinction

times 180-

(in sec.) 120-
60 •

IO-2 io-3 IO-4 IO""5 10 6 10 7 10 8 10 9

concentration of stilbene (g)

All three plates from the first series were analysed by GC 

and found to contain only cyclohexanone and cyclohexanol.

Our results confirm those of Ratheal3 and Phillips4 on 

serverai points, 1) that CPDC and other peroxydicarbonates 

luminesce in PS and 2) are enhanced by emitters such as DPA 

and DBA and 3) that this energy may be used to study photo

chemical reactions.

The efficiency of the isomerization is the major problem
1 o fin this paper. Despite the quantum yields 13 of 0.55 + 0.02 for 

the trans to cis reaction and 0.42±0.03 for the cis to trans 

reaction, the emission of photons from the excited cyclohexan

one molecule was much too weak to be useful.

We have shown that peroxydicarbonates are inefficient 

energy transfer agents in both sensitized and unsensitized 

solutions of either cis- or trans-stilbene in polystyrene films



(with dibenzylperoxydicarbonate, di-t-butylcyclohexylperoxy- 

dicarbonate, and dicyclohexylperoxydicarbonate).

Whether the ketone excited state produced from the peroxy- 

dicarbonate is singlet or triplet cannot be determined, since 

the energy acceptors, both stilbenes and emitters, have demon

strated that no detectable amounts of isomerization products 

are detected even in concentration ratios of 107 :1 (initiator: 
substrate).

Perhaps this reaction may be more easily studied using tri 

methy 1-2-oxaoxetane as a source of energy as White-*- used to 

accomplish the 4,4-diphenylcyclohexadiene isomerization of 
Zimmerman .

0 (p

A 2o/o yield of the bridged cyclopenteneone product was 

obtained using a 50:1 excess of the oxaoxetane in refluxing
benzene.





Table II. First Series of Decompositions

Compositions :

Plate No. PS film CPDC Emitter
1 1 • 25g 0. 14g
2 1.12g 0. 14g 0.1515g DPA
3 1. 12g 0. 14g 0.1379g DBA

Observations:

The eyes were allowed to adjust for approximately 10 min 
before any observations were made.

Plate 1 - A dim blue light started after 5 or 10 sec, lasted 

30 to 40 sec, with the light spreading in a single ring from 

center to edge, and then slowly vanishing.

Plate 2 - A much more intense light started immediately and 

lasted for about 30 sec. A dimmer glow persisted for at least 
five min more, when the plate was removed.

Plate 3 - A 2 sec. initiation period was followed by brilliant 

light (almost any object in the darkened room could be seen) 

for 7 to 8 sec., followed by about 20 sec. of dimmer light.



Table III. Second Series of Decompositions 

Compositions :

Plate No. PS BPDC Emitter
1 1 • 39g 0.14g —

2 1 • 39g 0. 14g 0.1443g DPA
3 1 • 12g 0. 14g 0.1406g DBA

Observations:

Plate 1 - The plate did not luminesce even after 2 min. of 
heating.

Plate 2 - The luminescence started about 5 sec. after the heat 

was applied and lasted 1 min. 15 sec. Two concentric circles 
of light were evident. »

Plate 3 - The luminescence started about 10 sec- after the 

beginning of the heating and lasted about 50 sec. Concentric 

circles were also evident here. There was no noticeable 

difference in intensity between the latter two plates.



Table IV. Third Series of Decompositions

Compositions :

Plate
No.

Dodecane
Solvent BPDC St ilbene Emitter

1 9.8 ml 0.13g 0. 14g trans 0.0879g DPA

2 10.3 ml 0. 13g 0.09g trans —

3 10.0 ml 0.14g 0.08g cis —

4 9.9 ml 0. 13g 0.08g cis 0.1660g DPA

Observations:

No emission was detected, in any of the four tubes, even

after two minutes of heating.
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Table V. Fourth Series of Decompositions

Compositions :
Plate
No. PS BP DC

trans-
stilbene DP A

1 0.4508g 0.03686g — —

2 0.4507g 0.03983g 1.805 x 10-2 —

3 0.4660g 0.03983g 1.805 x

COiOr—f —

4 0.4652g 0.03686g 1.805 x H O 1 —

5 0.4500g 0.03686 1.805 x 10~5 —

6 0.452 8g 0.03686g 1.805 x 10-6 —

7 0.4592g 0.03686g 1.805 x IQ"7 —

8 x 0.4536g 0.03686g 1.805 x 00iOi—!

Observations:
Plate 1 - The very weak emission lasted about 30 sec.

Plate 2 - The very weak emission lasted around 2 min.

Plate 3 - The emission is quite weak and lasts less than 1 min.

Plate 4 - The emission is very weak and fades out in about 1
min.

Plate 5 - This plate is the same as plate 4.

Plate 6 - The weak emission reaches its maximum about 15 sec. 

after initiation and fades slowly over a few minutes.

Plate 7 - The weak emission is brightest in intensity after 
13 sec. and fades after about 2 minutes.

Plate 8 - The emission is much weaker even than Plate 1 and 
could not be reliably observed.
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Table VI. Fifth Series of Decompositions

Composi tions:
Plate 
No. PS BPDC
1 0.4476g 0.04003g
2 0.4406g 0.04003g
3 0.4643g 0.04003g
4 0.4582g 0.04003g
5 0.4543g 0.04003g
6 0.4627g 0.04003g
7 x 0.4638g 0.04003g

trans-
stiIbene DP A

1.808xl0~2g 3.309xl0~2g
1.808xl0_3g 3.309xl0-3g
1.808xl0_4g 3.309xl0~4g
1.808xl0-5g 3.309xl0“5g
1.808xl0-Sg 3.309xl0-6g
1.808xl0_7g 3.309xl0~7g
1.808xl0_8g 3.309xl0~8g

Observat ions:

Plate 1 - The emission is weak, reaches a maximum at about 11 
sec and last 35 to 40 sec.

