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Abstract

Cadmium sulfide nanoparticles have been generated in situ on the inner and/or outer surfaces of monolamellar lecithin vesicles. Chemical
agents, strongly chelating or bounding the Cd** cations, are shown to influence dramatically the size of CdS nanoparticles as well as their
optical, luminescence and photochemical properties. The more stable is a Cd**-containing complex created by these chelating agents, the
smaller are the CdS particles formed. In case of CdCl, and Cd(NO3), as the CdS precursors inside the vesicles, a steady rise in the size of
growing CdS nanoparticles is observed, while in case of K,[CdEDTA] the accumulation of mass of growing CdS occurs without a change in
the nanoparticles size. The size of CdS particles and their initial growth rate depend also on pH of the vesicle suspension, modification of
the lipid membrane, being, however, independent of the CdCl, concentration, if CdCl, is the CdS precursor. In the presence of a sacrificial
electron donor (S?~ or EDTA), the bandgap irradiation of the lipid-vesicle-supported CdS particles yields charge separation and electron
transfer to lipophilic cetylviologen bications, C¢V>", embedded into the lipid bilayer. The initial quantum yield of C;V " formation
depends on the topology of vesicular systems and CdS localization on the inner or outer surface of the lecithin membrane. Presence of
EDTA anions enhances sufficiently the initial quantum yield of vectorial electron phototransfer from CdS nanoparticles to cetylviologen.

© 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nanosized semiconductor particles (“‘Q-particles’) meet
various applications, including photochemical solar energy
conversion. Their size-dependent physical and chemical
properties are somewhat different from those of the corre-
sponding bulk materials. A favorite example is the well-
established relationship between the optical absorption and
the size of small CdS particles: as their radius decreases the
absorption onset shifts to higher energies (the size quantiza-
tion effect). Other examples exhibit their nonlinear optical
properties, unusual fluorescence behavior, chemistry and so
on [1].

Since nanosized particles are inherently liable to aggre-
gate or grow in order to reduce their surface energy, careful
and well-controlled synthetic methods are required for their
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preparation. The methodology applied so far can be classi-
fied into three categories: (i) an arrested precipitation from
solutions by controlling solvents, reagents concentration and
temperature or by using some stabilizers and growth-termi-
nating reagents; (ii) stabilization of small particles in or by
aggregation-preventing matrices such as polymers, glasses,
monolayers over the air/water interface and bilayer lipid
membranes; (iii) in situ synthesis in the confined spaces of
zeolites, clay, organized surfactant aggregates (reverse
micelles, vesicles and bilayer membranes), LB films. The
latter matrices play an aggregation-preventing role as well.

Surfactant vesicles constitute a very flexible medium for
supporting semiconductor nanoparticles: the particles can be
localized at the outer, inner, or both surfaces of vesicles.
Each arrangement has certain advantages. Semiconductor
particles on outer vesicle surfaces are more accessible to
reagents from the solution bulk, and can therefore, undergo,
e.g., a more efficient photosensitized electron transfer [1].
On the contrary, smaller and more monodispersed semicon-
ductor nanoparticles can be prepared and maintained for
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longer periods of time in the interior of vesicles than in any
other arrangement.

Reagents, which are able to bound or coordinate consti-
tuents of semiconductor particles, play a crucial role in
controlling the process of the nanoparticle growth, stabiliz-
ing the resulting colloidal dispersion, as well as “passivat-
ing” the semiconductor surface from redox processes.

Nanoparticles of sulfide semiconductors in suspensions of
surfactant vesicles are usually prepared by the controlled
precipitation of appropriate aqueous metal ions by adding
gaseous H,S. The size of these particles can be controlled by
adjusting the number of precursor ions either encapsulated
in, or bound to the external surface of the vesicles, and/or by
managing the amount and rate of H,S addition. At this
procedure semiconductor nanoparticles of different sizes
were shown to form at both inner and outer surfaces of
the DHP vesicles [2]. A more precise control over the size of
synthesized Q-CdS was obtained in DODAC vesicles [3].
Note, however, that adding a gaseous reagent, H,S, during
the nanoparticle preparation may create sufficient difficul-
ties in reproducibility of the particle growth, that is well
known in the synthesis of conventional heterogeneous
catalysts.

