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Abstract

A simplified quantitative model of chemiluminescence intramicellar sensitization is proposed, based on the analytical solution of
Forster's energy transfer function for donor—acceptor pairs residing on micellar spherical surface. To test the usability of the model, the
intramicellar sensitization of phthalhydrazide chemiluminescent oxidation by energy transfer to several xanthene as well as non-xanthene
dyes has been investigated. The reactions were initiated using three different initiation systems: copper sulphate—hydrogen peroxide system
sodium hypochlorite and hydrogen peroxide—sodium hypochlorite. In this work, we bring an experimental evidence that different transfer
mechanisms operate, if phthalhydrazide-sensitized chemiluminescence reactions are initiated by copper sulphate—hydrogen peroxide,
sodium hypochlorite or sodium hypochlorite—hydrogen peroxide. Only the latter system is selective enough to oxidize phthalic hydrazide
much more rapidly than dyes employed as acceptors. This fact enables the application of the proposed model to achieve the quantitative
description of the sensitization process.
© 2004 Published by Elsevier B.V.
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1. Introduction Roberts and Whit§l1] investigated chemiluminescence en-
ergy transfer from phthalhydrazide to various fluorescing
The sensitization of luminol chemiluminescence by the moieties, directly attached to phthalhydrazide benzene ring
addition of fluorescein was one of the very first observa- via a methylene bridge. They found that triplet-singlet en-
tions of energy transfer phenomenon in chemiluminescence.ergy transfer of mixed exchange and Forster nature occurs in
It was reported by Plotnikov as early as in 1988 and most of these conjugates. Luminol intramicellarly sensitized
called chemifluorescence, further investigations were donechemiluminescence (ISCL) is thought to proceed completely
by Tamamushj2]. Micellar effects on the sensitization pro- via Forster energy transfer mechanifl@]. From the facts
cess were first reported by Lasovsky and GraniBat], given above, it appears that Forster energy transfer creates
the topic was reviewed by Hinze et 4b]. The peculiar a natural framework for the description of phthalhydrazide
features of the sensitization process are not completely un-ISCL. Forster-type energy transfer conducted in micellar so-
derstood and novel reports on this topic still appear from lution has been a subject of many theoretical studies, e.g.
time to time[6—8]. Unlike luminol, the oxidation of which ~ [13-17] The common feature of these is that they consider
results in singlet excited state of aminophthalate, the oxi- micelles as monodisperse hard spheres; treatments of sta-
dation of its parent compound phthalhydrazide yields ex- tionary case (the diffusion of donor and acceptor on micel-
cited phthalate triplet. It has been reported that excitation lar surface is much slower than the energy transfer event) as
energy of triplet phthalate can be transfered to various sub-well as of general case (comparable rates of diffusion and
strates such as xanthene or phthalocyanine dyes in a miceltransfer) are available as the results of Monte Carlo simu-
lar systen{9] or to rare earth cations in solid matriddg). lations[13,14] or in the form of explicit analytical expres-
sions[15-17] However, these works were aimed to explain
_— decay laws of donors or acceptors in time-resolved fluores-
* Corresponding author. Tel+420 58 563 4755; . .
fax: +420 58 563 4420. cence experiments and therefore, they deal with the rates of
E-mail addresshrbac@aix.upol.cz (J. He). energy transfer rather than with transfer efficiencies. To our
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best knowledge, the only paper in which energy transfer ef-
ficiency is evaluated i§18], where a transfer function for

J. Hrb&g et al./Journal of Photochemistry and Photobiology A: Chemistry 167 (2004) 169-175

of dyes. For reactions in which copper sulphate was used
as cooxidant, 250l of hydrogen peroxide (3 10-3M)

randomly distributed donor and acceptor pairs residing in- were added into 1750 solution containing copper sul-

side a sphere is obtained by Monte Carlo simulation. In this
work, we bring the analytical solution of a stationary case
intramicellar energy-transfer efficiency for donor and accep-
tor located on a surface of a sphere, which we believe is rel-
evant for the description of phthalhydrazide ISCL, initiated

by NaCIO-H0,. We also report briefly our finding that a

phate (4x 10~4 M), CTAB (2-8x 10-3M) and 2x 10°6M
phthalhydrazide and.2 x 10~4 M dye.

