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(Received April 12, 1999; In final form May 21, 1999)

Chemiluminescence during free radical oxidation of cholesteryl esters has been studied in isotropic
and cholesteric liquid crystalline phases. A dramatic enhancement of the chemiluminescent intensity
was observed in the cholesteric phase. The emitter of chemiluminescence in this reaction is an elec-
tron excited ketone that forms during recombination of cholesteryl ester peroxyl radicals. It was
shown that an enhancement of the intensity is due to an increase in both quantam yield of the excited
state and emission yield of the emitter as the phase order increases. These phenomena are attributed
to interplay between the orientational order of the medium and the anisometry of the reacting species.
An increase in quantum yield of the excited state of the emitter is explained in terms of the increased
rigidity of the transient tetraoxide complex during recombination of peroxyl radicals of cholesteryl
esters in an anisotropic environment.

INTRODUCTION

Effects of liquid crystalline solvents on the dynamics and kinetics of a variety of
photophysical and chemical processes is an area of continuous interest [1-6].
The ability of mesophases to alter solute reactivity by imparting constraints on
reaction transition states due to shape/size considerations has been clearly dem-
onstrated with unimolecular reactions whose product distribution depends on
conformational factors: liquid crystals favor reactions whose transition states are
most compatible with the ordered solvent matrix [2b,7]. A number of photophys-
ical processes, such as fluorescence emission yield and quenching [4,8], excimer
and exciplex formation [4,7,9], were also found to be influenced by liquid crys-
talline ordering. There have been reported examples of bimolecular reactions
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[10-13], where the change in mutual orientation of reactants caused by the liquid
crystalline solvent results in a pronounced change in the reaction rate.

In spite of intensive research in this field, one interesting process, namely,
chemiluminescence, has not as yet received appropriate attention. The phenome-
non of chemiluminescence involves both chemical and photophysical transfor-
mations, and in some cases it offers an advantage in the exploration of the
influence of an anisotropic environment on molecular conversions. Furthermore,
such a study would directly address the key question of chemiluminescence — the
effect of the medium on quantum yield of the emitter excited state.

The use and analysis of liquid crystalline solutions for photochemical and pho-
tophysical studies is complicated by such factors as different solubilization sites
of solute reactants within the mesophase, and the possibility of a phase separa-
tion. One might avoid the problems of uneven distribution of reactants and phase
separation by studying reactions occurring between molecules (as well as their
excited forms or radicals) of the liquid crystalline solvent itself. If such reactions
are chemiluminescent, one can also investigate the emission yield and its
quenching in different phases without using an external excitation source.

An example of such a reaction is the free radical oxidation of mesogenic
cholesteryl esters. Small amounts of an initiator of free radicals diluted in the
media usually do not noticeably perturb the mesophase order. Peroxyl radicals of
cholesteryl esters which lead the oxidation chain and produce an emitter of
chemiluminescence, electron excited ketones [14], -- have the same size and
shape as solvent molecules (with average molecular weight about 500). These
factors might facilitate an analytical treatment of the phase-induced changes in
the kinetics of such processes.

In previous studies we already reported a sharp increase in chemiluminescence
intensity in the liquid crystalline phase [15]. There was also observed an increase
in the recombination rate of free radicals and a decrease in the efficiency of radi-
cal initiation, which correlated with the orientational order of the solvent {16]. In
this paper we present a detailed study of the influence of the cholesteric phase on
quantum characteristics of chemiluminescence of cholesteryl esters during their
oxidation.

EXPERIMENTAL SECTION

Materials

Commercially available (from Aldrich) cholesteryl esters — cholesteryl pelargo-
nate (CP), cholesteryl valerate (CV), cholesteryl myristate (CM), and cholesteryl



