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On the Effect of 1,4-Diazabicyclo[2.2.2]octane on the Singlet-Oxygen Dimol Emission:
Chemical Generation of ¢O;), in Peroxide Reactions
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The acetone-catalyzed decomposition of monoperoxysulfate ions, the molybdate ion-induced decay of hydrogen
peroxide, and the reactions Nfchlorosuccinimide oN-bromosuccinimide with hydrogen peroxide and of
dimethyldioxirane with tertiary amines as well as the thermal decomposition of 1,4-dimethylnaphthalene
endoperoxide lead to the chemiluminescence of singlet-oxygen dimol sp&2igsemitting at 634 and 703

nm. In contrast to the expected enhancement®@4)§ chemiluminescence upon addition of 1,4-diazabicyclo-
[2.2.2]octane (DABCO) [Deneke, C.F.; Krinsky, N.J. Am. Chem. Sod 976 98, 3041. Di Mascio, P.;

Sies, HJ. Am. Chem. S04989 111, 2909.], quenching has been observed. Our data show that enhancement
of singlet-oxygen dimol chemiluminescence is not a general phenomenon and, consequently, DABCO is not
a reliable chemiluminescent probe for the presencé®@{){ in chemical and biochemical systems.

Introduction Consequently, its lifetime lies in the picosecond range. Radiative
deactivation of ¥O,), leads to formation of two @°%4")

Singlet-oxygen chemiluminescence (CL) has been SpeCtro_ground-state molecules=f0,) and the emission of a 634 or

scopically established in the earlier 1960s in the hypochlorite/ . .
hydrogen peroxide reaction and related systeriit.was shown Z()r%ng iﬁht?]ton,_dip\jaigglggr?r; w)t\ei:hsr ct)r tnot one of @i
that the CL in the near-infrared (NIR) spectral range is caused orme ) ev = _a _O a. excite .s ate. ] ]
by oxygen in its lowest excited singlet statey(g) (=105, In spite of the rather limited information about its properties,
monomol emission), whereas the emission in the visible (VIS) (*Oz2)2 has often been invoked to explain the origin of VIS CL
region with principal emission bands at 634 and 703 nm [N chemical and biochemical reactions with participation of

originates from its dimer @A), (=(*0x),, dimol emission). singlet oxyger?.v_27 Several important questions associated with
The discovery of the singlet-oxygen CL has made a sustaining dimol CL are still left open. One of the most intriguing queries
impact on the development of numerous branchesiQy is the influence of cyclic diazocompounds on th@4), CL in

chemistry. The large environmental and biomedical significance SOlution. Deneke and Krinsky found that the CL bands of the
of singlet oxygen as well as its important role in organic dimol at 634 and 703 nm of the CICH,O, system increased

synthesis is now well recogniz&d2’ in the presence of certain cyclic diazocompounds, in particular
Although valuable information on the properties of bét, with 1,4-diazabicyclo[2.2.2]octane (DABC®)3* These find-
and!3,* excited singlet states of Mas been acquiréd:?Sthe ings, which subsequently have been confirmed by Lengfelder

binary excited G(*Ag); complex is still a rather unknown species €t al.?* have paved a way for the use of DABCO as a tegt for
to date, mostly because of its extremely short lifetime. From Singlet oxygen and its ,d'rr‘(" in complex ?IOlOgICEﬂ systeins?
photosensitized studies, it is known that the dimol and monomol I this connection, this “DABCO effect” has some similarity
singlet-oxygen species are in a very fast equilibrium, see With the increase of the 703 nm emission 60), in its