2.4. Fluorescence quantum yield determination

Fluorescence quantum yields of dyes used in this work in

change in transfer mechanism occurs if chemiluminescenceCTAOH solutions were calculated by comparison with that
reactions of phthalic hydrazide sensitized by xanthene dyesof fluorescein sodium salt aqueous solution in the presence

are initiated by alkaline CuSEH,0,.

2. Experimental
2.1. Chemicals

Phthalhydrazide (PH, 2,3-dihydro-1,4-phthalazinedione),
hydrogen peroxide (Sigma), fluorescein disodium sk, -4
dichlorofluorescein (Fluka), eosin Y, eosin B, erythrosin
(Lachema Brno, Czech Republic), sodium 9,10-dimethoxy-
2-anthracene sulphonate (DAS, Molecular Probes), chloroa-
luminium phthalocyanine disulphonate (AlIRgSvas a gift
from Dr. Rakusan, VUOCH Institute, Rybitvi, Czech Re-
public. Hexadecyltrimethylammonium hydroxide (CTAOH)
was prepared from CTAB on Dowex 1X2 anionic exchanger,
while sodium hypochlorite was prepared by saturation of
cooled NaOH solution by chlorine gas.

2.2. Instruments

BioOrbit 1250 luminometer (Finland) was used for chemi-

of 0.01 M NaOH, which is equal to 0.929].

3. Results and discussion

Phthalhydrazide and dyes employed in this work are bulky
counteranions to CTA cationic micelles, therefore strongly
bound in the micellar pseudophase, the solubilization site be-
ing the micellar-Stern region. Binding constant for fluores-
cein in CTAB micelles is 4920], a value of 155 is reported
for luminol in CTAC micelleg21]. Since phthalhydrazide is
less polar than luminol, it is safe to expect even higher value
of binding constant for phthalhydrazide. The oxidation of
cyclic phthalhydrazide results in a very weak emission from
the triplet state of the phthalate anion as can be seen from
the coincidence between its chemiluminescence spectrum
and the emission spectrum of phthalate (not shown). In pho-
toluminescence experiment, phthalate is excited at 320 nm
from lA1g to B2, state (n— =* transition), undergoes fast
intersystem crossing and phosphoresce at 425nm in both
aqueous (phosphate buffer, pH 7.6) and CTAOH micellar so-
lutions. The quantum yield is approximately 10(0.00012,

luminescence measurements except for the measurement§Stimated by comparison to fluorescein-disodium salt stan-
with chloroaluminium phthalocyanine disulphonate, which dard) and is essentially the same for both the above men-

were performed using homemade Iluminometer equippedt'oned environments. Low luminescence quantum yield of

with cooled R649 Hamamatsu (Japan) photomultiplier sen- phthalate precludes low values of critical Férster distances
sitive in the red region of spectrum. All chemiluminescence

data were corrected with respect to the spectral responsed Of Forster equation§22].

of photomultipliers. Fluorescence measurements were don
using a Hitachi F4500 spectrofluorometer, and absorption

spectra were obtained on Beckman DU 7500 spectrometer

(USA). Data handling methods: Statistica version 5.1. soft-

ware package was used for the statistical evaluation of data.

2.3. Chemiluminescence measurements

€

(around 1 nm), the usually reported lower limit for the usabil-
Assuming overall quenching
onstant of phthalic acid phosphorescence in air-saturated
micellar solution to be around 39 the phosphorescence
lifetime should be subnanosecond. In this case, a stationary
energy transfer (i.e. transfer process not affected by mutual
diffusion of donor and acceptor) on a spherical surface would
apply. The overall efficiency of intramicellar energy transfer
®et depends on the following two factors: (1) occupation
statistics—i.e., on the probability that donor molecules share

C

A series of chemiluminescence measurements have beefn® Same micelle with acceptor molecule(s)—the fraction of

made depending on the oxidation system used. For re-
actions using sodium hypochlorite as oxidation reagent,
250pl of aqueous solution of this compound 210> M)
were added into 17501 solution containing phthalhy-
drazide (25 x 10-%M), hydrogen peroxide (k 10~3M)

and different concentrations of CTAOH (2-810-3M).