Another more mild approach to synthesize nanosized
transition metal sulfides in the surfactant vesicles suspension
is to add sulfide anions as a component of solution of sulfide
salts subsequent to preparing the suspended lecithin vesicles
with a metal-containing precursor inside their cavities [4—6].
Appropriate outer solution pH helps to control the concen-
tration of various forms of sulfide anions, and thus can
provide the required or diminished rate of the sulfide
particles growth. Alkali added to the outer water solution
can stop this growth at any required stage [4]. This synthesis
procedure was expected to be promising in preparing the
sulfide semiconductor particles of a controlled size. How-
ever, thus formed CdS particles were found to behave quite
strangely. Indeed, with K,[CdEDTA] as the CdS nanopar-
ticles precursor, the shape of the Q-CdS spectra unexpect-
edly remained constant during the particles growth [4,5].
This evidences in, probably, either a sort of a planar or very
crumbly structure of the CdS nanoparticles formed under
these mild conditions or dissolution of the growing CdS
particles with sizes below some selected values [4,5].

The present work demonstrates that the driving force for
stabilizing the CdS nanoparticles size is indeed their dis-
solving by the strongly chelating agents which can present
even in precursors of CdS. Thus, by choosing an appropriate
nature of the CdS precursors and lecithin membrane modi-
fiers, as well as amounts of in situ formed H,S to precipitate
CdS, one can provide a simple, efficient and highly repro-
ducible way to vary the size of CdS colloids in the cavities of
lecithin vesicles. Moreover, lecithin vesicles are shown to
generate different populations of CdS nanoparticles,
whether they form on the inner or outer vesicle surface.
Optical, fluorescence and photochemical properties of CdS
nanoparticles, attached to the inner and/or outer surface of

the bilayer membrane of lecithin vesicles are under discus-
sion too.

2. Experimental
2.1. Chemicals

Sodium sulfide, Na,S, sodium ethylendiaminetetraace-
tate, Na,H,EDTA were of “pure” grade from Reakhim.
Ethanol and toluene were of “‘chemical pure” grade and
were used without further purification. Distilled water was
used to prepare all water solutions. pH of the outer (regard-
ing the vesicular cavity) solution was maintained by the
phosphate (pH=5.0-7.0) and borate (pH=8.0-10.0) buffers
[4]. Compounds used for preparing buffers were of ““pure for
analysis” and “‘chemical pure’ grades.

Potassium salt of cadmium ethylendiaminetetraacetate,
K,[CdEDTA], was synthesized as described in [4]. CdCl,
and Cd(NOj), were of “pure” grade from Reakhim.

Lipid vesicles were prepared using synthetic lecithin DL-
o.-phosphatidylcholine dipalmitoyl, DPL (99%, Sigma).
Membrane modifiers: thioglycerol, TG (Sigma), cetyltri-
methylammonium bromide, CTAB (‘““pure” grade, Rea-
khim), sodium dodecylsulfate, SDS (“pure” grade,
Reakhim) and alkylphenylpolyaethylenglykol (Triton X-
100, Ferak Berlin) were used as received. N,N'-dihexade-
cyl-4,4'-dipyridinium dibromide (cetylviologen, C;sVBr;)
was previously synthesized and purified at the Boreskov
Institute of Catalysis.

2.2. Methods

2.2.1. Preparation of vesicles

Lecithin monolamellar vesicles were prepared by sonifi-
cation with ultrasound (35 kHz) of about 20 mg of lecithin
or dried mixture of lecithin with an appropriate membrane
modifiers or/and cetylviologen (in ethanol and toluene) in
1 ml of an appropriate water solution for 20 min at 52°C.
After vesicles cooling to ambient temperature, they were
centrifuged for 10 min at 3000 rpm and then passed through
a gel-filtration column filled with Sephadex G-50 medium.
0.45 M KCI water solution was used as the eluent.