Scheme 1. molecular complexes with some photosensitizers observed by
Krasnovsky and Neverdt?.
SCHEME 1: Such a stimulation of the dimol emission by DABCO is very

surprising since it lies in contradiction with the well-known
Kair hotophysics of singlet oxygen: DABCO is known to strongl
1 1~ 9 1 .3 3 p pny: g yg aly
0, +°0, Kaiss 0); "0, 770, F reduce the lifetime o¥O,, the direct precursor otQ,), (Scheme
hv (634 nm) orhw (703 nm) 1)14 As a matter of fact, Kanofsky questioned the direct
) ) o emission enhancing effect of DABCO and suggested that it
The formation of {0,). is assumed to occur with diffusion-  causes the CL increase indirectly on account of an increased
controlled rate constaf;. The dissociation rate constaqfss rate of 1O, production® However, Di Mascio and Sies
is estimated to be between 2610'° and 3.3x 10' 57128732 subsequently showed that DABCO enhances the dimol emission
Other deactivation processes ofOf), are much slower.  at 703 nm not only in the hypochloritesB, system but also in
- ~_the thermal decomposition of disodium 3(3,4-naphthylidene)-
* To whom correspondence should be addressed. E-mail: R.Schmidt@ dipropionate endoperoxide in watérVery important is their
chemie.uni-frankfurt.de (R.S.); chemlum@ufanet.ru (D.V. K.). L . . .
t Ufa Scientific Center of the RAS. finding that neither the rate of endoperoxide decomposition nor
* Johann Wolfgang Goethe-Univergifarankfurt am Main. the singlet oxygen yields of the endoperoxide and of the CIO
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H.0, system were influenced by DABCO. However, we have

Kazakov et al.

SCHEME 2: Generation of (10y); in the Peroxide

recently mentioned our arguments, which cause us to not regardReactions Investigated

DABCO as a reliable probe for the detection &Df),.2”

The most important question still left open in this context is
whether the enhancement of the dimol CL by DABCO is a
general phenomenon for all peroxide reactions wit®,),
participation or whether this enhancement is only specific for
aqueous media, where the effect of DABCO has been discov-
ered. The incentive to the present work was to fill this
knowledge gap. We report herein results of our extensive study
on singlet-oxygen dimol CL in many peroxide reactions and
on the effect of DABCO on thelQ,), emission.

Experimental Methods

General Aspects.The UV absorption spectra were acquired
with a Specord M-40 Carl Zeiss Jena spectrophotométeér.
NMR spectra were recorded on an AM 300 Bruker (300 MHz)
NMR spectrometer. The setup for the time-resolved measure-
ment of photosensitizelD, emission has been descrid€d/IS

CL was measured with the apparatus described previously usingf

a photomultiplier sensitive between 330 and 750%iiHIR CL
was recorded by means of a photomultiplier (coolee@® °C)
sensitive up to 1350 nm. The solvents used (all of pure for
analysis grade) were dried according to the literdflmad were
freshly distilled prior to use. BD (Aldrich, 99.9%), CDJ
(Aldrich, 99.8%), and acetones@Aldrich, 99.9%) were taken
as received. Twice-distilled water was employed in all experi-
ments. The source of KHS@Was the triple salt 2KHSEKHS Oy K 2

SO, (Curox) which was used without further purification.
DABCO, N-chlorosuccinimide (NCS), and-bromosuccinimide
(NBS) were twice recrystallized from water. NalgAldrich,
99.99%) was used as received®@4 (acid, basic, or neutral)
and silica gel (surface area 60G/mand particle size 0.0075,
0.125-0.169, or 0.166-0.200 mm) were heatedrf@ h to 150

°C prior to use. 1,4-Dimethylnaphthalene (DMN, Aldrich, 95%)
was distilled prior to use. The endoperoxide of DMN (DMNPO)
was produced by sensitized photoxygenation and was purified
according to published procedurés?Identification and quan-
tification of DMNPO has been carried out bH NMR
spectroscopy by the characteristic methyl signal 4t85 ppm

in CDCl;. DMNPO was supported onto silica gel and,®@4
surfaces as follows: 0.1 g of silica gel or,85 was given to
0.5 mL solution of DMNPO in CGl The suspension obtained

was first stirred and was later decanted. Residual solvent was

removed from the powder by evaporation at low pressure. The

procedures were performed keeping the temperature continu-

ously at 0°C. Solutions of dimethyldioxirart&>52in the parent
liguid ketoné35*as well as ketone-free solutions in G€were

prepared as described in the literature. The peroxide content of

the dioxiranes was determined by iodometry.