“active micelles"uaciive and (2) on the average energy trans-

fer efficiency®M. in an “active micelle”:

1)

If the experiments are performed at low PH concentrations
(cPH < cm, Cv denotes the concentration of micelles), only

M
PeT = ¢ET05active

The same volumes and concentrations of the reagents werdree micelles, or micelles occupied by a single PH molecule
used for chemiluminescence measurements in the presencare present in the reaction mixture, the fraction of micelles
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valueK? = 0.475 can be found in the literature. The proba-
bility of finding an acceptor at a distanderom donor de-
pends on angle (it is proportional to the circumferences
of micellar crossections perpendicular to DOA planes, these
circumferences aren2 sin «). Corresponding probability
density is Zrsina/ [ 27r sina do = —sin /2. For a sta-
tistical assembly of micelles, donor and acceptor pairs re-
siding on micellar surfaces with random mutual distartes
the following integral has to be evaluated & «/2):

Fig. 1. Model of spherical micelle. D, A are donor and acceptor molecules M 117 sina q
separated by the distance o is the angle between donor, center of the Pgr= ——/ 6.6 i 5, &
micelle O and acceptor, is micellar radius. 2Jo 14 {(2%/5sin°(«/2))/R3}

2

_/”/ sina’/cosa’
~Jo o 14 ((25/8sirfa’)/RE)

do/ (5)
occupied by pH is given bgpn/cv. Energy transfer is then
governed by dye—micellar distribution only, instead of the

: : ¢ ~ Integration of theEq. (5)givesEq. (6)
ternary PH—dye—micelle complex formation. For diluted mi-

cellar region, the Poisson-distribution model works well and v RE (1[4 1 (42 2
is generally accepted throughout the literat[2®,24] The Ppr = 22 sl +1)—5In|—+ V3= 41
. . v . r 3 R 3 R Ro
fraction of micellesy,, containingn molecules of dye F is 0 0
iven byEq. (2 1 {4? 2
g YEq. (2} _5|n<L2_\/§R_r+1)
op = [MF,]/em = ((n)n!) exp(—(n)) (2) R 0
. . . V3 4r
(n) is the average number of dye molecules in the micelle + arctg [ — + /3
(n) = cp/em. The concentration of micelles is given by 6 Ro
= (cs-cmc)Nag, wherecs is the concentration of surfactant, V3 4y V3
cmc its critical micellar concentration aléhe mean aggre- +garck (R_ -V3) + S arck (*/‘3’> 6)
gation number denoting the number of surfactant molecules
which form a micelle. The constaﬂf{’%"T in Eq. (1)is an av- The course of the transfer function is depicted on the

erage energy transfer efficiency in an “active micelle” and its Fig. 2, transfer function for fixed distance case (which
evaluation is necessary if enhancement factors are to be prewould correspond to donor situated in the centre of a micelle
dicted. We derived a transfer function for a statistical assem-and acceptor on its surface or vice versa) is included for
bly of spherical micelles, donor and acceptor pairs located
on micellar surfaces with random mutual distandég.(1).

The efficiency of Forster ET between the donor D and ac-
ceptor A separated by a distandeituated on a surface of
spherical micelle having diameteis:

1.0

0.8
®e7(0ne micelle
1 1

= = 3
14 (d/Ro)® 1+ {(25r8sin(a/2))/ RS} ©

0.6

(meaning of« is obvious fromFig. 1, Ry is the critical
Forster distance given by:

