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Abstract

Colloidal mi. roparticles of the photo-semiconductor cadmium sulphide have been
prepared in reverse micelles of water/Aeronscl OT/n-heptane. Particle sizes have been
estimated by U~ -visible absorbance measurer ents and b analytical ultra-
centrifugation.

Under the conditions used, reproducible and stable particles are formed at low w
values, but the particie dispersion becomes unstable and sediments at higher w valuc~
(> 15) (wher» w = [H,O}/[ACT]). Photodegradation has also been observed at . v-1
of =10. UV-visible measurements show that particle growth, which has beea attribuicu
to Ostwald ripening, takes place on a timescale of hours at low w values, 1.e. 2.5 and
5. Ultracentrifugation data support the conclusion from absorbance measurements that
growth 1s taking place in the system.

Photoiuminescence emission spectra consist of broad, overlapping bands, the
intensities decreasing with 1ncreasing w. Photoluminescerce is quenched by addition
of water to an aiready-2quilibrated particle dispersion. Furthermo:re, the photo-
luminescence increases with decreasing temperature and is not dependent on oxygen
content. The analysis of photuluminescence lifetimes is complicated since the decay
transients are found to be multi-exponential in form. The average lifetime was found
to be shorter on the high energy side of the emission and essentially independent of

particle size, in agreement with previous studies on CdS colloids prepared in iso-
propanol glasses.

INTRODUCTION

There has been much recent intercst in photo-semiconductor col-
loidal microparticles of materials such as TiO, [1], CdS [2], CdSe [3]
and ZnS [4]. These systems have been examined with particular regard
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to carcying out light-imnadiated chemical reactic. s such as wades
cleavay to hiydropgen and oxygen [5] On photoexcitation of the micro-
particles, electrons and holes are prodiced which can migrate to the
surface of the particle and then c¢widi«e or reduce reactants adsorbed
at the suriace [6]. Novel products have been obtained using dispersions
of such colloids in organic solvents {7].

Much theoretical interest has also been stimul~to? ' ] "ol
vation that the band gap of semicond L. eases with
decreasing particle size due te quantum coniimement of the charge
carriers. This is clearly evident in the absorbn: '~ ~tra [8,9]. In
addition, considerable rescarch effort has been directed towards the
use of compartmentalised i.._uia such as vesicles [10,11] and reverse
micelles [12-16] for restricting particle growth such that stable particle
dispersioris are formed 1in the 0.5-5 nm size range.

This paper describes th ~aalion and properties of cadmium
sulphide semicondv 1 mi tieles "o b - syater-in-o1l (/o)
micrcemulsions ! .. .cri on thic water /. OT /o1l systein The addition of a

stabiliser sucl o sodium hexametaphosphate is not required. AOT
(sodiun bis-“-othvihexyl sulphosuccinate) is an anionic surfactant
which 1s particularly effective in dispersing water in hydrocarbon oils
sucl' »..  hers e at 25°C. The resulting single-phase droplec disper-
sion is essentially monodisperse and thermodynamically stable [17].

MATERIALS AND MFTHODS

AQ'Y was obtained fiom Sigma and was used without further purifi-
cation. Spectiophct. netric grade n-hv | ¢ (99%) and Na,S-9H,O
were  obiained from  Aldrich. AnalaR cadmium  nitrate,
Cd(NO;), -4H,0, was purchased from BDH. All chemnicals werr used
without further purification. For all experiments triply-distilled water
was used.

Preparation of the colloids

Stock agueous solutions of Na,S and Cd(NO,), were prepared
daily. Fresh stock solutions of 0.5 moldm ™2 AOT in r-heptan= were
prepared weekly. Microemulsions containing Cd?™* (or S?~) were made
up by adding the appropriate amount of Na,S or CAd(NO,), aqueous
stock solution to a solution of 0.1 mol dm ™3 AOT in n-heptane ir order
to give the correct w value where w=[H,0]/[AOT]. In all cases
transparent solutions were obtained on shaking.

Colloidal CdS particles were then obtained by adding the Cd2*-
containing microemulsion to the S22 -cont#ining micrcemulsion (in
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effect HS™) followed by shakmg Thls ‘mixing process was ‘carried out
as soon as possible after obtaining clear mlcroemulsmns to minimise
hydrolysm of AOT by the alkaline conditions in the S~ microemulsion
and to prevent sulphide oxidation to sulphur which is catalysed by the
microemulsion medium [14 15]. Deoxygenation was not found to be
necessary. The growth process of particles was generally complete
within a few seconds. All pre-mixed microemulsions were thermostatted
at the reaction temperature (25 4 0.1°C).