Four different preparation methods were used to arrange
Q-CdS on the lecithin vesicle surfaces. In the first method,
“preparation A”, lecithin and water solution of a metal
precursor (CdCl, or K,[CdEDTA], for example) were co-
sonificated to give a 107> M lecithin vesicles suspension,
which after gel-filtration contained ca. 2x 107> M water
solution of cadmium ions in the cavities of the vesicles
(since the surface of unmodified lecithin vesicles is
uncharged, it is assumed not to adsorb the charged Cd-
containing species). In the second method, ‘““preparation B,
instead of pure lecithin, a dried mixture of lecithin with an
appropriate membrane modifier was used to attach cadmium
ions on both inner and outer surfaces of the vesicles. For
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example, in the case of CTAB as the modifier, the surface of
vesicles becomes positively charged and expected to adsorb
the CAEDTA? ™ anions. Preparations “C” and “D” involved
the addition of CdCl, to suspensions of empty vesicles
(“C”), or to vesicles with cadmium ions in the cavities
(“D”).

2.2.2. Optical measurements

The UV-Vis optical absorption spectra were registered in
single or cyclic modes with a scan rate of 10 nm/s and
processed by a Specord M400 spectrophotometer (Karl
Zeiss Jena, GDR). During the measurements vesicle suspen-
sions were stirred with a small magnetic stirrer. The optical
measurements during the CdS particle growth were carried
out at room temperature in standard 1 cm quartz cells using a
thermoregulated two-channel cellholder. Nanocrystal spec-
tra were measured immediately following the sulfide incu-
bation. Absorption spectra were corrected for light
scattering by the vesicle suspension for some samples as
follows. Prior to data acquisition the suspension was passed
through an anion exchange column to remove any unreacted
sulfide. It was necessary to add 20 pl of the detergent Triton
X-100 dissolved in 200 pl of H,O to the CdS/vesicle sus-
pension to eliminate light scattering by the vesicles, which
affected nanocrystal absorbances. No nanocrystal agglom-
eration was observed immediately after micellization,
although aging of dispersion for several hours yielded
broadening in the size distribution.

The initial rate of the CdS particle growth was determined
as the change of total CdS concentration at the initial time
moment (extinction coefficients at 320, 360, 400, 440 nm
were measured as ca. 2978, 2191, 1646, 1208 M ! cmfl).
Cadmium ion conversion into CdS was calculated as the
ratio of current optical density of the sample, D, to that at a
total conversion of the precursor to CdS, D,.y, at certain
wavelengths. The sizes of CdS particles were determined
from the absorption spectra of CdS using the well-known
correlation of the absorption inflection point — particle size
data by Henglein [7].

Fluorescence measurements were carried out using lumi-
nescence spectrophotometer SFL-2 (USSR) in a 1.0 cm
optical path quartz cell at room temperature.

2.2.3. Steady photolysis

Before photochemical measurements, oxygen was
removed from the samples by a 1h argon passing over
the surface of vesicle suspensions on stirring. The samples
were irradiated in standard 1 cm quartz cells. All measure-
ments were carried out at 20°C.

Continuous argon laser ILA-120 (Karl Zeiss Jena, GDR)
was used as a source of illumination with A=458 nm.
Standard glass filter OS-11 was used for cutting the scattered
light with A<600 nm. The intensity of the incident light was
measured with a bolometer LM2 (Karl Zeiss Jena, GDR).

The samples were irradiated in the cell compartment of
spectrocolorimeter Specol-20 (Karl Zeiss Jena, GDR). The

change of optical density caused by the accumulation of
cation-radicals C;sV'" was monitored at A=602 nm
(Sg?ng =12400M~'cm™! [4]). The process quantum
yield was calculated using the equation ¢p=wy/l,ps, Where
wy is the initial rate of the C;4V' " accumulation (molecules/
s), Lps 1s the intensity of absorbed light, quanta/s. In the case
of CdS, Lps = Io(1 — 107Pc5), where DES, is the optical
density of CdS at A=458 nm, I, is the incident light inten-
sity.

2.2.4. Transition electron microscopy (TEM)

Direct measurements of particle size were done at the
Boreskov Institute of Catalysis using JEM-100CX (JEOL,
Japan) electron microscope with 10 A resolution. The sam-
ples were deposited on carbon-coated copper grids. Typi-
cally, a droplet of CdS nanocrystals in vesicles was placed on
the grid and stained by 0.5% uranyl acetate. Magnification
was 200000 and 500 000.