900QIn10) [ ®E K2\ [ _ _ db
6 __ D
RS =T a ( o fo Fo@ea®s @

ET efficiency

0.4

where N is Avogadro’'s numbern refractive index of the 021

medium,q>% is the quantum vyield of emission of donor in
the absence of acceptdt,is the orientational factoFp is
the corrected fluorescence intensity of the donor with the 0.0 . ; . = . r . ; =
total intensity normalized to unitypa is the acceptor ex- 0 1 2 3 4 5
. . .. JU . . r/Ro

tinction coefficientp is the wave number. A disscussion on

orientational factor can be found elsewh¢2é], the value Fig. 2. Forster energy transfer functions accordingem (3) (A) and
of K2 for aqueous solution is 0.75, for micellar solutions the Eq. (6) (B).
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comparison. To verify our considerations experimentally, of transition metal cations and28, is in the preparation
we carried out a series of sensitized chemiluminescencefor separate publication.

experiments with phthalhydrazide in micellar solutions of

CTAOH. In our efforts, we encountered a problem of judi- 3.2. The initiation of ISCL by sodium hypochlorite

cious selection of the CL reaction-initiation system, selec-

tive enough to oxidize phthalic hydrazide only, but not the  The initiation by NaClO is the simplest way to achieve
dyes employed as acceptors. We found that hydrogen per-phthalhydrazide ISCL in regard of the reaction mixture com-
oxide decomposition catalysed by transition metal cations plexity. Unfortunately we have found that NaClO is decom-
(typically F&*, Ni%t or Co**; CL?* being among the most  posed by most of the dyes used. These concurrent reactions
widely used ones), often employed in luminol chemilumi- were not observed with DAS, the effect of fluorescein and
nescence, does not fulfill this requirement nor does sodium eosin Y was moderate, but eosin B, erythrosin and dichlor-
hypochlorite. However, the reaction of phthalhydrazide with fluorescein completely prevented NaClO reacting with PH.
sodium hypochlorite and hydrogen peroxide is much faster Chemiluminescence is destroyed in the presence of addi-
than the corresponding reaction with all dyes employed in tives such as a buffer or salt. The reason for this is the

this work. fact that NaClO is only weakly bound to micell¢21].
Since the reactions of dyes with hypochlorite are virtually
3.1. The initiation of ISCL by alkaline copper non-chemiluminescent, ISCL initiated by hypochlorite is
sulphate—hydrogen peroxide system characterised by the highest ratio between ISCL intensities
and background chemiluminescence intensities caused by
The reactions of radicals generated by?GuH,0, ini- weak chemiluminescence of dyes. Tige|/IFy = 2 occurs
tiation system with phthalhydrazide and dyes in micellar @tCpn aslow as 5 10~°M, a value that could be interesting
solution of CTAOH results in chemiluminescenddd. 3). from the analytical viewpoint.

The sensitization process is strongly pH dependent and cor-

responds to the dyes’ chemiluminescence pH profiles rather3.3. The initiation of ISCL by sodium

than phthalhydrazide pH profile=ig. 3). Therefore, it ap-  hypochlorite—hydrogen peroxide system

pears that concurrent reactions of dyes with radicals gen-

erated by the initiation system give rise to efficient energy If excess hydrogen peroxide is present in the reaction
transfer chemiluminescence process with quantum yield ap-mixture, the addition of hypochlorite results in singlet
proaching unity in an “active micelle”. A detailed account oxygen generation, which reacts preferentially with phthal-
on PH-sensitized chemiluminescence initiated by mixtures hydrazide. The kinetics of sensitized chemiluminescence

14 16000
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C | 12000

=
o
|

[e)
|

~ 8000

Chemiluminescence intensity(a.u.)

~ 4000

Fig. 3. Dependence of chemiluminescence intensity of phthalhydrazide, fluorescein and mixture of fluorescein and phthalhydrazide vgl pH; 250
H20, (3 x 10-3M) were added to 175Ql solutions containing 4 1074 M CuSQ, 1.6 x 103M CTAB and 2x 10-®M phthalhydrazide (A) or
1.2 x 10~*M fluorescein (B) or a mixture of phthalhydrazide and fluorescein (C) in concentrations given before.
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and match the time profile of PH chemiluminescence
(Fig. 4. In this figure, the chemiluminescence intensity ]
data of each curve were divided by the curve’'s maximum

