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The chemistry of the dioxetane ring system has been under active investi-
3

gation for the past decade.2 In a recent report” we described our discovery of
the operation of the chemically initiated electron-exchange luminescence (CIEEL)
mecham‘sm4 in the chemiluminescence of dimethyldioxetanone (l). The involve-
ment of this meghanism was indicated primarily by the correlation of the excited
state generating effectiveness of a wide range of electron donors with the one
electron oxidation potential (on) of the donor. In that report we noted that
zinc tetraphenylporphyrin (ZnTPP) is an apparent exception to this correlation.
The initial chemiluminescent light intensity from ZnTPP js about 100 times
greater than is predicted simply from its one electron oxidation potential.
Moreover, the observed rate constant for catalysis of the decomposition of l by
InTPP is much larger than is predicted by its oxidation potential.

Unusual chemiluminescent phenomena have been reported previously for metal-
loporphyrins. Linschitz observed emission from the thermolysis of decalin hydro-
peroxide in the presence of ZnTPP or ch]orophy]].5 He noted that the free-
base porphyrin, unlike ZnTPP, has no catalytic effect on the rate of reaction
of decalin hydroperoxide. Moreover, the free-base reaction is not chemilumine-
scent. More recently, McCapra reported chemiluminescence from the reaction of
a variety of peroxides with ZnTPP.6 Again the metal is an absolute requirement.

In this report we describe our investigation of the interaction of ZnTPP
and other metallo- and free-base prophyrins with dioxetanone l. The results of
this investigation show conclusively for the first time that the unusual behavior
of ZnTPP is consistent with the CIEEL mechanism and that this behavior is due to
the formation of a ground state complex between the peroxide and the metallopor-

phyrin.

ReRLLS A0 Riscussd

In our previous report we established that the mechanism for electron

donor (activator, ACT) catalyzed chemiluminescence of dioxetanone l proceeds by

ST 20 ke b iaia
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a rate limiting electron transfer from ACT to the peroxide generating eventually
acetone radical anion and ‘ACT radical cation. Annihilation of these oppositely

: charged radical ions forms the excited state of ACT which we detect by it char-

5 acteristic luminescence. This mechanism, and the appropriate rate constants,

are shown in Scheme 1.

4

5? Scheme 1
'\f?‘ ,
! 0—0 k12 0—0
r AT /= ceee ACT (1)
: CH K CH
f 3 21 3 S
j CHy CH,
§ - _
Kact N ’ actt k30 ¥ art (2)
i CH » e e ﬁ *o e s
X 31:-}1 0 /L_4\
~ Xacr 3 Chy gy, O
- _
ﬁ 0 0
i -C0, A actt + ACT*! (3)
g ! 3 3 Hy  Chg

Our results indicate that the kinetics of the activator catalyzed reaction con-

form to:

k + k [ACT] (4)

obs k] cat

vhere kobs is the rate constant for the observed net first order consumption of
dioxetanone 1s k] is the rate constant for reaction of ], in the absence of ACT,

and k is rate constant for the bimolecular reaction of l and ACT. It is the

cat
bimolecular interaction that is primarily responsible for the chemiluminescence.

{
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The ratio of initial chemiluminescence intensity (Io) to the fluorescence
efficiency of ACT (¢f) can be related to the magnitude of kcat’ and the initial

concentrations of ] and ACT according to:
1,/6¢ = keay [11,[ACT] (5)

Thus under conditions where the concentrations of l and ACT are constant during
the time required for the experiment, IO/¢f is directly proportional to kcat'
We have measured IO/¢f under these conditions for a wide variety of ACT. In
general, for amine and aromatic hydrocarbon ACT their on accurately predict the
magnitude of Io/¢f. The exceptions to this correlation are some metallopor-
phyrins, Figure 1. The measured value of kcat for a variety of ACT are pre-
sented in Table I. It should be noted that the exceptionally large value of
I°/¢f for the zinc and magnesium porphyrins are consistent wifh the indepen-
dently measured values for kcat'

In order to determine if the unusual catalytic ability of the zinc and
magnesium porphyrins is due to the metal ion or to the porphyrin ring system
we investigated the behavior of some free-base porphyrins. In particular, we
determined I°/¢f and kcat for tetraanisylporphyrin (HZTAP). As can be seen
from Figure 1 and Table I, H2TAP does not behave unusually. That, is its on
is a reliable predictor of both Io/cbf and kcat' Similarly, tetraphenyiporphyrin
(HZTPP) does not appear to catalyze the decomposition of ] or its chemilumin-
escence beyond that which would be predicted by its on. Evidently, the metal
ion plays a crucial role in causing the unusually efficient catalysis by MgTPP
and ZnTPP.

