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Table 1. Selected Diketones and Yields for the Formation of
Porphodimethenes 1-5

syn yleld (%) anti yield (%)
diketone UV=vis, Amax (log €) UV=vis, Ama, (log €)
aceanthrenequinone 1 (4), 2(18),
452 nm (4.92)2? 448 nm (4.94)*
phenanthrenequinone 3(11),
432 nm (4.89)*
pyrene-4,5-dione 4 (1), 5(4).

442 nm (4.97)% 440 nm (4.94)®
@ CHCl;. ? o-Dichlorobenzene.

R A EREWRGZAEM AT &% aceanthrenequinone - phenanthrenequinone
% pyrene-4,5-dione F 4p ¢ ch & JE484] » @ aceanthrenequinone fr phenanthrenequinone & &_#
FoREZAEIEEH P 1 AAQ &2 PNQ- # ™ #p pyrene-4,5-dione € 7 € » fv AAQ - #°
PR B F kA R A MR A LR
F S&in% - AL & & pyrene-4,5-dione » ] & { Acros Organics ~ Lancaster ~ Isolation
and Identification of Drugs ¥2 The Merck Index % ¥ & ;2 & F|3% i & ; #1105 iE 7 "iE =
(Beilstein Institut zur Foerderung der Chemischen Wissenschaften)pyrene-4,5-dione & = g < »
329 BB F R(FR ) > L #-pyrene-4,5-dione 2o Ak & FALf§ it AT :
Chemical Name : pyrene-4,5-dione
Autoname : pyrene-4,5-dione
Molecular Formula : CsHgO»
Molecular Weight : 232.24
Compound Type : isocyclic
EREFRFEL AF 1S BF BT AAFIC AR KT LSS R
pyrene-4,5-dione ¥ Tetramethylethylene (TME ) >t ¥ ¢ i® % » 2 {7 k- X f 27-P 48 & &
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@ % 23 & e Ref. 2 5 Journal ; Moriarty et al. ; TELEAY ; Tetrahedron Lett. ; 1975 ;
2557 47if By W€ & & 0 @ Hasded L opyrene (B B 5 25g % £ 147 =~ > 100 g £ £ 442
) e
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108] Wei-Szu Chang, Ting-Hua Li,Shun-Chi Chen([{t"fi%l), “Exciplex Formation and

Charge-Transfer Induced Photoreduction of Excited 2-Benzoylfluorene with
Triethylamine” Triethylamine , 2010 APCChE (13th Asia Pacific Confederation of
Chemical Engineering Congress), Taipei, Taiwan, Oct. 5-8, 2010.[109] Guang-Rong

Zeng, Tzu-Chiang Lin, Shun-Chi Chen
Dear Dr. Chen and Dr. Fang:



A friend gave me a e-copy of your publication ( CPL 450 (2007) 65-70 which I find
interesting to me. Similarly, | would be interested to see other pertinent articles on
the subject, including the one cited above. If you have information related on the
absorptions of PBP and chiefly BF in different solvents ( e.g., spectra or
absoptivities/extinction coefficients at given maxima in benzene, dry/or wet
acetonitrile,dimethylformamide,

methanol, absolute/or wet ethanol, and halocarbons ) and still other data about the
excited states, radicals and dadical-ions | would much appreciate if you would make
me available via e-reprint, e-mail or in print to michaeltoth@hotmai.com ( or
tothms@live.com ) or to Michael Toth, 45 Myrtle St. Apt. 21, Boston, MA
02114-4559. During the early and mid seventies, | investigated photoreactions of
benzophenone, the much studied so called self-quenching included, and benzil in
CFC's and other solv ents, etc.. Thus the determination of spectra and absorptivities
for triplets and radicals came up. The method of simple ground state depletion
appears to be applicable to the very high intensity ruby laser photolysis of PBP in
acetonitrile but not in benzene. The same method is well applicable to the high
intensity photolysis of BF in varied solvents ( see Toth Mihaly, Chem. Phys. 46 (1980)
437-443). Also, | tried to photo stabilize strongly irradiated dilute solutions by triplet
energy transfer and by electron transfer in selected polar solvents ( e.g. dry
acetonitrile, water, dimethylformamide ) Indeed, |