VIS and NIR CL Measurements in Peroxide Reactions.
An aliquot of a hydrogen peroxide or dimethyldioxirane solution
was transferred to a cuvette, which was placed directly above
an appropriate interference filter shielding the photocathode of
the photomultiplier. The distance between the bottom of the

H,0,
(o]

\Br(or Cl)
O, CH3

©|0
/%O 2.
M A(d/ﬂ (')'\CH3
Ry

Q.
kK CHs
KHSO
5

CH,

H,0,

solution was put into the cuvette thermostated at the desired
temperature, and CL recording was started immediately. Since
the CL reactions were too fast and/or the emission intensities
were too low to record continuous CL spectra, a point-by-point

determination of the CL was carried out by means of cutoff

ilters. The measured VIS CL spectra were corrected for the
spectral sensitivity of the photomultiplier. In separate experi-

ments, visible CL was recorded through interference filters with

transmission maxima at 575, 625, or 700 nm.

Results and Discussion

Singlet-Oxygen Dimol CL in Peroxide Reactions.The
search of convenient systems fdiOg), formation was the
primary step of our study. Generation 80¢), was expected
in the reactions with rather high yields &D,.27 Actually, we
observed VIS CL in the peroxide reactions shown in Scheme
2: the acetone-catalyzed decomposition of KHS@)>657
the reactions of kD, with molybdate ion (B5°and with NCS
or NBS () the tertiary amines-induced reaction of dimeth-
yldioxirane (d)é17%% and the thermal decomposition of
DMNPO (e)%°

Involvement of {O,), in CL has been proved by (1) the
careful spectral analysis of the VIS emission to reveal the
characteristic bands of'@,), at 634 and 703 nm, (2) the
investigation of the influence of the solvent on the CL intensity,
and (3) the addition of the well-knowtD, quencher Naklto
the aqueous peroxide reactions.

(1) Spectral Analysis of the VIS CRll reactions depicted
in Scheme 2 induce CL with an emission band in the-6650
nm range and a second emission band which we monitored
through a 700 nm interference filter. This is illustrated in Figure
1, which shows the CL spectrum of the MgO induced
decomposition of KO,. These bands coincide with the position
of the main radiative transitions of@,). in the liquid phasé&:?”

(Au=o(Agymo = 24 )ymo(*Sg )ymo + (634 Nm)
(A =o(Ag) o = 4 )21 (®Sy )yo + hw (703 nm)

An additional emission band between 560 and 600 nm has

cuvette and the photocathode was 30 mm and was kept constant?een recorded in the acetone-induced decomposition of KHSO

Subsequently, an aliquot of a solution of NCS, NBS, op-Na
MoO, (for H20,) or of a solution of tertiary amines (for
dimethyldioxirane) was rapidly (ca. 1 s) injected into the
peroxide solution, and immediately CL recording was started.
In the case of KHSE) an appropriate amount of Curox was
transferred into the cuvette. Then, an aliquot of a buffered-(Na
COs/NaHCG;, pH = 10) aqueous (D or D,O) acetone
solution was added, and the CL was recorded. The DMNPO

in H,O, Scheme 2a (Figure 1, Supporting Information (SI)), in
the reactions of dimethyldioxirane witk-benzyl-4-piperidone
(Figure 2, Sl), and with 4-dimethylaminopyridine (Figure 3, SI)
in CCly, Scheme 2d, as well as in the reactions of hydrogen
peroxide with NCS and NBS, Scheme 2c (Figures 4 and 5, SI).
This band may be assigned to the dimol transition:

(Ag,=a(Ag,mo— 24 )y=o(*Eg )y + v (580 NM)
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Figure 1. CL spectrum for the Mo@~ induced decomposition of
hydrogen peroxide ([N#0O,] = 2 x 1072 M, [H,0;] = 2.2 M, [KOH]
= 0.1 M, K0, 20°C). The bar indicates the CL signal recorded with
the same reagent concentrations at'80n 1:1 D,O/H,O with a 700
nm interference filter and a different photomultiplier.

A further CL band between 500 and 560 nm has been
observed in the tertiary amine-induced decompositions of
dimethyldioxirane (Figures 2 and 3, Sl) and of®3 with NCS
(Figure 4, Sl). This emission is presumably caused by side
reaction channels not associated wit®4),.