To probe further the mechanism of this metal ion catalysis we examined

the effect of changing the metal jon on I°/¢f and kcat for tetraphenyl- and

tetraanisyloporphyrins. Cyclic voltammetric measurements have revealed that for
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zinc, cadmium, and magnesium porphyrins the first oxidation is ligand centered.7
On the other hand, for silver and cobalt porphyrin the first oxidation is metal
centered.7’8 Interestingly, zinc, cadmium, cobalt, and magnesium porphyrin
(including chlorophyll a)exhibit the unusually effective catalysis, but AgTPP

does not. . The magnitude of kcat for AgTPP is accurately predicted by its
on, Table I. Evidently, the identity of the metal ion matters greatly for the
catalysis. Compare, for example, AgTPP (on = 0.59V gg.SCE) which exhibits a

-1 -1 - .
kear ©f 1.1 M7 s™ and MgTPP (E,, = 0.60 V vs SCE) whose k ., is nearly 10,000

Ar Ar
Ar Ar Ar A\r
Ar Ar
Free-Base Porphyrins Metalloporphyrins
H,TPP, Ar=Ph MTPP, Ar=Ph
H,TAP, Ar=(p-0CH,)Ph MTAP, Ar=(p-0CH,)Ph

times laraqer. But, the catalysis can occur with metalloporphyrins that undergo

either metal- or ligand-centered oxidation. Apparently, it is some feature other
than the site of oxidation of the metalloporphyrin that enqenders the remarkable

chemiluminescent catalysis.
It is quite well known that certain metalloporphyrins form stable complexes

with nitrogen bases such as pyridine.9 Moreover, it is known that free-base

10

porphyrins do not form these complexes. Quite recently the results of a ther-

modynamic study of the complex formation of ZnTPP with several neutral donors
n

was reported.

In this study the equilibrium constant for the complex was
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estimated by the shift of the maximum of the porphyrin Soret absorption band.

For metalloporphyrins it has been observed that the maximum of the Soret band
shifts to longer wavelengths upon complex formation. For simple ester donors
the shift in cyclohexane solution is observed to be ca. 5 nm, for alkyl ethers
ca. 6 nm. MWe ipvestigated the possibility that the formation of a ground state
complex between dioxetanone ] and certain metalloporphyrins is the cause of the
unusual catalysis.

Addition of ZnTPP or MgTPP to cyclohexane solutions of dioxetanone l causes
such a rapid reaction that it is not possible for us to measure the absorption
spectrum of the mixture before most of the peroxide has reacted. To circumvent
this problem we used tetramethyldioxetane (2) as a model for ). The reactions
of 2 are not particularly sensitive to metalloporphyrin catalysis, présumab]y
because its reduction potential is far more negative than that of ]. In cyclo-
hexane solution the maximum of the Soret band for ZnTPP is at 416.0 nm. In the
presence of 0.36 M % this maximum shifts to 417.2 nm. A similar result is
obtained with MgTPP. Interestingly, AgTPP, which does not readily expand its
coordination sphelr'e,]2 and for which no special catalysis is observed, does not
give evidence of complex formation with dioxetane £. This is in line with our
observation that even pyridine does not shift the absorption maximum or oxidation
potential of this metalloporphyrin. Evidently the ability of the metalloporphyrin
to form detectable complexes with dioxetane g predicfs reliably the unusual
catalytic behavior. '

The magnitude of kcat is related to several of the rate constants specified
in Scheme 1. Our previously reported data indicates that k30 >> k-ACT' Thus

simple analysis of the kinetics show that:

keat = K12 Kact (6)
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where K]2 (k]2/k2]) is the equilibrium constant for complex for'mation.]3 For the

amine and aromatic hydrocarbon activators K]2 is evidently independent of the struc-