have found that the chemically reversible photo reduction by DABCO via free
radical-ions is a versatile reaction in the just cited solvents. Of course eventually
used information coming from your works, after your permission, would be
acknowledged.  Unfortunately, at this time of working on publications, | do not
have access to academic journal s at universities or on the internet, unless | would
pay about S 40.00 per article, without even knowing what is in it. | have difficulty to
afford the fast internet. | will greatly appreciate your attention, sincerely,

Michael Toth.

PS, sorry in the earlier e-mail, | have misspelled the address of Dr.Fang

Observation of A Novel Emission from An Exciplex of CPL 450 (2007) 65-70p

Triplet 4-Phenylbenzophenone with Triethylamine

Shun-Chi Chena, Tai-Shan Fang* aDepartment of Chemical Engineering, Mingchi
University of Technology, Taishan, Taipei,Taiwan, 243, R.0.C

bDepartment of Chemistry, National Taiwan Normal University, Taipei, Taiwan,
116,R.0.C

Abstract:

Exciplex formation of excited 4-phenylbenzophenone (PBP) triplet with
triethylamine (TEA) in organic solution has been studied by steady state and
pulse-laser photoluminescence measurements. Direct evidence for triplet exciplex



formation was provided by the observation of emission at longer wavelengths than
that of the phosphorescence of PBP. Some other interesting features which have
been attributed to the lowest excited triplet state of the PBP molecule of the
exciplex were also observed. The quenching mechanism is proposed to involve a 7
7 * triplet of PBP to form an exciplex with the ground state of TEA. The critical
border difference of the photophysics between 3( 7z, 7 *)PBPand3(n, 7 *)
benzophenone (BP) probably plays an important role in electrontransfer process.
Keywords: Triplet exciplex emission; 4-phenylbenzophenone
phosphorescence;amines
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Study and Revisit on the Chemically Initiated Charge Separation Luminescence (CICSL) of
Aromatic Dioxetanes



Chung-Wen Sun®, Shun-Chi Chen®, Tai-Shan Fang®

2Department of Chemistry, National Taiwan Normal University, Taipei, Taiwan, 116, R.0.C

®Department of Chemical Engineering, Mingchi University of Technology, Taishan, Taipei 243, Taiwan, ROC

Abstract

Bicylic dioxetane compounds la~6a were synthesized from dioxin compounds 1~6 reacted with singlet oxygen in
dichloromethane at 238 K, and studied on their chemiluminescence efficiency in benzene while upon heating to
temperatures in between 280~350 K. Direct evidence for the dioxetanes la~6a decomposed thermally into
electronically excited diester compounds 1b*~6b* associated with the (7*—m) emission spectra of diester compounds
1b~6b. These results show that the thermal decomposition (n—n*) of the dioxetane with the substituted aromatic
electron donor display chemically initiated charge separation luminescence (CICSL) of the n*—m, in which a charge
transfer from an aromatic electron donor to the highly-strained dioxetane ring occurs to induce its decomposition with
aromatic diester as a m*m emitter. The activation parameters and chemiluminescence quantum yields are in agreement
with the occurrence of a CICSL mechanism in the decomposition of these dioxetanes.