Chemiluminescence during decomposition of DMNPO has
already been reported earlfé° (10,), has been proposed to
be responsible for the broad emission band near 675 nm in
CCl484 and for the weak luminescence near 700 nm ¢@g3°
We found for the same CL system emission bands at 625 an
700 nm corresponding to'®,), emission (Figure 6, SI) in
accordance with the previous results. Furthermore, we discov-
ered that dimol CL may be observed not only in solution but
also during decomposition of DMNPO on the surface of silica
gel (Figure 7, Sl) and aluminum oxide (Figure 8, Sl). In contrast
to the liquid-phase spectra, CL resulting from the surface
reaction has further distinct emission bands below 600 nm.
While the maximum at 580 nm may be explained by the
(1Ag)y=1(lAg)V=o - (Szg_)v=0(32g_)v=0 transition of 602)2, the
emission<560 nm is presumably caused either by impurities
of the endoperoxide or by a new chemiluminescent channel in

the endoperoxide decomposition on the surface, which is absent

in solution. Actually, both AIO; and silica gel efficiently

catalyze the decay of the endoperoxide. The activation param-

eters of the decomposition of DMNPO on silica gel (measured
by NIR CL [1000-1300 nm] between 50 and 9C) lie in the
rangeE, = 12.6-14.5 kcal/mol, logl/s™) = 6.1—7.3 depend-
ing on the silica gel employed. On aluminum oxide, we
determinedE, = 17.4 kcal/mol, logl/s™) = 9 (acid ALOs);

Ea = 16.3 kcal/mol, logd/s 1) = 8.4 (neutral)E, = 13.0 kcal/
mol, log(&/s™1) = 6.3 (basic). Much higher values Bf = 24.8
kcal/mol and logd/s™1) = 13.7 have been determined for the
decomposition of DMNPO in 1,4-dioxang.

The appearance of the CL bands above 560 nm is similar for
all reactions shown in Scheme 2. Furthermore, the ratio,dMT
INT 25 Of the time-integrated CL signals measured at 700 and
625 nm varies only little for the reactions studied, see Table 1.

The moderate variation of the INJy/INT 25 values between
2 and 4 is possibly caused by the unavoidable changes of
experimental conditions. To get reproducible and reliable CL

J. Phys. Chem. A, Vol. 111, No. 20, 2004269

TABLE 1: Ratio INT 70dINT 625 Of the Spectrally
Uncorrected Time-Integrated CL Signals at 700 and 625 nm
in Different Peroxide Reactions

KHSOs dioxirane H0O, H,0O,
peroxide with with with with decomposition
reaction acetong amin® NaMoOsL NBS' of DMNPO
INT700/INTs25s 3.8 2.8 2 1.9 353

a[KHSOs]= 6.2 x 1072 M, [acetone]= 0.18 M, pH= 10 (0.6 M
carbonate buffer), 20C, D,O. P [dimethyldioxirane]= 4 x 1072 M,
[N-benzyl-4-piperidone}r 1 x 1072 M, 30 °C, 1:1 CDCl/acetone.
¢[H20;] = 2.2 M, [NaaM0O4] = 2 x 1072 M, [KOH] = 0.1 M, 80°C,
3:1 D,O/H;0. 4 [H20:] =2 M, [NBS] =2 x 102M, 40°C, pH= 4
(0.5 M acetate buffer), 1:4 »/H,0. ¢ [DMNPO] = 2 x 1072 M, CCly,
70 °C. f[DMNPO] = 2 x 1072 M, CHCls, 50 °C.

nm depend in solution on temperature. Furthermore, in some
cases, rather high peroxide concentrations have been used so
that the emission could partially originate froA®g), inside of
oxygen gas bubbles in contrast to the cases with low reagent
concentrations, where the emission presumably stems only from
(1O,), dissolved in the liquid. This fact should additionally affect
the INT7od/INT 625 values because the radiative properties of the
dimol and the quenching of théd,), luminescence should be
different in solution compared to the gas phase.