14 only on diffusion. How-

ture of ACT and probably depends, as in the Weller model,
ever, InTPP, MgTPP, CoTPP, CdTPP, etc. form ground state complexes with peroxide l
and the magnitude of kCat is therefore the product of K12 for the complex and kACT'
Indeed, if we assume that comp..xation does not affect kACT then we can estimate the
magnitude of K]Z from the measured value °f,k;at and an interpolated (from the on
vs. 1 /¢¢ plot) value for kpepe The Ky, of ZnTPP, is thereby estimated to be 100 M'l,
a value consistent with equilibrium constants reported by others for complexes of
metalloporphyrins with various oxygen donors.]]
The electron transfer reaction of chlorophyll a (Chla) continue to be of
general interest due to their intimate involvement in the initiating steps of
photosynthesis. In connection with their study of the electrochemistry of Chla,
Saji and Bard reported their observation of electrogenerated chemiluminescence

of Chla in the presence of oxyqen.]5

In our system Chla behaves much 1ike the
synthetic magnesium and zinc porphyrins in eliciting efficient chemiluminescence
from l by the electron-exchange pathway. The magnitude of the Chla catalytic
rate constant is comparable to that of the magnésium tetraphenylporphyrins
(Table I), suggesting that ground state complex formation with peroxide l is
important for Chla as well. It is 1likely therefore that other Chla - Peroxide
systems might also be chemiluminescent, the result of an analogous complexation
-electron transfer sequence. As noted by o’chers,]5 for example, weak chemilumin-
escence has been observed from the reaction of 02 with photoreduced chlor*ophy]].]6
While the maanesium and zinc porphyrins are among the most effectiye acti-
vators of chemiluminescence for 1 which we have found, they are quite ineffective

in catalyzing chemiluminescence with diphenoylperoxide (DPP). This might be sur-

prising initially in 1ight of the established involvement of the CIEEL pathway
4

for the chemiluminescence of DPP in the presence of aromatic hydrocarbons.

In
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fact, bimolecular rate constants for the catalyzed decomposition of DPP are gen-

erally several orders of magnitude larger than for l under comparable conditions,
a consequence of the more facile reduction of DPP and diacyl peroxides in general
than ] and peroxyesters in genera].3 The metalloporphyrin, however, is consumed
in the reaction.with DPP. We suspect, therefore, that two electron reduction of
DPP is occurring. The second oxidation potentials of these metalloporphyrins are

relatively 'low,l7

in comparison to those of the typical aromatic hydrocarbons

which catalyze 1ight formation with DPP. The aroyloxy radical intermediate pro-
duced from theone electron reduction and 0-0 bond cleavage of DPP is more easily
reduced than the alkoxy radial derived from the one electron reduction and 0-0

bond cleavage of l.]s Relative rates of decarboxylation may also contribute to
the different behavior of l and DPP. In any event, further reduction of DPP radical
anion effectively removes this_species from the light-generating path.

Finally, we would like to point out the remarkable sensitivity of the metal-
loporphyrin activated chemiluminescence as an analytical technique. The unusu-
ally large values of kcat for the complex forming metalloporphyrins, and the
emissive properties of ZnTPP.and MgTPP conspire to make possible the detection
of incredibly small amounts of the metal ions. For example, we have been able

to detect unambiguougly ca. 1 ppb zinc in solutions of PdTPP and ZnTPP dsing

dioxetanone l.

CoREIARIRn
The chemical reactions of dimethyldioxetanone with a variety of
fluorescent electron donors have revealed new features of the CIEEL
mechanism. In this report we have described our observation of a
qground state complex between this peroxide and several metalloporphyrins.
The complex evidently involves an interaction between the metal ion and the

peroxide. In all of the cases, and only in those cases, forwhich complex
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formation is detected we observe an increase in both Io/¢f and Keat*
This finding indicates that the complex is on the reaction path leading
to eventual 1light generation. This remarkably enhanced chemiluminescence
catalysis should prove valuable in the detection of trace quantities

of these metal. ions and in increasing the yield of light when the CIEEL

path is in competition with a rapid unimolecular decomposition of the key

chemiluminescent intermediate.
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General. A1l chemiluminescence measurements were made by the photon count-
ing technique as previously descm’bed.3 Photoexcited fluorescence spectra were
obtained on a Farrand Mark V épectrofluorometer, or by photon counting for direct
comparison with: chemiluminescence emission spectra. UV-VIS absorption spectra