Concentrations

The concentration of CdS is expressed as mol dm ™3 of the total
microemulsion phase volume.

Methods

UV-visible measurements were made on a HP8452A Hewlett—
Packard diode-array spectrophotometer. Sedimentation coefficients
were determined using an MSE Centriscan 75 analytical ultra-
centrifuge equipped with a UV-—visible optical detection system. The
detection wavelength was 275 nm. The sedimentation coefficients were
determined from a plot of In x vs time where x is the distance from the
axis of rotation to the midpoint of the boundary layer. The slope of
such a plot is given by w?S where S (Svedbergs) is the sedimentation
coefficient and w is the rotation frequency.

Photoluminescence spectra were recorded on a Perkin-Elmer LS50
instrument, and time-resolved photoluminescence measurements were
made using the single-photon counting method. An argon-ion laser was
mode-locked and a DCM dye laser was synchronously pumped and
frequency halved to give 340 nm radiation. The detected wavelengths
were 450, 550 and 600 nm using Schott K45 (full width half-maximum
(FWHM), 56 nm), K556 (FWHM, 44 nm) and K60 (FWHM, 44 nm) band-
pass filters. All the experiments were conducted at 20°C. The apparatus
is described in detail elsewhere [18]. Data analysis was performed using
the maximum entropy method for recovery of the distribution of expo-
nentials [19]. The software was purchased from Maximum Entropy
Data Consultants Ltd. (Cambridge, UK).

RESULTS AND DISCUSSION

Speciral properties

Figure 1 shows the UV-visible absorption spectra of “freshly pre-
pared” colloid (that is approximately 2 min after mixing the reactant-
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Fig. 1. UV-visible absorption spectrum of (a, left) 0.1 mmol dm =3 CdS (freshly prepared)
in 0.1 mol dm ™ ?* AQOT/n-heptane at different w values (point A corresponds to the A 1, cnara
value for the w =75 system); (b, right) 0.2 mmoldm™? CdS (freshly rrepared) in 0.1
mol dm ™3 AOT/n-heptane at different w values.

containing microemulsion systems) prepared using microemulsions of
w values 2.5, 5 and 10. Weller et al. [8] have shown previously that
there is a correlation between the wavelength corresponding to the
onset of the absorption, which is approximately 520 nm in bulk CdS,
and the size of the microparticles. As the particies become smaller, the
onset of absorption shifts to shorter wavelengths. There is also a
composition/structure correlation between w and the radius (r) of the
water droplets in the parent microemulsion such that to a first
approximation r (nm) =~ 0.18w [17}.

It is immediately clear from Fig. 1 that as the w value is decreased,
with a concomitant decrease in the droplet size in the parent micro-
emulsion, Apmreshoia (the wavelength at which the extrapolation of the
initial steeply rising part of the absorption spectrum crosses the wave-
iength axis, shown as point A for the w =5 system in Fig. 1) shifts to
shorter wavelengths, confirming that the size of the particles formed
depends on the size of the parent microemulsion droplets. Higher w
values (> 15) give rise to flocculation—sedimentation of the particles
over a period of hours such that these systems are not stable. Figure 1
also shows that the size of the particles is dependent to some extent
on the concentration of CdS for the w = 2.5 and 5 systems, i.e. larger
particles are obtained with higher concentrations of CdS.

There are, however, ageing effects over a period of hours for the
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w=25 and 5 systems. These are manifested as a red shift in the
absorbance onset with time (Fig. 2). This growth process which reaches
equilibrium after 24 h (but without any precipitation occurring) is
probably due to Ostwald ripening effects and means that particles
which are freshly prepared at w = 5 can have a similar absorption onset
toc aged w = 2.5 particles (compare Figs 2(a) and 2(b)). However, the
absorption spectrum of w = 10 does not change significantly with time.
For w values >10 photodegradation is observed when the solutions
are left in glass bottles in the laboratory without deoxygenation, as
previously observed by Henglein and co-workers [20,21]. This has been
attributed to photoanodic dissociation according to the equation:

CdS + 20, —~ . Cd2* + 802~ (1)