3. Results and discussion
3.1. Generation of CdS nanoparticles

3.1.1. Size of CdS nanoparticles

CdS nanoparticles inside lecithin vesicles were produced
by adding Na,S to the vesicle suspension containing differ-
ent precursors of CdS.

K,[CdEDTA] is known to be widely used as the CdS
precursor, since it imposes minor pH and ionic strength
changes during the CdS formation inside the vesicles [4,5,8].
Moreover, EDTA anions serve as an efficient electron donor
in many photochemical experiments, which is convenient
for studying, e.g., transmembrane electron transfer. How-
ever, the presence of EDTA has been shown to restrict the
possibility of varying the size of CdS nanoparticles [4,5].
These restrictions seem to originate from either dissolving
the finest CdS aggregates due to exponentially increasing
solubility of these aggregates at diminishing their size (see
[5,9]) or, in the case of lecithin vesicles, from formation of a
thin lamellar sulfide structure covering the inner vesicle
surface [4,5].

Fig. 1(a) shows a set of absorption spectra recorded
during the growth of CdS particles inside the lecithin
vesicles with K,[CdEDTA] as the precursor with the initial
local concentration 0.3 M. In Fig. 1(b) and (c) the CdS
precursors are CdCl, and Cd(NOs;),, respectively at the
same initial concentrations. It is clear from Fig. 1, that
the shape of the spectra of growing CdS nanoparticles differs
essentially for precursors of different nature.

With K,[CdEDTA] as the precursor, the absorption onset
is in a range of 502+2 nm. According to the absorption
inflection point-particle size data of [7], this onset should
correspond to “large” CdS particles with diameter (under
assumption of their spherical shape) lying between 6.8 and
7.4 nm. The most striking features here are as follows. First,
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Fig. 1. Absorption spectra of Q-CdS in the process of their growth after
addition of 0.5 M Na,S to the suspension of pure DPL vesicles, containing
initially 0.3 M K,[CdEDTA] (a), CdCl, (b) or Cd(NO3); (c) in the cavities
and borate buffer with pH=8.0 in the outer solution (‘‘preparation A”).
The spectra were recorded at 150 (a), 100 (b) and 60 s (c) intervals at room
temperature; arrows show consistency in the changes. Absorption spectra
are corrected for the light scattering by the vesicle suspension.

an additional absorption band at 360 nm is clearly observed
only in presence of EDTA and corresponds to 2.1 nm
particles. Second, the absorption edge as well as the absorp-
tion maximum practically does not shift with time. So, the
size of the CdS particles remains constant on the formation
[4,5]. As seen with negative stain electron microscopy, the
average diameter of the original sonicated monolamellar
liposomes is ca. 35 nm. The maximum calculated particle
diameter, allowed for the formation of CdS from the quantity
of Cd*" ions trapped in the vesicle cavity ca. 28 nm in
diameter, is 6.0 nm, see, e.g. [6]. The immediately observed
CdS particle size lies in a region of 2-8 nm (with
K,[CdEDTA] as the precursor), according to TEM. One
should note also, that the final optical density of the synthe-
sized CdS, and hence, its integral volume in the case of
K>[CdEDTA] is lower, than in the case of CdCl, or
Cd(NO3), (provided for that the initial cadmium ion con-
centration is the same in all cases). Apparently, during the
CdS synthesis in the presence of EDTA the number of the
CdS particles formed increases, but their diameter (or the
spectrum shape determining size) does not change. When
the vesicles (with CdS from K,[CdEDTA] inside) were

Normalized intensity, a.u.
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Fig. 2. Absorption (a), as well as uncorrected luminescence excitation ((b)
Aem=050, (€) Aem=500 nm) and emission ((d) Aex=390 nm) spectra of CdS
particles obtained from K,;[CdEDTA] and incorporated in the inner cavities
of the DPL vesicles. Emission and excitation spectra have been normalized
to the absorption scale. The vesicles were prepared by cosonication of
20 mg of lecithin with 0.3 M K,[CdEDTA] water solution in 1 ml of water,
followed by gel-filtration (““preparation A”). CdS particles were generated
by the subsequent addition of 0.5 M Na,S at pH=8.0.

destroyed by the detergent Triton X-100 in the excess of
sulfide-ions, the conversion degree of cadmium ions into
CdS increased, and maximum at 360 nm disappeared.