© 2012 Elsevier Science. All rights reserved

Keywords: Chemiluminescence; Dioxetane; chemically initiated charge separation luminescence (CICSL)
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1. Introduction

The phenomenon of firefly bioluminescence'” has led
to the theoretical®™ and practical” study of the
chemiluminescence of 1,2-dioxetanes and has been of
interest to chemists for a long time. The high-energy
1,2-dioxetane molecules are the focus of many
investigations because of their unique ability to decompose
thermally into electronically excited carbonyl products.”
(see Scheme 1) Although 1,2-dioxetanes have been
postulated as reaction intermediates for over 100 years, the
thermal decomposition mechanism of these elusive
materials is still not clear. It is likely that the effect of
structural changes will help elucidate the still-debated
mechanism of this reaction. The most common preparation
of 1,2-dioxetanes is through the [2 + 2] cycloaddition of
singlet oxygen to electron-rich alkenes.”

The key concept of the CICSL mechanism suggests
that the activated electron in the molecule is transferred,
generating radical ion intermediates, which followed by the
annihilation of these intermediates, explaining the
1,2-dioxetanes chemiluminescent mechanism.” Goto and
Nakamura proposed that indolyl-dioxetane reacted into an
excited diester via an exciplex intermediate form.'"” Adam
also discussed the CICSL of 1,2-dioxetanes."!

The chemiluminescence of ozonization and singlet
oxygen oxidation of the dioxin compound 1 was reported
several years ago in this laboratory.'” Based on the
aforementioned current interest areas, we used the
molecular structure of this compound as a base template to
design and synthesize halo-substituted dioxin compounds
2~6 We report the chemiluminescence of compounds
la~6a by taking the advantage of their dialkoxy-activated
double bond, and fused with the high energy, para-
position electrophile group substituted naphthalene ring to
present some new pieces of evidence in the intramolecular
CICSL mechanism.

2. Experimental
2.1. Materials

Acenaphthenequinone (ANQ, Aldrich) was purified
using chromatography and recrystallized several times
before being used. para- position electrophile or
nucleophile group substituted ANQ (compounds 2~6) were
prepared using the method in ref. 13. Compounds 1~6 were
synthesized by the photo-Diels-Alder reactions of the
para-substituted acenaphthenequinone with
tetramethylethylene (TME) in benzene.'* Singlet oxygen
oxidation of the dioxins (1~6) into the dioxetanes (1a~6a)
was carried out using the procedure given in ref. 5.
Dioxetane adducts (la~6a) were isolated by ice-chilled
n-hexane extraction from low temperature synthesis of

ozonized triphenylphosphite for chemiluminescence studies.

They were identified by "H NMR spectroscopy in CDCl,
and by their quantitative cleavage to diesters (1b~6b) which
were fully characterized. (see Scheme 2)
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Scheme 1
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Compound 1: X = H
Compound 2: X = CI
Compound 3: X = Br
Compound 4: X =1
Compound 5: X=OCHj
Compound 6: X=NO,

Compound 1b~6b
Scheme 2

2.2. Measurements

The absorption spectra were measured on a
Hewlett-Packard diode array spectrophotometer. The
steady-state emission spectra were obtained using a Cary
Eclipsed Spectrofluorimeter equipped with a temperature
controller. For the temperature-dependent kinetic
measurements, the temperature of the sample solution was
controlled to within +0.5 K with an electronically
thermostatting  single cell and monitored with
thermocouples attached to the cell. The quantum yields of
the chemiluminescence of compounds (2a~6a) were
determined using a photomultiplier tube, using compound
la at the same concentration as the reference. The
fluorescence quantum yields of compounds (2b~6b) were
determined using the fluorescence spectrum of compound
1b as a reference.

3. Results and Discussions

The isolated dioxetane compounds 1a~6a were formed
by reacting compounds 1~6 with singlet oxygen in
dichloromethane at 238 K and decomposed thermally into
electronically excited diesters 1b*~6b* and then fluoresced
to the ground state configurations 1b~6b."> As an example,
the absorption, excitation and fluorescence spectra of
diester compound 1b and the chemiluminescence spectra of
dioxetane compound la in dichloromethane are shown in
Fig. 1. Evidence shows that the chemiluminescence
spectrum peak of the dioxetane compound la at 390 nm is
consistent with that of the fluorescence of the excited
diester compound 1b.
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[Insert Fig. 1 here]
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Fig. 1 The chemiluminescence spectrum (black line) of
dioxetane compound la. The absorption (blue line),
excitation (green line) and photoluminescence (red line) of
the excited diester compound 1b.