Plate 2 - The weak emission reaches a maximun at about 15 sec 
and lasts 40 sec.

Plate 3 - The weak emission reaches maximum intensity after 
12 sec and last about 30 sec.

Plate 4 - This plate was the same as plate 3.

Plate 5 - The weak emission reaches a maximum intensity after 
14 sec and last about 40 sec.

Plate 6 - The maximum intensity is reached after 9 sec and 
fades after 1 min.

Plate 7 - The weak emission lasts 2 min and vanishes quickly 
after this.



Table VII. Sixth Series of Decompositions

Compositions :

Plate cis-
No. PS BPDC stilbene DP A
1 0.4582g 4.044xl0~2g 1.957xl0-2g 3.390xl0~2
2 0.4552g 4.044xl0“2g 1.957xl0_3g 3.390xl0~3
3 0.4682g 4.044x10~2g 1.957xl0_4g 3.390xl0~4
4 0.4618g 4.044xl0~2g 1.957xl0~5g 3.390xl0~5
5 0.4605g 4.044xl0-2g 1.957xl0_6g 3.390xl0~6
6 0.4614g 4.044xl0~2g 1.957x10""7g 3.390xl0-7
7 0.4585g 4.044x10-2g 1.957xl0_8g 3.390xl0-8

Observations:

Plate 1 - The weak emission develops a maximum in 25 sec. 

and lasts less than 45 sec.

Plate 2 - The very weak light never really develops a maximum 

and fades after 40-45 sec.

Plate 3 - The plate was the same as 2.

Plate 4 - Only the perimeter of the plate luminesces and 

vanishes after less than 35 sec. The light is very weak. 

Plate 5 - Again, only the perimeter of the plate luminesce 

very weakly. The light is very weak and lasts 30-35 sec. 

Plate 6 - The perimeter of the plate luminesces weakly, and 
disappears after 20 sec.

Plate 7 - This plate is the same as plate 6.



1 able VIII. Seventh Series of Decompositions

Compositions :
Plate 
No. PS BPDC

trans- 
stilbene DPA

1 0.4757g 0.03046g -

2 0.4534g 0.03046g 1.808xl0-2g 3.309xl0~2g
3 0.4603g 0.03046g 1.808xl0-3g 3.309xl0~3g
4 0.4580g 0.03046g 1.808xl0-4g 3.309xl0~4g
5 0.4566g 0.03046g 1.808xl0-5g 3.309xl0-5g

. 6 0.4532g 0.03046g 1.808xl0~6g 3.309xl0~6g
7 0.4600g 0.03046g 1.808xl0~7g 3.309x]0-7g
8 0.4614g 0.03046g 1.808x10-8g 3.309xl0-8g

Observât ions:
Plate 1 - The weak light develops a maximum after 7 sec and
vanishes after 20-25 sec.
Plate 2 - The weak maximum occurs in 13 sec and disappears
after 20--25 sec.
Plate 3 -- The weaker maximum develops in 14 sec and vanishes
after 25-30 sec.

Plate 4 - The very weak light does not develop a maximum and 
could not be reliably observed.

Plate 5 - 1 his plate was the same as plate 4

Plate 6 - This plate does not develop a maximum and vanishes 
after 20 sec.

Plate 7 - 1 his plate is the same as plate 6, 
light vanishes after 19 sec.

except that the
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Plate 8 - This plate is the same as plate 6, except that the 
light lasts only 16 sec.

Table IX. Eighth Series of Decompositions 

Compositions:

Plate cis
No. PS BPDC st ilbene DP A
1 0.4438g 0.04047g — -
2 0.4490g 0.04047g 2.087xl0~2g -
3 0.4602g 0.04047g 2.087xl0~3g -
4 0.4580g 0.04047g 2.087xl0_4g -
5 0.4668g 0.04047g 2.087xl0~5g -
6 0.4500g 0.04047g 2.087xl0~6g -
7 0.4571g 0.04047g 2.087xl0~7g -
8 0.4562g 0.04047g 2.087xl0-8g _

Observations:

Plate 1 - No visible light.

Plate 2 - No visible light.

Plate 3 - No visible light.

Plate 4 - The very weak light never develops a maximum and 
vanishes after 30 sec.

Plate 5 - The very weak light could not be reliably observed. 
Plate 6 - No visible light.

Plate 7 - No visible light.

Plate 8 - No visible light.



labié X. Ninth Series of Decompositions : Emission Lifetimes

Compositions : 
Plate
No. PS CPDC
1 1.317Gg 0.1373g
2 1.3200g 0.1342g
3 1.3545g 0.1829g
4 1.3149g 0.1698g
5 1.3089g 0.1391g
6 1.3l27g 0.1245g
7 1.3172g 0.1777g

trans-
stilbene Emitter

9.02xl0~2g 

9.02xlCT3g 

9.02xl0_4g 

9.02xlCT5g 

9.02xl0-6g 

6.025xl0-8g

Observations : Times of absolute extinction of light 
Plate 1 - No visible light was emitted.
Plate 2 - 150 sec.

Plate 3 - 340 sec.

Plate 4 - 260 sec.

Plate 5 - 200 sec.

Plate 6 - 150 sec.

Plate 7 - 210 sec.
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