Downloaded by [University of Haifa Library] at 08:47 16 August 2012

SPONTANEOUS CHEMILUMINESCENCE 161

oleate (CO) were recrystallized from diethyl ether-ethanol solutions (2:5) two
times prior to use. The nematic liquid crystal n-pentylcyanobiphenyl (SCB) (EM
Chemical, Co.) was used without purification. This compound was employed as
a solvent for diluting the cholesteric compositions. A composition of CP:CV:CM
(45:45:10), exhibiting a cholesteric mesophase on cooling in the temperature
range from 87° C to room temperature, was employed for the kinetic studies. At
60°C (the temperature at which the chemiluminescence was recorded) the wave-
length of maximum light reflection (A,,,,) for this composition is 395nm; on
cooling, Ay, increases to 470nm as the temperature decreases to 30°C. When
this composition is diluted with 5CB in a ratio of 1:1, the resulting mixture has a
clearing point at 52°C: the wavelength of maximum light reflection increases
from 610nm at 50°C to 640nm at 35°C. A free radical initiator - lauroyl peroxide
(LP) (Aldrich) was recrystallized from benzene and then ethanol. A chemilumi-
nescent sensitizer -- tristhenoyltriflucroacetonate europium 1,10-phenanthroline
(TTA);Eu(Phen) was synthesized according to the method described in reference
[17]. Rhodamine B was purchased from Aldrich and used as received.

Methods and Instrumentation

The temperatures of the phase transitions of individual liquid crystals, their mix-
tures and compositions doped with chlorobenzene were determined from optical
observations using a Nikon polarizing microscope equipped with a Mettler FP 82
hot stage. These measurements were supported by differential scanning calorim-
etry using a TA Instruments Model DSC 2920.

The quantum yield of the emission of fluorescence of the sensitizer
(TTA);Eu(Phen) 1, was determined in liquid crystalline solvents using a lumi-
nometer SDL-1 (LOMO, St.Petersburg). Cuvettes of varying length light paths
were employed to exclude effects of the light scattering in cholesteric and
nematic phases. Rhodamine B was used as a fluorescent standard whose quan-
tum emission yield (0.69) is practically invariant to solvents. Samples were
excited at 365 and 510 nm.

Chemiluminescence intensity was recorded on the chemiluminometer based on
the single photon counting technology. The instrument was designed and devel-
oped in the Physico-Chemical Institute, Academy of Science of Ukraine
(Odessa) [18]. In this design (Fig. 1), the light collection efficiency is maximized
by placing a sample very close to the cathode of the thermally insulated photom-
ultiplier. A spontaneous photoemission of the detector is reduced (to less than
100 counts per second in the dark) by cooling to —20°C. The sample compart-
ment was thermostated using Peltier elements to an accuracy of £ 0.5 °C. The
photon counting was integrated at intervals of one second. The instrument was
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calibrated to read absolute values of the emitted light by using a radioactive
standard solution consisting of tritiated hexadecane in toluene with diphenyloxa-
zole and p-phenyl-bis(Sphenyloxazole) as scintillators, according to the method
described by Hastings and Weber [19]. The absolute precision of the measure-
ments was * 5x10% Photon/s-cm?. A reaction vessel was a custom made vial in
the shape of an overturned mushroom with a flat bottom of 12.6 cm? and a 14/20
$ neck. The vial was made to fit precisely into the sample compartment of the
chemiluminometer.

FIGURE 1 Schematic drawing of photon counter and vial housing for measuring superweak lumines-
cence. 1-vial; 2-photon counter; 3- transparent thermal insulator; 4-housing with provision for tem-
perature control; 5-cover with inlet and outlet

The high sensitivity of the instrument allowed recording chemiluminescence of
very small amounts of cholesteryl esters — usually 50-200 mg. In order to ensure
that small amounts of viscous samples form a uniform layer on the bottom of the
vial, the samples were introduced as solutions in diethyl ether. Then the ether
was quickly evaporated by vacuuming the vial in situ using the outlet in the
cover of the sample compartment.

The steady-state chemiluminescence of cholesteric compositions was recorded
as a function of time at different temperatures. In the non-steady-state experi-
ments the vial containing 50-80 mg of the cholesteric composition was evacu-
ated, purged with argon and reevacuated. This cycle was repeated three times.
After equilibrating to.a preset temperature the background intensity of the chemi-
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FIGURE 2 Temperature dependence of the intensity of chemiluminescence of a mixture of CO:CP
(90:10). Dashed line indicates the temperature of the phase transition

luminescence was recorded. Then, oxygen was let into the reaction vessel and
the rise in intensity was monitored as a function of time.

In a series of experiments with a stepwise increase of thickness of the sample
layer (the mass of the sample in the vial), it was shown that the diffusion of oxy-
gen into a thin (< 100 pm) layer of cholesteric compositions is not a limiting fac-
tor in the reaction of conversion of alkyl radicals R” to peroxyl radicals ROO".