This effect is manifested in the UV-visible absorption spectra by a
progressive decrease in absorbance and a blue shift of the spectrum
with time. The phenomenon occurs over a period of hours or days.
Variation of the organic solvent from heptane to dodecane has little
effect on the appearance of the spectra of freshly prepared cadmium
sulphide colloids. However, the ageing processes which we have dis-
cussed are common to ail the solvents. In this connection it should be
remembered that the rate constant for the exchange of material
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Fig. 2. Effect of ageing on the UV-visible spectrum of CdS particles prepared in
(a, left) w=2.5, 0.1 moldm™3* AOT/n-heptane microemulsion, [CdS} = 0.2 mmol dm™~3;
(b, right) w =5, 0.1 mol dm~2 AQT/rn-heptane microemulsion, [CdS] = 0.2 mmol dm ™3,
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petween droplets is dependent on variation of the solvent as reported
previously [22].

Determination of sedimentation coefficient, S

These are determined for the same solutions for which the UV-
visible spectra have already been discussed. Using the UV detection
mode (at 275 nm) values of the sedimentation coefficient were obtained
as shown in Table 1. This wavelength was used because all the particles
absorb here. The values do not change significantly on dilution with
the organic solvent.

The resnlts in Table 1 show that for all the cadmium sulphide concen-
trations used, the value of the sedimentation coefficient increases with
w value which confirms the behaviour we have previously deduced
from the absorption spectra. The increase in S which is observed for
the w = 2.5 and 5 systems cn increasing the concentration of cadmium
sulphide in the microemulsion at the same w value, correlates well
with the small changes we observed previously in the absorption
spectra (Fig. 1). On ageing of the samples, the S values for the w=2.5
and 5 systems show a slight increase (Table 1), again confirming the
results indicated from the absorption spectra. However, at w = 10, there
is a very considerable increase in S with time which is not accompanied
by a change in the absorption spectrum. If we infer from the spectrum
that the particle size has not changed significantly, then the results
can be interpreted in terms of an induced flocculation process which

TABLE 1

Experimental sedimentation coefficients, S?, of CdS prepared in 0.1 moldm~™3 AOT/n-
heptane microemulsions

[CdS] w S@E=0) S(t=3h)
(mmol din"3)

01 2.5 14.7 —

0.1 5 23.3 24.1

0.1 10 61.4 168

0.2 2.5 16.3 17.3

0.2 5 24.5 26.8

0.2 10 84.6 Very large
0.4 2.5 16.7 —

04 5 26.7 -

0.4 10 60.1 Very large

2In Svedberg units.
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involves attractive interactions between the particles with ne real
increase in size of the individual CdS particles.

Studies by Steigerwald and co-workers [3,23] on CdSe clusters pre-
pared in reverse micellar media have provided some insight into the
mechanism of flocculaiion on increasing the water content. An
analogy was drawn between the surfactant-coated cluster and an
organometallic molecule; the cluster being the central metal atom and
the surfactant the ligands. The organic coat acts as a selective mem-
brane which allows the passage of small inorganic and organic mole-
cules to the semiconductor surface but prevents separate clusters from
coagulating. Addition of water resulted in irreversible flocculation of
these CdSe clusters., This was attributed to water stripping the sur-
factant from the particle surface, leaving open coordination sites. The
particles can then touch at these sites and ultimately flocculate. The
absorption spectrum does not change because the contact is only point-
wise but the floc was said to be not redispersible due to strong bonds
formed at the touching points. This could previde an explanation for
the increase in S and the unchanged absorption spectrum for the w =10
system and for the flocculation/sedimentation behaviour which is
observed at larger w values as discussed previously where the flocs
become so large as to sediment under gravity.

Such flocculation behaviour has zlso been observed for ultrafine
AgBr particles prepared in water/AOT/alkane systems [24]. In this
work the effect of the variation of the alkane chain length on the
stability of the particles was reported. It was found that AgBr particles
prepared using hexane as the continuous phase remained stable for up
to several weeks. However, using higher alkanes such as tetradecane
resulted in rapid flocculation. This effect was attributed to the
incrzased interfacial fluidity and the more attractive interdroplet
interactions when the alkane chain length was increased.