Excitation and emission luminescence spectra of CdS
originated from K,[CdEDTA] are shown in Fig. 2. The
emission spectrum has two distinct maxima at 500 and
640 nm. The broad lower-energy band (at ca. 640-
670 nm) is usually attributable to emission from very shal-
low traps in CdS [10-12]. In contrast, the spectrum attrib-
uted typically to excitonic fluorescence appears as a sharp
band at 500 nm, i.e. near the absorption onset and is
considered to arise from detrapping of the trapped electrons
[10-12]. So, the observed emission spectrum reflects con-
tributions of both excitonic and trapped fluorescence of the
CdS particles inside the lecithin vesicle cavities.

With CdCl, or Cd(NOs), as the precursor (i.e. without
strongly chelating EDTA), the absorption onset is seen to
increase during the Q-CdS growth from 440 to 480 nm for
CdCl,; and from 470 to 495 nm for Cd(NO3), (see Fig. 1(b)
and (c)). This corresponds to the growth of the particle size,
subsequent to CdS nucleation, from a mean diameter of ca.
3.3 to 49nm and from 4.3 to 6.1 nm for CdCl, and
Cd(NO3),, respectively.

With CdCl, as the precursor, at the beginning of the CdS
growth the optical spectrum has also a maximum at 400 nm,
corresponding to the initial particle diameter of 2.6 nm. The
luminescence spectra of Q-CdS particles in case of CdCl, as
the precursor show broad emission maxima at 600 and
640 nm, the wavelengths corresponding to the electron-hole
recombination in traps lying below the CdS conduction band
edge.
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The average diameter of the final CdS particles formed
according to the ‘“‘preparation A” method is less for
K,[CdEDTA] than for CdCl, and even for Cd(NOs), (4.5,
4.9, and 6.1 nm, respectively). Evidently, agents, strongly
chelating or bounding the Cd*" cations, influence dramati-
cally the size of CdS nanoparticles [9]. The less is the
stability constant of the complex created by these chelating
agents, the larger is the CdS particle diameter. EDTA, a
strong chelating ligand with the stability constant
K=5x10"*M~" for CdEDTA?™ [13], shifts the equilibrium
between the CdS and CAEDTA?~ complex, yielding a lower
degree of the cadmium ions conversion into CdS. Our results
agree well with those of work [9]: the stability constant for
CdCl, is equal to 4x10> M2, while that for Cd(NO3), is
2.5M 2 [12].

The effect of pH was investigated in detail for the in situ
formation of CdS. At any given amount of H,S formed from
Na,S, the wavelength of the prompt absorption edge, and
hence, the size of the nascent and final CdS particles,
decreased with increasing pH values. Sulfide particles,
formed in situ by adding Na,S to the metal-ion-precursor-
containing lecithin vesicles, continue to grow until they
reach thermodynamically stable size. At pH 7.0, 8.0, 9.0,
10.0, the final particle size was 5.1, 4.8, 4.7 and 4.3 nm,
respectively with the 0.3 M CdCl, as the precursor (the
reaction time was 1000 s).

Membrane modification also changes the average dia-
meter of Q-CdS particle formed from 0.3 M CdCl,. This
diameter is ca. 4.8, 4.4, 4.0 and 3.4 nm in cases of: unmo-
dified membrane, membrane modified with SDS (SDS
molar fraction in the membrane 0.1) and CTAB (CTAB
molar fraction in the membrane 0.003), unmodified mem-
brane with a subsequent addition of thioglycerol
([TG):[Cd*"=17), respectively.

Assuming that the Cd*" ions did not diffuse through the
membrane during the vesicle preparation, one should expect
an increase in the particle size at higher CdCl, concentration
inside the vesicle cavities. Indeed, with nonmodified DPL
vesicles, the average diameter increases from 4.2 to 4.8 nm
for the initial CdCl, concentrations 0.1 and 0.3 M.