CL intensity (normalized CL intensity= lcL (t)/ImaxcL)-

Normalized CL intensities obtained this way enable rapid |
assessment, whether the presence of the acceptor dye ir
the reaction mixture influences the kinetics of the ISCL
reaction or not.Fig. 5 shows the dependencies of max-
imum ISCL intensities on fluorescein concentration for
several concentrations of CTAOH. Similar dependencies 3
are observed also for other dyes used. Their courses areg
consistent with the idea that sensitization is effective only y
in micelles occupied by one molecule of PH and one dye
molecule (“active micelle”). The higher occupied micelles 0.2
are inefficient due to quenching, the same observation is re-
ported in[12] for luminol chemiluminescence sensitized by
fluorescein. Fitting experimental data with corresponding 0.0

are identical for all dyes within used concentration range 1.0 (

S

zed CL inten

0.4 +

Eq. (7) 0 1 2 3
time (sec)
—Cdye/CM
Bpr = qngCM (cpH/em) (cdye/cm) € Fig. 4. Kinetics of senzitized chemiluminescence light signals of ph-
CPH thalhydrazide in the presence of different fluorescein concentrations
_ oM Cdve —cque/en 7) (25x 10*i|v| PH, 1x10"°M NaCIO, 1x 10~° M H,0,, 4mM CTAOH,
ET_CM 0-5x 10~* M fluorescein).

(Poissonian distribution for 1:1 micelle:dye complex forma-
tion) allows for the determination of the concentrations of
micelles and consequently their aggregation numbxs X.

25000

CTAOH:

20000

15000

10000

CL intensity (a.u.)

5000

0 T
OE+0 1E-4 2E-4 3E-4 4E-4 5E-4
fluorescein (M)

Fig. 5. Chemiluminescence intensities of phthalhydrazide in CTAC micellar solutions as a function of fluorescein concentbatiot0(® M PH,
2.0 x 10°°M NaClO, 10 x 1073M H,0, and 2-8 mM CTACH).
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Table 1
Determination of aggregation numbers and micelle concentrations by non-linear regressions of senzitized chemiluminescence of phthaihydrazide i
presence of dyes

Surfactant concentration (mM) Micelle concentration (M)?2 Aggregation numbé&rNag Coefficient of determination
Fluorescein
2 5.4 x 107° 28 0.98
3 9.5x 10°° 26 0.97
4 1.3x 104 24 0.96
5 1.8x 104 25 0.93
8 25x 1074 30 0.99
Eosin Y
2 4.4 x 10 34 0.92
3 9.7 x 10°° 26 0.99
4 1.6x 104 22 0.99
5 2.2x 104 20 0.99
8 3.8x 104 20 0.99
4’ 5'-dichlorofluorescein
2 15x 10°° 101 0.97
3 2.4 % 107 102 0.97
4 3.3x 10°° 107 0.98
5 42x 10°° 107 0.96
8 59x 10°° 127 0.96
Erythrosirf
2 2.6x 10°° 58 0.90
3 39x 10°° 64 0.85
Eosin B
2 8.7 x 1078 172 0.96
3 2x 10°° 125 0.98
4 3.5x 10°° 100 0.95
5 55x 107° 81 0.91
8 8 x 10°° 93 0.92
Chloroaluminium phthalocyanine tetrasulphonate
2 55x 1076 275 0.99
3 1.1x 1075 227 0.93
4 15x 1075 230 0.93
5 2 x 10°° 225 0.95
8 2.8x 107 250 0.80
Sodium 9,10-dimethoxy-2-anthracene sulphorfate
2 7.7 % 107 19 0.60
3 1.5x 104 17 0.94
4 2.4 % 1074 15 0.98
5 3.4x 104 13 0.99
8 57x 1074 13 0.99

aCalculated after fitting the experimental dataBq. (7)

b Calculated using the equatioNag = (cs-cmc)ky; where cmc of CTAOH is 5¢ 1074 M and ¢s andcy are given.