]H NMR spectra were

were recorded on a Beckman Acta MVI, or Cary 14 instrument.
obtained on a Varian HR-220 instrument. Solvents used in the chemiluminescence

experiments were purified as previously described.3

Lxcic YRltametry. Cyclic voltammetry was done in argon saturated dichlor-

omethane solution at (23:2)°C with 0.1 M tetra-n-butyl-ammonium perchlorate as
supporting electrolyte. A three-electrode system, consisting of platinum work-
ing and counter electrodes, and saturated calomel reference electrode (SCE), was
used. Scans were made typically at 0.5 V/s. The on values were measured as

that potential lying midway between the oxidation and reduction peak for a given

couple.
Peroxides. D1'methy1d1’oxetanone,3’]8 tetramethy]dioxetane,]9 and diphenoyl-
peroxide4b were prepared and purified as described elsewhere.

Roxphyxins- The porphyrin free bases H2TPP and HZTAP were kindly provided
by Prof. Larry Faulkner. They were purified by treatment with dichlorodicyano-
benzoquinone (DDQ) in refluxing chloroform, as described by Barnett et a1.20

The porphyrins were shown to be chlcrin free by visible absorption spectros-

copy.Z]

InTPP (Sigma) was also purified by treatment with DDA.

Other metalloporphyrins were prepared by reaction of the appropriate diva-
lent metal salt with the porphyrin free base in refluxing N,N-dimethylformamide
according to the general procedure of Adler et. 31.22 The magnesium porphyrins

and CdTPP were recrystallized from benzene-hexane. ZnTAP was purified by dry
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¢

column chromatography on A1203, eluting with chloroform, followed by several
recrystallizations from chloroform-methanol. CoTPP and AgTPP were purified by
dry column chromatography on Florisil, eiuting with chloroform, followed by
recrystallization from chloroform-methanol.

A1l porphyrins gave satisfactory elemental analyses, and had visible absorp-
tion spectra consistent with literature data.21’23

Chlorophyll a (Sigma) was used as received.

Q&KRQXQEQQNE&&' This research was supported by the Office of Naval Research and

the National Science Foundation. S.P.S. is a University of I1linois Fellow,

1976-1980.
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I@QL%V{' Oxidation Potentials of Activators and

Rate Constants for Their Catalysis of the

Reaction of Dioxetanone l.

Activator ' £, V@ | keatr M =
Chlorophyll a 0.52% (1.520.1)x103
MgTAP 0.54 (2.6:0.2)x10°
MgTPP 0.60 (1.0:0.1)x10%
AgTPP 0.599-¢ 1.120.2

CdTPP 0.64% (2.7:0.2)x103
ZnTAP 0.662 (1.3:0.1)x103
ZnTPP 0.73 (7.0£0.2)x102
CoTPP 0.774 »105"

H,TAP 0.802 0.67+0.03
Rubrane 0.82 0.44+0.02

3This work, measured in CH2C12, unless otherwise noted. For details see Experi-
mental Section.

EMeasured in CH2012 solution at 24.5°C. A1l errors are standard deviations.

€A. Standienda, Naturwissenschaften, 50, 731 (1963); Z. Phys. Chem., 229, 257
(1965).

Yetal centered oxidation MIITpp » mIITpp.

£0.60 V in pyridine.

Ta. standienda and 6. Biebl, Z. Phys. Chem. (Frankfurt am Main) [N.S.] 52, 254

(1967).

9Ref. 7c.

ﬂEstimated rate constant.




Caption for Figure

Relationship between the initial chemiluminescence intensity in dichloro-
methane at 24.5°C, corrected for fluorescence efficiency (¢f) and photomultiplier
tube and monochromator response, and the one electron oxidation potential of
the activator: DPA = 9,10-diphenylanthracene, BPEA = 9,10-bis(phenylethynyl)5;

anthracene.




s hind

- awt 4 .