With the CTAB modified membrane at CdCl, concentra-
tions 0.1, 0.2, 0.3 M the average diameter is equal to 5.0, 4.4,
4.0nm (CTAB molar fraction in the membrane 0.003).
Apparently, exposure of such systems to H,S formed from
Na,S yields nucleation at several sites.

3.1.2. The rate of the Q-CdS particle growth in the cavities
of lecithin vesicles

On Fig. 1 one can see some evident difference in the
kinetics of the CdS nanoparticles growth for three different
CdS precursors inside the lecithin vesicles (provided that for
initial cadmium ion concentration is the same in all cases
0.3 M).

So, the conversion of the captured Cd>* ions into CdS for
K,[CdEDTA] is only 0.2 (the reaction time is 1000 s), the
initial rate of Q-CdS growth being estimated as

7.1x107" M s~'. With CdCl, the initial rate is much higher:
3.5x107° M s_l, the conversion degree being 1. Note, in
this case particles grow through two stages: a very rapid one
at the beginning, and smoother one after major particles
formed (Fig. 1). This two-phase kinetics may evidence in a
sort of some particles’ rearrangement after their initial
nucleation. For Cd(NOs),, which is also a weak complex-
ating agent, the initial rate was found to be 4.6x 107> M s~ !,
the conversion degree being less than 1.

The CdCl, concentration appears not to influence the Q-
CdS initial growth rate in a concentration range of 0.1—
0.3 M.

3.1.3. Rate-limiting stage in the CdS nanoparticles’ growth

An increase in pH followed by a decrease of the equili-
brium concentration of the molecular form of sulfide-ions,
H,S, has been shown to result in slowing-down Q-CdS
growth rate, see also [4,5]. Considering a fast formation
of CdS particles in homogeneous solutions and indepen-
dence of this rate on CdCl, concentration in our case (in the
CdCl, concentration range of 0.1-0.3 M), we expected the
penetration of the uncharged H,S molecules through the
lipid membrane to be the limiting stage of CdS formation in
the vesicle cavities [4,5].

Taking into account that with the DPL vesicles, the CdS
formation rate is ca. 107° mol CdS/s-cm® of the vesicle
suspension at room temperature and pH=8.0 (CdCl, is the
precursor), one can estimate the rate of penetration as
P Wo-V

S

for H,S penetration through the lipid membrane. Here W, is
the CdS initial growth rate; V the total volume of the vesicle
suspension; and S is the total outer surface area of the
membrane of the vesicles. Since for our samples V=2 cm?
and S~8.6x10* cm? (for 2x 10~? mol/cm? concentration of
vesicles with outer diameter 35 nm), and so estimated P
should be of the order of 10™'2 mol/cm? s. Evidently, this
value is very close to the rate of penetration of charged ions:
Cl™ =10~ "3 mol/cm? s, KT —5x 10" mol/cm? s, and much
smaller than that for an uncharged H,O molecule (about
10~* mol/cm? s) [14], even when taking into account much
smaller concentration of water soluble sulfides in respect to
that of water molecules.

Thus, a simple penetration of uncharged H,S molecules,
which are evidently similar to H,O hardly is the rate-limiting
stage of Q-CdS formation in the vesicle cavities. Diffusion
of negatively charged HS ~, and indeed, S*~ anions is not the
rate limiting step as well, because initial CdS growth rate
decreases, when HS™ and S®~ concentrations increases
(with increasing the solution pH).

For this reason one can expect that the actual limiting
stage of the CdS nanoparticles formation has a more com-
plicated origin. For example, one can assume that it could be
the diffusional collisions of H,S molecules with the surface
of the vesicles in the suspension bulk. Indeed, it is easy to
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estimate an effective rate constant k for such collisions:
k ~ 477(Rves + RHZS)(Dves + DHZS)~

Here R and D are, respectively, the radia and diffusion
coefficients of the colliding species. Evidently,

k =~ 477RvesDHZS7

since the radius of the vesicles R.,~10 nm is much larger
than that of H,S molecules, while, on the contrary, diffusion
coefficient Dy,s for H,S molecules is much higher than that
of the vesicles. Taking Dy,s ~ 107> cm? s~!, one can obtain
k~10""0cm’s L Tt means, that each vesicle is exposed to
ca. k-[H,S] collisions with H,S molecules per second. At
pH=8.0 and [NazS]:1072 M, the value of [H,S] is ca.
103 M~10"' cm 3. Thus, at this pH, each vesicle is
exposed to ca. 10® collisions with H,S molecules per second,
that indeed is much higher than the observed rate of the CdS
nanoparticle growth (the CdS initial growth rate inside one
vesicle corresponds to bounding of ca. 10 S*~ ions per
second). Thus, simple diffusional collisions of H,S mole-
cules (as well as those of charged sulfide anions) with the
vesicles also are hardly determining the rate-limiting stage
of the CdS nanoparticles formation.