[ 0. (OCH:-0.12;1,01.8; Br,0.26; C1,0.24; NOs,
0.81] Table 8.2 (ref) ref. (7) Anslyn, Eric V.;

Dougherty Dennis A. ” Modern Physical Organic
Chemistry” 2004,p.446, Table 8.2

The rate constants for the decomposition of dioxetanes
were obtained at 313~353 K by measuring the decay of the
chemiluminescence intensity. The chemiluminescence
decay of compounds 1a~6a was monitored at the maximum
value of the fluorescence in dichloromethane and/or
benzene, plotted using the Arrhenius equation. There are
two different linear equation groups corresponding to
compounds la~6a respectively, as shown in Fig. 2.

[Insert Fig. 2 here]
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Fig. 2 The Arrhenius plots of the
chemiluminescence kinetics of compounds
la~6a.

Thus, the overall mechanism of dioxetanes can
be presented as equation (1).

B-=X—C"—C

(D)

Where B = dioxetanes; X* = the activated complex;
C* = the excited diesters. The rate constant equation (2)
can be obtained using transition-state theory. The thermal
parameters of compounds la~6a calculated with equation
(2) are listed in Table 1.

k R AS*  AH!
In—=(In + )—
T N.h R~ RT

2)

where Ny=Avogadro’s constant ; h=Planck’s constant

Table 1 shows that the energy of activation of the
para- position nucleophile group substituted compounds
(2a~5a) is lower than electrophile group substituted
compound 6a. The O-O bond was cleaved through
intramolecular exciplex via electron transfer (ET) into a
transition state, as shown in Scheme 3. The nucleophile
group on the naphthalene ring of compounds (2a~5a) could
stabilize the transition state. The lone pair on the
bromo-, chloro-, iodo or methoxy groups resonated to the
cation at para- position of naphthalene ring. The
CICSL-type mechanism could be used to explain the result
that the activation energy of compound 6a is much higher
that that of compounds (1a~5a), as shown in Table 1.
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Table 1
The thermodynamic parameters of compound
la~5a

Compound Ea AP ~
(kcal/mol)  (kcal/mol) (eu)
la 22.2 21.5 -8.8
2a 22.4 21.7 -8.4
3a 21.8 21.1 -9.9
4a
Sa
6a
ra S 1t
o 9 BT g o 0o -Ooe Jd o

0Ly O

BET
N annihilation
0 é 1

X X X

X

compound la~6a intramolecular exciplex

Scheme 3

The chemiluminescence quantum yields of dioxetane
compounds la~6a that decomposed thermally into
electronically excited diester compounds 1b*~6b*, which
then emitted a photon, returning to their ground state
configurations 1b~6b, can be calculated by equation (3)."

(oreIACL = ¢reI.EX x (DreI.FL

3)

PrelcL the relative chemiluminescence
quantum  yields of  dioxetane
compounds

@ ex - the relative formation quantum yields

of excited diester compounds

@ - the relative fluorescence quantum

yields of diester compounds

The chemiluminescence quantum  yields of
compounds la~6a and photoluminescence quantum yields
of compounds 1b~6b are listed in Table 2. It was inferred

compound 1b*~6b*

that if the activated « electron on naphthalene of compound
la transferred to generate a radical ion onto one oxygen
atom of the 1,2-dioxetane ring, then the O-O bond was
cleaved simultaneously through CICSL. On one side on the
1,2-dioxetane ring, the dialkoxy group was the electron
donor. The naphthalene ring was the corresponding
electron acceptor (emitter) on the other side of the
1,2-dioxetane. The C-C bond was cleaved through the
formation of an intramolecular exciplex, and then
annihilated by anion/cation interactions via backward
electron transfer (BET). Finally, the excited diesters were
formed from the activated complexes, and emitted a photon
to return to the ground state. This is consistent with the
intramolecular CICSL mechanism shown in Scheme 3.