The sedimentograms also give some indication of the extent of poly-
dispersity of the particles. It is clear from visual inspection of the
experimental data that polydispersity increases with w. Figure 3 shows
a sedimentogram of freshly prepared w == 5 particles and it can be seen
that the particles are fairly monodisperse. This sedimentogram is
typical of both the fresh and aged w = £.5 and 5 colloids. This conclusion
is in agreement with the work of Pileni and co-workers [18! who kave
reported that AOT reverse micelles produce smaller and more mono-
disperse particles than Triton reverse micelles or particles stabilised
by hexametaphosphate (HMP) in agqueous solution. Figure 4 shows the
sedimentogram of an aged w =10 colloid and it can be seen that at
quite low rotation speed the boundary spreads out rapidly which may
be due to the polydispersity induced by floc formatien.
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Fig. 3. Sedimentation velocity experiment carried out on f{reshly prepared
0.2mmoldm~3 CdS in w =5, 0.1 mol dm ™3 AOT/n-heptane. Absorbance: full scale, 0.5;
interval, 4 min; rotation speed, 25 000 rev min~!; scan wavelength, 275 nm; S=24.5
Svedbergs.

T=0\

Ry

Fig. 4. Sedimentation velocity experiment carried out on aged (¢ =3 h) 0.4 mmol dm ~3
CdS in w =10, 0.1 mol dm ™2 AOT/n-heptane. Absorbance: full scale, 1; intervzl, 3 min;
rotation speed, 10 000 rev min~}; scan wavelength, 275 nm; S > 1000 Svedbergs.

The theoretical A, .00 V8 CdS particle radius plot from the work of
Weller et al. [8] allows us to make a reasonable estimate of the CdS
particle radius, a’, particularly in the smaller size domain, from the
absorption spectra of the particles. If we assume a model for the part:cle
which involves a monolayer surfactant coverage of density 1.1°10?3
kgm~2 [25] in direct contact with a spherical cadmium sulphice
particle of bulk density, with overall density p, in a solvent of density
ps (assuming that the particle surface is not wetted by water) ther. we
can estimate values for the sedimentation coefficient, S, based on the
Stokes equation and the estimated particle radius, a’, from A, csho1a Whrere
a=a’ + I, and [ is the surfactant coat thickness (=11 A):

S=(p, — ps)2a%/9y (2)

where 5 is the solvent viscasity. The results which are obtained uiing
this procedure are given in Table 2 and it can be seen that for the w =
2.5 and 5 systems, there is rather good agreement between the caiculated
sedimentation coefficients obtained using the particle radius from the
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TABLE 2

Estimate of sedimentation ccefficient, S, of ¢S particles

1 Radius of Athresh Estimate Experimental
particle of §* value of S
(nm)
2.5 0.8 340 nm 13.9 14.7
5] 1.1 390 nm 23.0 23.3
10 1.4 450 nm 354 61.4

2In Svedberg units.
Particle radius estimated from A,..o1q of Fig. 1(a). Density of CdS, 4.8-10° kgin~3;

density of AOT, 1.1-10° kg m~?; density of n-heptane, 0.68-10% kg m™?; viscosity of
n-heptane, 0.409-10"* kgm™*' s™ 1,

UV-—visible absorption spectrum in conjurnction with tihhe Weller plot
[8] and data obtained from our sedimentation velocity measurements.

However, the agreement is rather less good at w = 10 (Table 2). This
is also the composition at which there is a rapid change in the sedi-
mentatice coefficient with time which we have associated with floc
formation, so it is conceivable that the high value we have reported in
Table 1 is due to floccuiation having already commenced during the
timescale of our sedim:ntation measurements (30 min).

Photoluminescence prcperties

The photoluminescence in CdS arises from the recombination of
charge carriers or trapped charge carriers. The emission spectra
consisted of broac overlapping bands. Figure5 shows the photo-
luminescence emission spectra for freshly preparad (i.e. within 10 min
of mixing) 0.4 mmcl dm ™3 CdS; w = 2.5, 5.0 and 10 and the concentration
of AOT is 0.1 mo! dm~3. The excitation wavelength for all the spectra
was 350 nm. It is clear that there is a red shift in the emission maximum
as w is increased and also the photoluminescence intensity decreases
with increasing w. '

It has been reported that the variation of A,,., with A, imion CAN give
an indication of the polydispersity of the system [16] because if the
system is polydisperse then red-shifting A,  jaion Will only excite the
larger particles and the photoluminescence will be red-shifted. For
the present work with w = 2.5 and 5.0, 1,,,, was essentially independent
of Aercimion- This suggests that the system is essentially monodisperse,
and this conclusion is consistent with the data obtained from the
sedimentation coefficient measurements.
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Fig. 5. Photoluminescence emission spectra of freshly prepared 7.4 mmol dm ™2 CdS at
different w values; 1_,, 350 nm.