Moreover, the®0, concentration also affects the ratio of
integrated intensities of the dimol emission bands for the 0,0
(636 nm) and the 0,1 (706 nm) transitions in ¢;@k was found
in photosensitization experimerfsINT 704 INT 36 decreases by
37% at room temperature, if th#®, concentration increases
from 3 x 104to 1.24x 10-2 M. We tested the effect of oxygen
concentration on the CL emitted during the decomposition of

4dPMNPO (1x 1072 M) in CCl4 at 60°C and observed a INg/

INT625 diminution from 4.2 in argon saturated to 3.8 in
oxygenated solution, which is in line with the findings of Chou
et al30

(2) Influence of the Seoént on the VIS CLThe lifetimeta
of 10, is strongly solvent dependefitSincelO; is the direct
precursor of {0,),, the intensity of singlet-oxygen dimol CL
should also depend on solvent. We expect the time-integrated
intensity INTp of dimol CL observed through a 700 nm
interference filter to follow eq 1 for first-order reactions, see
Supporting Information.

INT, = CDkr,DKfz(kR/Z)TAZ[F’]o2 1)
[Plo, kr, T, K, kip, and cp are the concentration of thkD,
precursor P at timé = 0 of the start of reaction, the reaction
rate constant, the efficiency of chemic®, production, the
equilibrium constant of!Q,), formation according to Scheme
1, the radiative rate constant ofQy),, and the apparatus
constant. Thus, INF should vary quadratically withr, for
constant [R], kg, f, K, andk,p. This proportionality should be
valid under the above conditions also for reactions of other
orders. Therefore, INJ'should be larger for solvents with long
10, lifetime, as CCJ, compared with solvents of smallek, as
acetone or CECN, and for perdeuterated solvents compared
with their common analogué4.25To verify these expectations,
we carried out a study on the influence of the solvent on the
CL at 625 or 700 nm for the peroxide reactionsea of
Scheme 2.

The decomposition of DMNPO (e) is a first-order reaction.
The integrated CL accompanying this reaction}(210-2 M,

signals, each of the peroxide reactions of Scheme 2 had to be50 °C) is strongly solvent dependent. Relative values of ANT

studied at different temperatures and concentrations. It is very
likely that luminescence intensities ofQy), at 634 and 703

normalized to the value in acetone are listed in Table 2. They
increase strongly by a maximum factor of 220 (¢)CA similar



4270 J. Phys. Chem. A, Vol. 111, No. 20, 2007 Kazakov et al.

TABLE 2: Solvent Dependence oftO; Lifetimes and concentration was carried out at 20 in 1:1 acetone/acetone-

Integrated CL Intecnsities for the Decomposition of 2x 1072 ds and in 1:1 acetone/CDEIThe corresponding INbo values

M DMNPO at 50 °C were 1.8 and 10 times higher compared with pure acetone. Using
solvent 7A%ms  1pA/ms  zh/relunits  INTrorel units the lifetimes given in Table 27, = 5.6 ms of oxygenated

cCls 12856 31 62 220 CDCl3,5688and ignoring any further quenching, the correspond-

acetone-g 0.99%  0.77 15 8.8 ing lifetime ratioszta/ta acetare estimated to be 1.9 and 2.0.

acetonitrile 0.07¥  0.075 15 2.2 These experiments with different CL systems reveal that the

acetone 0.05t 0.050 1 1 variation of the solvent can tremendously influence the inte-

grated dimol CL. A strong correlation of INjTwith the singlet-
d t ch ith solvent 1 predict tionality of oxygen lifetime is found which reaches for the system with the
0 not changé with solvent, eq _ predicts a proportionality ot g reagent concentration, the endoperoxide, the almost

: 5 ) i o
INTE’OVthbTA d Even n;ttr)]ese quanftl_ttlesi vary, tdhe varlatéontqf quadratic dependence expected from eq 1. A quantitative
T4 should be dominant because ot It tremendous gradua '.Onsagreement is failed, most probably because of the systematically
with solvent. In the absence of any quencher Q, when deactiva-

. too large estimates for the singlet-oxygen lifetimes in the
1 0 — . . s e

tion of 'O, (())c_:curs only by the s_oIven’t,A ks holds_ true. reaction solutions. Large deviations are expected for CL systems