So, the nature of the rate-limiting stage for formation of
CdS nanoparticles inside lecithin vesicles seems to be very
complicated and involves, probably, a preliminary com-
plexation of S*~ with some species of either the lipid
membrane or the CdS precursors. The latter conclusion
results from sufficient slowing down the formation of
CdS in the presence of EDTA, as is noted above.

The properties of the lipid membrane appear to affect the
CdS particle growth rate too [5]. For two CdS precursors,
K,[CdEDTA] and CdCl,, we have investigated this effect in
detail. Fig. 3 shows that the influence of the tested mem-
brane modifiers is similar for the both CdS precursors: SDS
enhances the permeability (or reactivity of an intermediate),
and hence, the initial rate of the CdS growth; CTAB provides
an opposite effect.

For studying the vectorial electron phototransfer across
the lipid/water interface we attempted also to synthesize
systems of inverted topology with the externally ‘“‘attached”
CdS nanoparticles, as shown in Fig. 4(b) (“‘preparation C”,
see Section 2). As the vesicle suspension with obtained CdS
in the outer solution passes through the gel-filtration column,
the synthesized CdS particles adsorb on the CTAB, but not
on SDS-modified membrane. Most likely this originates
from an electrostatic repulsion of negatively charged Q-
CdS particles and sulfate-anions on the negatively charged
vesicle surface.

3.2. Photochemical properties of Q-CdS inside lipid vesicles

We have studied some features of photoelectron transfer
across the water—lecithin bilayer interface, when the bilayer
contains lipophilic C;4V>" cations as reversible electron
acceptors. At irradiation of the CdS particles into their
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Fig. 3. Effect of the lipid membrane modification on the initial rate of the
Q-CdS particle growth. The initial concentrations of K,[CdEDTA] (a) and
CdCl, (b) in the inner cavities of the vesicles are 0.3 M. The membrane
composition is as follows: (1) without modificators; (2) the membrane is
modified with CTAB (0.003 molar fraction of CTAB in the membrane); (3)
the membrane is modified with SDS (0.1 molar fraction of SDS in the
membrane); (4) the membrane is modified with CTAB and C15V2+ (0.003
molar fraction of CTAB and 0.01 molar fraction of C;V>" in the
membrane); (5) thioglycerol ([TG]:[Cd*T1=17) is added subsequent to
preparation of the vesicle suspension prior to Na,S addition at pH=8.0. The
initial rate is calculated at different wavelengths: 320, 360, 400, 440 nm.

absorption band, the electron transfer was detected by
accumulation of the reduced form of cetylviologen. Under
study were CdS nanoparticles, attached to either the inner
and/or outer surface of the bilayer membrane of lecithin
vesicles (Fig. 4). The S%~ anions served as a sacrificial
electron donor.

For the systems’ topology as in Fig. 4(a) the initial
cadmium ion concentration being 0.3 M (other conditions
being the same), the initial quantum yields of C;V'™"
formation in cases of K,[CdEDTA], CdCl,, Cd(NOs),
appeared to be ca. 2.4%, 0.9%, 0.7%, respectively. One
can suppose that a higher quantum yield in the first case is
caused by the presence of a sufficient amount of EDTA
anions, which serve as an efficient additional electron donor.

The quantum yield depends on the C;4V*" concentration
in the lipid membrane. e.g., for the same topology of the
system (CdCl, as the precursor) with molar fractions of
C16V>" 0.005 and 0.01, the quantum efficiency of C;¢V'+
formation appeared to be 0.9%, while with molar fraction
0.02, the quantum yield increases to 1.4%.