Table 2
The relative quantum yields of
chemiluminescence (la~5a) and
photoluminescence (1b~5b)
Compound @y o Compound Prer.FrL
7
la 10 b 1.0" (390nm
max.)
24 13 7 4.9 (400nm
max.)
3a 0.17 3b 3.8 (450nm
max.)
4a 4b
S5a 5b
6a 6b

#: reference to compound 1a and 1b (~ +20% error)

The chemiluminescence quantum yields of dioxetanes
were affected by the formation quantum yields of the
excited singlet state and the fluorescence quantum yields of
compounds (1b~6b). Evidently, both fluorescence quantum
yields and chemiluminescence quantum yields were
affected by the substituents on the naphthalene ring. As
shown in Table 2, the relative quantum yield of
fluorescence (@ g ) IS Sb>4b>3b>2b>1b> >6b. It
can be inferred that the iodo-group of compound 4b would
enhance the heavy atom effect making the formation of the
triplet state more probable whereas the relative
chemiluminescence quantum efficiency (@, ¢ ) is 5a>
la>2a>3a>4a> >6a. It is also clearly that the
chemiluminescence quantum yields were affected by the
heavy atom effect of the halo-group on the naphthalene
ring. The relative singlet chemiluminescence quantum yield
increased  with  the inductive effect of the
chloro-substituents and decreased with the heavy atom
effect of the iodo-substituents.

The activation energy was controlled by the activated
stability of transient dioxetane. The photo-excited emission
frequency was mainly controlled by the naphthalene rigid
structure. Hence, the naphthalene structure within the
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molecule played the role of a chemiluminescent, as shown
in Scheme 4.

chemiluminescent emitter

4, Conclusion

We have shown that the 1,2-dioxetane-based
chemiluminescence  color is modulated by the
intramolecular CICSL mechanism of a dioxetane bearing a
substituted-naphthalene group. The change of substituent
on the naphthalene emitter causes a change in the color of
the dioxetane-based chemiluminescence, and also affects
the decomposed reaction activation energies of the
dioxetanes. The chemiexcitation process of the CICSL
decay was rationalized and described as being mainly due
to a particular form of entropic trapping. We continue to
investigate these and other aspects of the CICSL
mechanism.
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Scheme 4

Study and Revisit on the Chemically Initiated Charge Separation Luminescence
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of Aromatic Dioxetanes
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Bicylic dioxetane compounds 1a~6a were synthesized from dioxin compounds 1~6
reacted with singlet oxygen in dichloromethane at 238 K, and studied on their
chemiluminescence efficiency in benzene while upon heating to temperatures in
between 280~350 K. Direct evidence for the dioxetanes 1a~6a decomposed thermally
into electronically excited diester compounds 1b*~6b* associated with the (n*—m)
emission spectra of diester compounds 1b~6b. These results show that the thermal
decomposition (n—n*) of the dioxetane with the substituted aromatic electron
donor display chemically initiated charge separation luminescence (CICSL) of the
n*—m, in which a charge transfer from an aromatic electron donor to the
highly-strained dioxetane ring occurs to induce its decomposition with aromatic
diester as a m*n emitter. The activation parameters and chemiluminescence quantum
yields are in agreement with the occurrence of a CICSL mechanism in the

decomposition of these dioxetanes.
e) Compound 1: X=H

. ?—%
o
. Compound 2: X =Cl
_> + hv' Compound 3: X = Br
238K Compound 4: X =1
Compound 5: X = OCH;
X X

Compound 6: X = NO,

Compound 1~6 Compound la~6a Compound 1b~6b
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