RESULTS AND DISCUSSION

The phase transition between cholesteric and isotropic phases of a cholesteric
liquid crystal can be induced by (i) increasing the temperature, (ii) changing the
composition of the liquid crystalline system, or (iii) introducing a small amount
of organic solvent such as chlorobenzene. Chlorobenzene is a stable solvent
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FIGURE 3 Dependence of the chemiluminescence intensity (+) at 60°C and the temperature of chol-
esteric-isotropic transition on the composition of the binary mixture CO:CP

commonly used as an inert reaction medium for kinetic studies of liquid-phase
free radical oxidation of hydrocarbons and other organic compounds {22, 24].
Therefore, the addition of chlorobenzene, apart from a slight effect of dilution,
does not affect the kinetics of reactions (I), (II) and (VI) [20].

As illustrated in Fig.2 a strong temperature dependence of chemiluminescence
may mask the effect of the phase when the phase transition is induced by the
temperature change. Yet the intensity in the mesophase appears to be higher than
the values of I obtained by an extrapolation from the isotropic phase, and the
activation energy (as evidenced by the slope) is quite different. The induction of
the phase transition at a constant temperature by methods (ii) and (iii) provides
more direct evidence of the phase effect. As shown in Fig.3 (solid circles), the
intensity of chemiluminescence measured at 60°C increases approximately two
times when a slight change in the composition (an increase in CP/CO ratio)
induces a transition to the cholesteric from the isotropic phase. Further increase
in the ratio of CP/CO does not affect the intensity, which confirms that the
observed sharp increase in I is due mainly to the phase transition. When small
amounts of chlorobenzene were added to another cholesteric composition
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FIGURE 4 Chemiluminescence intensity I of the oxidized cholesteric mixture — CP:CV:CM
(45:45:10) as a function of concentration of added chlorobenzene. Temperature 60 °C

CP:CV:CM at 60 °C, the intensity of chemiluminescence was not affected until
the concentration of chlorobenzene reached approximately 8.0 wt.%. At concen-
trations above this threshold value the intensity drops more than two times as the
composition becomes isotropic (Fig.4). Thus these data unambiguously indicate
a drastic effect of the cholesteric phase on the intensity of chemiluminescence.

FIGURE 5 The structure of a cholesteryl ester molecule
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When discussing emission (and/or absorption) of light at wavelengths within
the region of selective (Bragg’s) reflection in cholesteric liquid crystals, one may
also consider the possible effects of interaction of light with the periodic choles-
teric structure (pitch) [21]. In our experiments incremental changes in the com-
position or progressive addition of chlorobenzene caused apparent shortening of
the pitch of cholesteric mixtures (a blue shift in color was observed); however,
no essential changes in the intensity of emitted light was recorded within the
cholesteric phase (Figures 3 and 4). Furthermore, no principal difference in
chemiluminescence behavior was observed through the phase transition in two
compositions with different pitches: CP:CV:CM with A, =395nm and
CP:CV:CM/ 5CB (1:1) with Ap,,= 610nm. Therefore, one may reasonably con-
clude that the main factor affecting the intensity of chemiluminescence is the
molecular orientational ordering rather than the supramolecular spiral structure
of the cholesteric phase. In order to explain this phenomenon a mechanism of the
chemiluminescent reaction should be examined.

Oxidation of cholesterol and its fatty acid esters by molecular oxygen may lead
to several dozens of oxidation products [22]. However, when cholesteryl esters
are autoxidized in a melt or a solution of aprotic solvents (such as benzene, chlo-
robenzene, etc.) at moderate temperatures (60 — 120 °C), the main oxidizing site
is the 77 carbon atom in the steroidal fragment (Fig.5) and the oxidation process
yields epimeric 7o- and 78- products: 3B-alkanoy-
loxy-cholest-5-ene-7-hydroperoxide,3f-alkanoyloxy-cholest -5-ene-7-ol, and
3B-alkanoyl-oxycholest-5-ene-7-one [14,23]. Under these conditions the reac-
tion follows a well known scheme for free radical chain oxidation of hydrocar-
bons [20] and can be described in early stages of oxidation by a sequence of three
elementary reactions: initiation (I), chain propagation (II) and chain termination
(VD (Scheme 1):

. ki .
Initiator ————>O2, R ROO )
ROO® + RH ———ROOH + ROO® (I1)
2

ROO® + ROO*——  4ROH+ 02 +7'R=0+(1-7)R=0 (VI)