Values ofra® increase from 5@s in acetone to 128 ms in C£I

. . with high peroxide concentrations and fast reactions and in
see Table 2. However, these lifetime are only valid for the pure gh p

lvents. Contaminati by i ii ants. int diat weakly deactivating solvents. The distinct deviation from
solvents. Lontaminalions by IMpurities, reactants, intermedia eS'quadratic dependence observed with the molybdate and diox-
reaction products, and evei®; lead to a reduction of,

g . o irane systems, however, could above that be caused by dimol
particularly in solvents of long lifetime. The presence of Q,

hich het0, with rat tank,Q red the singlet emission from gas bubbles, evolving in these fast reactions.
which quenchesi; with rate constarka, reduces the Singiel- - pecayse the reactants remain in the liquid phase, the dimol
oxygen lifetime according to eq 2.

emission from gas bubbles will be much less reduced leading
to smaller solvent effects.

variation has been noticed for INE. If [P]o, kg, f, K, andkp

— -1
74 = (ky T K [Q]) 2 (3) Quenching of the VIS CL by Sodium Aziflexperiments
_ o _ are performed in the same solvent and at the same temperature
To estimate more realistic values of, we consider théO, without and with quencher Q and with the same initial

quenching by?O,, with ka® = 3.9 x 10* M~* s7% in CCI,* concentration of the reactant, thendf¥&, f, K, andk. » should
and fO;] = 7.5 x 1073 M in oxygenated CGlat 50°C, and be constant and the corresponding ratio of the initial CL intensity
approximate the rate constant ¥, quenching by DMNPO maxima (see Sl) should be given by eq 3.

by kaQ = 1.4 x 10* M~ s71 determined for DMN in CCl%”

Ignoring any further present sourcel@f, quenching, we obtain I max°/| D max = (rAO)Z (k, + kAQ [Q)? ©)

for 2 x 1072 M endoperoxide solutions the upper lifetime limits ' '

75 Of Table 2. The graduation of thg data is weaker than the  Then, we obtain the “SteravVolmer” like relation 4,

graduation of INTqo indicating a stronger than linear depen-

dence of INTo 0n 74 although the square dependence is not (ID’MXO/ID'ma))o‘5 -1=17"k.?[Q] 4)
met. The consideration of the additional quenching by inter-

mediates and reaction products, which is important in weakly which demands that the square root of the initial dimol CL
deactivating solvents but cannot be performed, would certainly maxima ratiolp ma/1p max iS linear with [Q] but not the ratio

lead to a better approach to a square dependence gbdMi Ip.mas /I p,maxitself. Interestingly, the dimol emission quenching
7a. Thus, we conclude that these experiments give clear evidenceconstantKp® = 7% kaQ is given as the product of the rate
for (10,), being present in this CL system. constant of monomol quenching and monomol lifetime. Sodium

The values of INT.s and INTzgo have been found 24 and 33  azide, an efficient water-soluble quenchet®$, was employed
times larger in RO than in HO for the acetone-catalyzed to test its influence on the CL observed in peroxide reactiéns.
decomposition of potassium peroxymonosulfate, reaction a in We found that Nahlquenches the initial CL intensity maximum
Scheme 2, ([KHSE = 5.6 x 1072 M, [acetone]= 0.54 M, of (10y), at 575, 625, and 700 nm arising in the reactions of
carbonate buffer (0.4 M) pH 10, 2&). Taking the correspond-  H,O, with NaxMoO, and with NBS. This is illustrated for the
ing 1O; lifetimes of 68us and 3.1us of the pure solvents into  molybdate system in Figure 2 displaying the dependences of
account and ignoring completely the additional quenching by I700, max@nd (700,ma/l700,may®> — 1 on [NaNy]. In fact, a linear
reactants, intermediates, and reaction products, one estimatesorrelation of (700 ma?/l700,may®> — 1 with [NaNs] was found.