MgTPP  ZnTAP
L

s

InTPP
e

:~4>v

» 1

Rubrene

Perylene

| |

260 P80

OXID.

100 120

POT.,V v. SCE

140




*P4~2/A23

472:GAN:716:tan
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Office of Naval Research
Attn: Code 472

800 North Quincy Street
Arlington, Virginia 22217

ONR Branch Office

Attn: Dr. George Sandoz
$36 S. Clark Street
Chicago, Illinois 60605

ONR Branch Office

Attn: Scientific Dept.
715 Broadway

New York, New York 10003

ONR Branch Office
1030 East Green Street
Pasadena, California 91106

ONR Branch Office

Attn: Dr. L. H. Peebles
Building 114, Section D

666 Summer Street

Boston, Massachusetts 02210

Director, Naval Research Laboratory
Attn: Code 6100
Washington, D.C. 20390

The Assistant Secretary
of the Navy (R,E&S)
Department of the Navy

Room 4E736, Pentagon
Washington, D.C. 20350

Commander, Naval Alr Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360

Defense Documentation Center
Building 5, Cameron Station
Alexandria, Virginia 22314

Dr. Fred Saalfeld
Chemistry Division

Naval Research Laboratory
Washington, D.C. 20375

U.S. Army Research Office

Attn: CRD-AA-IP

P.0. Box 1211

Research Triangle Park, N.C. 27709

Naval Ocean Systems Center
Attn: Mr. Joe McCartney
San Diego, California 92152

Naval Weapons Center

Attn: Dr. A. B. Amster,
Chemistry Division

China Lake, California 93555

Naval Civil Engineering Laboratory
Attn: Dr. R. W. Drisko
Port Hueneme, Califormia 93401

Department of Physics & Chemistry
Naval Postgraduate School
Monterey, California 93940

Dr. A. L. Slafkosky

Scientific Advisor

Commandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

Office of Naval Research
Attn: Dr. Richard S. Miller
800 N. Quincy Street
Arlington, Virginia 22217

Naval Ship Research and Development
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Naval Ocean Systems Center

Attn: Dr. S. Yamamoto, Marine
Sciences Division

San Diego, Californmia 91232

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

Coples




* P4=2/425 472:GAN:716:tam
78ué472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

k'« F.?.’
! Copies
Dr. Rudolph J. Marcus
Office of Naval Research
Scientific Liaison Group
‘ American Embassy
3 APO San Francisco 96503 1 ' 1
' Mr. James Relley
DINSRDC Code 2803
Annapolis, Maryland 21402 1




e

)

P4-2/B9 472:GAN:716:1ab

78u472-608
TECHMICAL REPORT DISTRIBUTION LIST, 051A
k. N—o.
Copies Copies
Dr. M. A. El-Sayed Dr. M. Rauhut
Department of Chemistry Chemical Research Division
University of California, American Cyanamid Company
Los Angeles Bound Brook, New Jersey 08805 1
Los Angeles, California 90024 1
Dr. J. I. Zink
Dr. M. W. Windsor Department of Chemistry
Department of Chemistry University of California,
Washington State University Los Angeles
Pullman, Washington 99163 1 Los Angeles, California 90024 1
Dr. E. R. Bernstein Dr. B. Schechtman
Department of Chemistry IBM
Colorado State University San Jose Research Center
Fort Collins, Colorado 80521 1 5600 Cottle Road
. San Jose, Californmia 95143
Dr. C. A. Heller
Naval Weapons Center Dr. John Cooper
Code 6059 Code 6130
China Lake, California 93555 1 Naval Research Laboratory
Washington, D.C. 20375 1

Dr. J. R. MacDonald

Chemistry Division

Naval Research Laboratory

Code 6110

Washington, D.C. 20375 1

Dr. G. B. Schuster

Chemistry Department

University of Illinois

Urbana, Illinois 61801 1

Dr. E. M. Eyring

Department of Chemistry

University of Utah

Salt Lake City, Utah 1

Or. A. Adamson
Departoent of Chenistry
University of Southern
California
Los Angeles, California 90007 1

Dr. 4. S. VUrichton
Cepartment of Chenistry
tassachusetts Institute of
Technology
Canbride, Massachusetts 02139 1