Chemiluminescence is excited in the process of peroxyl radical disproportiona-
tion (reaction VI), which produces 3f-alkanoyloxy-cholest-5-ene-7-ol, oxygen
and 3f-alkanoyloxycholest-5-ene-7-one (R=0) in the triplet state [24-27]. Inten-
sity of chemiluminescence I (in photon/s) is proportional to the rate of reaction
(VI), and in a steady-state condition (when the rate of radical initiation equals the
rate of radical termination) is given by the following equation:
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I = 0.57"n ke[ROO*]? = 0.5 . W; (1)

where n* is the quantum yield of excited states of ketone R=0%, T, is the emis-
sion yield of excited ketone, kg is the rate constant of the peroxyl radical dispro-
portionation, [ROQ'] is the steady-state concentration of peroxyl radicals, W; is
the rate of free radical initiation. The rate of free radical initiation W; =k; [In],
where k; is the constant of initiation, and [In] is the concentration of the initiator.

According to equation (1), changes in the intensity of chemiluminescence may
be caused by changes in three variables: the rate of initiation, emission yield of
excited ketones, and excitation yield of excited states. Previously [15b,16] we
reported that the rate of radical initiation decreases by 10-20% (depending on the
initiator and the medium) in the liquid crystalline phase with respect to the iso-
tropic phase. For example, the initiation rate due to thermal decomposition of
lauroyl peroxide (the initiator used in this study) decreases from 4.9x1078 mol/l-s
in the cholesteric phase to 4.2x1078 mol/l-s in the isotropic phase of the mixture
CP:CV:CM (45:45:10) (concentration of LP= 0.9x1072 mole/l, temperature
60°C). Thus the reason for the more than 100% increase in the intensity of
chemiluminescence in the mesophase should be an increase of quantum charac-
teristics of this process; namely, excitation and emission yields of the emitter.

In determining these parameters we followed a method described in detail by
Belyakov et.al.[19b,27] for the liquid phase oxidation of organic substances. In
this method, an effective sensitizer (activator) S of luminescence is added into
the system. The luminescence of the sensitizer is excited by the energy transfer
from the primary emitter (excited ketone) and the same process determines the
quenching of ketones. If the quantum emission yield 1 of the sensitizer is
known, the concentration dependence of chemiluminescence on the sensitizer [S]
allows the determination of the quantum emission yield 1|, of the primary emitter
according to the following equation:

1 _ 1 1 1 1

I/ly -1 B Ns/Ne — 1 +7)S/776_1 * T Kee 8 [g]-
where I, and 1 — are the initial and the current intensities of the chemilumines-
cence; M and 1), — are the quantum yields of sensitizer radiation and emission of
the chemiluminescence emitter respectively; [S]- is the concentration of the sen-
sitizer; T — is the life time of the excited state of the emitter; K¢, — is the rate con-
stant of the energy transfer from the emitter to the sensitizer. The chemical
excitation yield N can be then calculated from equation (1) when the initiation
rate W; and the emission yield 1, are known.

Fig.6 gives two plots (for the cholesteric and isotropic phases) of the intensity
of chemiluminescence as a function of concentration of the sensitizer in coordi-
nates of equation (2). One can see a distinct difference in the slope and the inter-

(2)
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cept of these plots, indicating changes in all quantum parameters as the system
undergoes a transition from the cholesteric to isotropic phase. Analysis of the
data according to equation (2) yields only the ratio of 1\ to M. In order to deter-
mine N, the sensitizer emission yield N, was determined independently in both
phases using a luminometer SDL-1.

The values of the quantum parameters for two cholesteric systems -- a mixture
CP:CV:CM (45:45:10) and the same mixture diluted with a nematic liquid crys-
tal 5CB, are given in Table 1. 5CB is a chemically stable liquid crystal which is
not readily oxidized under conditions of cholesteryl ester oxidation and, conse-
quently, its introduction into the CP:CV:CM mixture does not affect the kinetics
of reactions in Scheme 1.

TABLE I Qauntum parameters of the chemiluminescence of cholesteric compositions during their
oxidation. CP:CV:CM, T=60°C; (CP:CV:CM):5CB, T=50°C

Quantum yield

Composition 107, 1, 10°7" K, x107°

mes is mes is mes is mes is

CP:.CV:CM (45:45:10) 430 205 105 042 210 150 630 420
(CP:CV:CM):5CB (50:50) 635 260 067 024 200 160 - -

Table I shows that all quantum parameters of the systems change through the
phase transition. It should be noted here that the nature of quantum emission
yield and quantum chemical excitation yield is quite different; the former reflects
photophysical processes of radiationless decay and energy transfer, the latter, for-
mation of the electronically excited state of a molecule in the course of a chemi-
cal reaction, and therefore, these parameters should be discussed separately.