Cetylviologen and its reduced forms are known to be
reversible electron relays in the process of electron photo-
transfer across the lipid—water interface. Therefore, the
quantum yield of the C;4V'" formation depends probably
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20-30 nm

Fig. 4. Schematical view of the designed photocatalytic systems for the CdS/lipid membrane interface electron transfer. The vesicles were prepared by
cosonication of 20 mg of lecithin with a dried mixture of lecithin with CTAB and C16V*" (0.003 molar fraction of CTAB and 0.01 molar fraction of C;gV>"
in the membrane) with: (a) 1 ml of 0.3 M water solution of a metal precursor (CdCl, or K,[CdEDTA], for example) (“preparation A”); (b) 1 ml of KCI water
solution with the addition of CdCl, subsequent to preparation of the vesicles (“‘preparation C”); (c) 1 ml of 0.3 M water solution of a metal precursor (CdCl,
or K,[CdEDTA], for example) with the addition of CdCl, subsequent to preparation of the vesicles with the CdS precursor inside the cavities (““preparation

D). CdS particles were generated by the further addition of 0.5 M Na,S.

on the localization of CdS nanoparticles. We have found,
that the quantum yield for CdS nanoparticles localized at the
inner vesicle surface is lower than for those attached to the
outer surface (the topology, corresponding to Fig. 4(b)):
0.9% and 3.2%, respectively (C,cV>" molar fraction in
the membrane is 0.01, the initial CdCl, concentration in
the vesicle cavities is 0.3 M — “preparation A”, see Sec-
tion 2; CdCl, added concentration is 2.5x10™* M — “pre-
paration C”’). Note, that the average diameter of the external
CdS nanoparticles in this case was larger (the absorption
onset is at ca. 510 nm, i.e. CdS particles formed are of ca.
9.0 nm in diameter according to [7]) than that of the particles
inside the vesicle cavities (4.9 nm in diameter). Thus, at the
same concentration of the poorly mobile electron carrier
C16V>T, the quantum yield of its reduction seems to be
larger if larger is the area of the contact of CdS particle with
the membrane. The maximum C;,V" " concentrations, accu-
mulated during the irradiation of above systems (CdS nano-
particles inside or outside the vesicle cavities), appeared to
be 24% and 45%, respectively (with regard to the total
Ci6V?" concentration). The quantum yield of C;gV>"
reduction for CdS, attached to both inner and outer surfaces
(the topology, corresponding to Fig. 4(c)) was 3.2%, the
maximum conversion of C16V2+ being estimated as 45%
(C16\72+ molar fraction in the membrane is 0.01, the initial
K,[CdEDTA] concentration in the vesicle cavities is 0.3 M;
CdCl, added concentration is 2.5x10™* M — “preparation
C”’). The last observation seems to comply with the recently

rationalized mechanism of cetylmethylviologen photore-
duction, which involves the rate-determining disproportio-
nation

20, MVt & C MV + C eMVZF

and subsequent diffusion of the uncharged C;eMV® mole-
cules across the bilayer [15]. Therefore, the processes of
C16MV>" reduction in the outer and inner bilayers are not
independent.

4. Conclusions

The data presented demonstrate that Cd>" chelating
agents can influence dramatically the size of CdS nanopar-
ticle grown in the cavities of lecithin vesicles. Moreover, the
presence of Cd*"-bonding ligands as well as lipid membrane
modifiers, and pH of the outer water solution affect the CdS
particle diameter and the initial rate of their growth. Of all
these manipulations, the shape of the semiconductor nano-
particles formed remains close to sphere.

Note that the presence of some organic ligands like EDTA
anions can enhance the initial quantum yield of photoreduc-
tion processes, as it is seen in the case of C16V*" reduction.

Diffusional collisions of H,S molecules with the vesicles
as well as the “simple” penetration of uncharged H,S
molecules across the lecithin membrane hardly are the
rate-limiting stage of the CdS nanoparticles formation,
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the rate of this stage being nevertheless proportional to the
concentration of H,S.

The quantum yield of the C;,V " formation depends on
the topology of the vesicular system, on localization of CdS
nanoparticles on the lipid membrane and on the area of the
CdS-membrane contact.
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