A = 64.4us for 0.4 M HO in D;O leading tota/ta H2o = The slope is the dimol quenching const#y® = 315 ML,
2125 Thus, again a stronger than linear dependence of the Considering the deactivation contributions gfHand O only,
integrated CL signals om results, confirming the production  we estimater,® = 10.9 us. A time-resolved'O, emission

of (1Oy), in that CL system. The INFs value increased 12-  experiment (sensitizer: Rose Bengal) yields for the nonreactive
fold under the same conditions indicating that this emission most 3:1 D,O/H,O mixture with 2.2 M HO, and 0.1 M KOH, but
probably corresponds to thg),—1(*Ag)v—0 — (=g )r=0*Zg )r=0 without molybdate, at 20C expectedly the smaller valug®

radiative transitior:?” = 7.0us. Neglecting the unknown quenching by reactants and
A 2.7- and 2-fold increase of IN;h was observed for the intermediates at 86C, we calculate with thisA° valueksQ =
reactions of 2.2 M hydrogen peroxide with 2 1072 M 4.5 x 10’ M~1s™1 as rate constant 60, quenching by sodium
molybdate ions (b) ((KOH}E 0.1 M, 80°C, H,O vs 1.2:1 HO/ azide.
D,0) and with 2x 1072 M NBS (c) (acetate buffer, pH 4, 2, Although a strong dimol emission quenching and the re-
H,O vs 1:3 BO/D,0). Considering only the different JO guested linear correlation of eq 4 have been found, the value of
contents of the solvent mixtures, we calculatéra 120 to be kaQ resulting from the dimol quenching is significantly smaller
1.8 and 3.5, respectively. thank,® = 5.0 x 18 M~ s~1 measured by us for the monomol

Finally, reaction d of 4.2« 10-2 M dimethyldioxirane with guenching by Nailin 3:1 D,O/H,O with 2.2 M O, and 0.1
the tertiary amine 4-dimethylaminopyridine in 4 1072 M M KOH at 20 °C in photosensitized experiments, where the
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additional quenching of reaction intermediates and products is
missing. It could well be that the graduation lofR reflects a
corresponding variation of tH€®, lifetime between the reacting
CL system and the nonreactive solution. If this holds true, the
actual!O, lifetime would have been about 06 in the CL
system.

In summary, the spectral analysis of CL and the effects of
solvent and NaBlon CL intensity consistently demonstrate that
singlet oxygen dimol is at least the principal emitter of the CL
observed af > 570 nm in the reactions-&e of Scheme 2.

Effect of DABCO on Singlet-Oxygen Dimol CL. Using the
above characterized convenient chemical sourceX®mj4 we
investigated the controversial influence of DABCO on the dimol
CL. Our results show that DABCO enhances dimol CL in none
of the reactions-ae of Scheme 2. In contrast, strong quenching
of the (O,), emission has been observed. This was the result
of qualitative experiments performed on the acetone-induced
decomposition of KHS® (a) ([KHSGQ;] = 5.6 x 1072 M,
[acetone]= 0.54 M, 0.6 M carbonate buffer pE 10, D,O,

20 °C) and on the reaction of dimethyldioxirane with tertiary
amine$&® (d) ([dioxirane]= 4 x 10-2 M, [4-dimethylaminopy-
ridin] = 8 x 1073 M, acetone, 20C). The results of quantitative
experiments are illustrated in Figures 3 and 4 for the molybdate-
induced decay of hydrogen peroxide (b) and the decomposition
of DMNPO (e), respectively. A linear variation ofz§o ma?/
l700ma)®® — 1 with [DABCO] has also been found for the
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Figure 4. Dependence dfroomaxand (700,ma?/1700,ma)®> — 1 on DABCO
concentration for the decomposition of 1,4-dimethylnaphthalene en-
doperoxide ((DMNPO}E 5 x 104 M, CCl,, 60 °C).

reaction of NBS with HO, (c). Evaluation according to eq 4
yields the quenching constaritg® listed in Table 3.

For the molybdate/bD, and NBS/HO, systems, small
guenching constants are obtained which lead with the corre-
sponding experimentdD, lifetimes 7,0 to rate constantk,®
of 1.8 x 10° (molybdate) and 3.& 10° M~1s71 (NBS)./°The
value found for the molybdate system is about 5 times smaller
thankaQ = 1.0 x 10® M~1 s~1 determined for the quenching of
10, by DABCO in our photosensitized emission experiments
in the corresponding nonreactive solvent mixture, which is in
agreement with literature values on quenching of singlet oxygen
by DABCO in water’? We assume that similarly to the case of
dimol CL quenching by Nap vide infra, the actual lifetime of
10, is much shorter in that CL system than in the nonreactive
solvent mixture.