An increase in the quantum emission yield of a chemiluminescent emitter n,
(and a sensitizer 1)) is consistent with the known fact of the growth of the emis-
sion yield of luminescent dopants in both thermotropic {28, 29] and lyotropic
[30] liguid crystalline phases. For example, a sharp increase in luminescence
intensities was observed upon transition from the isotropic to smectic phase of
dodecylcyanobiphenyl [29a]. An increase in fluorescence intensities in the chol-
esteric phase is reported for a system comprised of cholesteryl nonanoate and
0.2 % pyrene [29b]. In another study, the emission quantum yield of a thiacya-
nine dye was observed to increase twice in a lyotropic liquid crystal with respect
to a micellar solution. Parallel with the augmentation of the quantum yield is the
increase in the lifetime of the excited state [30]. Since typical lifetimes of the
excited state of emitting molecules (of order of 107%) are long enough to allow
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FIGURE 6 Chemiluminescence intensity as a function of concentration of the sensitizer (TTA);
Eu(Phen) in the mixture — CP:CV:CM (45:45:10); » — mesophase, A — isotropic phase. Temperature —
60°C

interaction with surrounding molecules, the inhibition of radiationless decay and
increased quantum yield in more ordered media has been rationalized in terms of
rigidization of the emitter by the local environment encountered in liquid crys-
tals.

.__-.H>0H +>:‘=o + 0

FIGURE 7 The structure of the transient tetraoxide complex formed during the disproportionation of
secondary peroxyl radicals according to Russel mechanism
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An increase in the chemical excitation yield in the liquid crystalline media has
not been previously reported. We propose the following rationalization of this
phenomenon. Assume a Russel mechanism [31] for recombination of secondary
peroxyl radicals (reaction VI). According to this mechanism the recombination
proceeds through the concerted breakdown of the transient six-membered
tetraoxide (Fig. 7) complex resulting in the formation of the ultimate products:
alcohol, oxygen and ketone. The chemiluminescence emitter of this reaction is a
ketone in a triplet excited state. The excitation yield of ketone in this case is con-
sidered to correlate with the rigidity of the transitional tetraoxide complex
[24,27]. As was discussed earlier in the text, the reactive center of an oxidized
cholesteryl ester (CE) is the carbon atom in the 7™ position in the steroid frag-
ment. According to X-ray spectroscopic data [32] a molecule of CE has a shape
of a slightly flattened rod with the ratio of diameter to length about 1:3. The
active center, 7" carbon atom, is located approximately in the middle of the rod.
Space modeling of 7-peroxyl radicals of CE shows that the proton and two oxy-
gens of the peroxyl group H-C-O-O tend to arrange in a plane perpendicular to
the long axis of a CE molecule. Therefore, when two coupling radicals are ori-
ented in a parallel fashion, the transient tetraoxide complex acquires a flat con-
figuration that increases its rigidity due to m — 7 conjugation in the tetraoxide
ring plane (Fig.8). Taking into consideration that the mesophase favors parallel
orientation of rod-like CE molecules, it is reasonable to suggest that the number
of more rigid tetraoxide transient complexes increases in the cholesteric phase,
thus increasing the excitation yield of the product. The proposed explanation is
in agreement with the well recognized notion that the individual encounters
between reagents and the separation of products from the transition state for a
reaction are intrinsically anisotropic because certain angles of approach and of
separation between reactants and products are preferred, as are certain planes of
rotation of the reagent and product molecules.

CONCLUSIONS

Spontaneous and activated chemiluminescence during free radical oxidation of
cholesteryl esters has been studied though the phase transition from the choles-
teric to isotropic phase. A dramatic increase in the intensity was observed in the
cholesteric phase. Analysis of the kinetics of the oxidation showed that an
increase in chemiluminescence intensity is due to an increase in chemical excita-
tion yield and emission yield of the emitter (electronically excited ketone). The
effect is ascribed to the ability of the ordered solvent to discriminate between
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FIGURE 8 Schematic representation of coupling peroxyl radicals of cholesteryl esters in the choles-
teric phase

parallel and perpendicular transition states on the basis of their size-shape com-
patibility with the ordered solvent matrix.
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