CData for 4, 5 and 8mM CTAOH were statistically insignificant.

d After approximately 30's from the addition of DAS solution into solution of CTAOH a microcrystalline phase is formed as a precipitate. This is in
agreeement with loviNag values observed.

Determined aggregation numbers are of stable values forwhere®r is the fluorescence quantum yield of acceptor dye,
used CTAOH concentrations but differ for each dye, indi- ®pa is the quantum yield of phthalate luminescendg/

cating the individual character of micellizatiomaple J). It = 0.00012). Data are summarized Table 2 Experimen-
appears that in diluted micellar region fluorescein, eosin Y tal values of enhancement factors agree well with theory
and DAS form aggregates witNac ~ 30, while dichlo- except for chloroaluminium phthalocyanine disulphonate,
rofluorescein and other dyes tend to form larger ones. Thewhere exchange interactions probably predominate. The
enhancement factor (EF) is given yd. (8) (donor emis- best agreement between experimental and theoretical en-
sion being omitted): hancement factors is achieved in 2-3mM CTAOH con-
centrations, in more concentrated CTAOH, the observed
EF — PrPeT (8) enhancement is approximately 20% lower than predicted

Dpa one.
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Table 2

Parameters of phthalhydrazide intramicellar sensitization

Dye J (cm® mol~1)2 Ry (nm) Nag® r (nmy PerMe of EFY (theoretical) EFE (found)
Fluorescein 6.6¢< 10714 0.98 27 1.4 0.15 0.62 285 320
Eosin Y 3.8x 10714 0.89 24 1.4 0.14 0.51 234 228
Eosin B 4.0x 10714 0.90 100 2.1 0.06 0.12 22 20
Erythrosin 5.6x 1014 0.95 60 1.8 0.08 0.09 22 18

4’ 5-Dichlorofluorescein 5.2 10714 0.94 109 2.2 0.06 0.58 106 91
DAS 7.7x 10715 0.68 15 1.2 0.10 0.45 137 140
AlPcS, 1.5 x 1074 1.5 241 2.9 0.08 0.16 39 80

2Determined as integral of spectral overlap between the donor emission and the acceptor absorption.

b Calculated from Eq. 4; wher? = 0.475[15], &p = 0.00012,n = 1.334[12].

¢ Average values given iffable 1

d Determined ad/miceie = Nag (27.4 4 26.9 (ic—1)) (A3), Viicelle=(4/3)r3 [26].

€ Determined from equation @3 andr are values given in table.

f Fluorescence quantum vyield determined at 4 mM CTAOH.

9 Calculated fromEqg. (8) Where@ET:QSGS@’,\E"T, &r and <DET are values given in table, 0.368 is the fraction of micelles occupied by single dye
molecule atCyye/Cmicelle = 1, Ppa= 0.00012.

h Determined ataye/Cmicelie = 1 for 2mM CTAOH.

4. Conclusions [6] A.N. Diaz, J.A.G. Garcia, J. Lovillo, J. Biolumin. Chemilumin. 12 (4)
(1997) 199-205.

Analytical solution of Férster energy-transfer efficiency [71 M. Woicescu, M. Vasilescu, A. Meghea, J. Flouresc. 10 (2000) 229~

for donor—acceptor pair rESiding on the spherical surface is [8] M. Voicescu, M. Vasilescu, T. Constantinescu, A. Meghea, J. Lumin.

derived in this work. In combination with donor—acceptor 97 (2002) 60-67.
occupational statistics, the model can be used for quan- [9] J. Lasovsky, M. Rypka, J. Slouka, J. Lumin. 65 (1995) 25-
titative description of chemiluminescence intramicellar 32.

sensitization process. Phthalhydrazide chemiluminescence'® Y- ghang' M. Wang, C. Zhang, Mater. Sci. Eng. B40 (1996) 171~

sensitized by several xanthene as well as non-xanthene dyeg ;) p r. Roberts, E.H. White, J. Am. Chem. Soc. 92 (1970) 4861
in the CTAOH micellar solutions, initiated by the addition 4867.
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excess hydrogen peroxide was used to verify the usability ~ (1993) 337-343. _
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