The assumption that high reagent concentrations reduce the
10;, lifetime and concomitantly diminish the quenching constants
of dimol CL emission is confirmed by the experiments with
DMNPO. A very large dimol CL emission quenching constant
of Kp@ = 6.0 x 10® M~! resulted for DABCO in diluted
solutions of DMNPO (5x 104 M) in CCl,. Considering only
10, quenching by?0O, and DMNPO, we estimate as described
abover,? = 22.4 ms for oxygenated CCat 60°C. That guess
leads tokaQ = 2.7 x 10° M~! s71 as rate constant ofO;
quenching by DABCO, which agrees withQ = 4.4 x 107
M~1 s71 determined forO, quenching by DABCO in photo-
sensitization experiments in CQOwith 1 vol % of GHg for
suppression of the otherwise multiexponential decay@f
emission) confirming the validity of eq 4. Thus, the results
obtained with NaN and DABCO convincingly prove that in
the CL systems investigated quenching ¥4, dimol lumi-
nescence is linked together with the quenching@jfvia their
very fast formation and dissociation equlibrium.

It is very interesting that DABCO quenches tH©{), CL
not only in solution but also on the surface of,@. The
integrated CL signal observed/at- 600 nm during the reaction
of 1 x 1074 M/g DMNPO supported on acid ADs is in the
presence of DABCO (% 10~* M/g supported on acid ADs)
at 60°C 5 times lower than in the absence of the cyclic amine.
This result further demonstrates that singlet-oxygen dimol CL
emission is quenched by the addition of DABCO.

However, puzzling observations still exist. We briefly checked
the CIO /H,0, system and confirmed the reported increase of
VIS CL (>600 nm) upon addition of DABC®33545 |t was
suggested that one reason for such an intensification could be
the change “in the rate or extent of nucleation of oxygen



4272 J. Phys. Chem. A, Vol. 111, No. 20, 2007 Kazakov et al.

TABLE 3: Constants KpR? = 7,0 ka? of Dimol CL Quenching by DABCO, Estimated and Experimental 1O, Lifetimes 7°, and
Rate Constantska® of 10, Quenching by DABCO in CL and Photosensitization Experiments

CL reaction Kp¥M~—1 INE] VRS ka¥M~-ts1h kKa UMt st
(b) molybdate/HO,’ 1.4 14x 10°© 7.8x 10°¢ 1.8x 1 1.0x 10°
(c) NBS/HO® 2.3 5.3x 10°° 6.0x 107 3.8x 10° 5.4 x 10°
(e) endoperoxide 6.0 x 10° 22.6x 10°3 2.7 x 10° 4.4 x 10

2Rose Bengal and 1-H-phenalen-1-one were used as sensitizers for the reactions b, &[MagvaO,] = 0.02 M, [H,O;] = 2.2 M, [KOH]
= 0.1 M, 4.7:1 BO/H;0, 80°C. ¢ [NBS] = 0.02 M, [H,O;] = 2 M, 0.2 M acetate buffer pk 4.8, 1.3:1 HO/D,0O, 40°C. ¢5 x 10 M DMNPO
in CCl, at 60°C. f Considering only quenching by the solvent components, endoperoxide ,af&ExperimentalO; lifetime 7,° in the respective
solvent mixtures without molybdate, NBS, or DMNP@QCalculated if possible from experimentaP data andKp?. | Rate constant ¢fO, quenching
by DABCO determined in the corresponding solvent mixtures at@®y photosensitization.

bubbles™* However, we found that even for ¥ 103 M peroxide reactions and the derivation of kinetic equations. This
hypochlorite and 1x 10-2 M hydrogen peroxide VIS CL material is available free of charge via the Internet at http://
emission is still enhanced by DABCO. It is unlikely that VIS pubs.acs.org.
CL comes from {0,); inside oxygen bubbles at these low
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