The emission spectra for a given w, as the concentrati>n of CdS is
decreased, exhibit a slight blue shift corresponding to :: decreasing
particle size. This concentration effect which was also e\rldent from
the nhsorption spectra and ultracentrifugation data has also previously
been reported for CdS particles prepared on laponite powders [26].

As with the absorption spectra, there are also ageing effects over a
period of a few hours for the w =25 and 5 systems. The 4,,,, value of
the photoluminescence emission shows a slight red shift with time
which may again be identified with Ostwald ripening effects.

Addition of water quenches the emission as shown in Fig. 6 where
water is added to an already equilibrated w = 2.5 particle solution.
(Aliquots of water were added to an aged (i.e. already equilibrated)
w = 2.5 solution to make the solution up to w =5 and 7.5.) There is also
a decrease in intensity with time, so the emission spectra in ¥ig. 6 were
recorded immediately after addition of water. There is a further
decrease of about 10% after 10 min which is accompanicd by a slight
red shift in the absorbance spectrum (Ostwald ripening). Further
addition of water results in flocculation of the particles. It may be
supposed that water quencnes the emission by removing trap sites on
the particle surface and destabilises the particles to Ostwald ripening
and flocculation.

The photoluminescence quantum yield increases on decreasing the
temperature. No change in the absorbance spectrum is observed. An
interpretation can be based on thermal deactivation due to a coupling
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Fig. 6. Effect of addition of water on the emission of an aged w = 2.5 sample; [CdS],
0.2 mmol dm™3; A,,, 350 nm.

of the lattice phonons (lattice vibrations of the CdS microcrystallite)
to the optical transition which can lead to a significant non-radiative
electron transfer and hence to decreazed emission intensitv at higher
temperatures [27].

Deoxygenation by the freeze—pump-thaw method produced no

sizeable effect on the emission spectrum, again in agreement with the
literature [28].

Photoluminescence lifetime measurements

Since the photoluminescence lifetimes were all strongiy multi-
exponential, it was decided to analyse the decay data using lifetime
distributions composed of 200 lifetimes between 50ps and 100 ns,
equally spaced in log . A typical example of a decay analysis is pre-
sented in Fig. 7. The distribution pattern was not very different when
the luminescence was observed at 550 or 600 nm. A distinct change was
apparent on the high energy side of the emission where a clearly
resvlved distribution in the short lifetime regime can be observed. An
average lifetime can be determined from the data which is indeed
shorter at 450 nm (14.3 ns} than for the emission at 550 nm (15.7 ns).
Alsc apparent from the results is the fact that there i1s a considerable
contribution of luminescence lifetimes in the submicrosecond time
regime. This was found to be true by analysing an experiment con-
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Fig. 7. Photoluminescence lifetime profile and decay analysis of CdS particles prepared

in an w= 2.5 water/AOT/n-hepiane microemulsion at 20°C (4 0.1°C); analysis by the

maximum entropy method [12]. [CdS], 0.1 mmoldm™3; i.,, 340 nm; detection wave-

length, 550 nm; 0.041 ns per channel; &, amplitude factor. The microemulsion
background is subtracted.

ducted at a much longer time scale (results not shown). Also in this
case there was found to be a difference in lifetime distribution when
the emission was observed at either 450 or 550 nm. A similar effect has
been observed by Chestnoy et al. [27] and was attributed to more
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closely-trapped, oppositely charged pairs emitting more quickly and at
higher energy.

The transients were also very similar for equilibrated CdS particles
in w= 2.5 and 5 systems where the particle sizes are different. A similar
result was obtained by Chestnoy et al. [27] for 22 A and 38 A diameter
CdS clusters. They observed that colloids with different absorption
spectra and particle sizes had similar luminescence lifetimes, indicating
that it is not the size distribution which gives rise to the emitting state
distribution. They attributed the emission to a photogenerated, trapped
electron tunnelling to a pre-existing trapped hole.

ACKNOWLEDGEMENTS

We thank SERC for provision of equipment and P. Bastiaans
(University of Wageningen) for help with the photoluminescence
analysis. We acknowledge the assistance of Ciba—-Geigy for provision
of a travel fund through their European programme.

REFERENCES

1 D. Duonghong, E. Borgarello and M. Graetzel, J. Am. Chem. Soc., 103 (1981) 4685.

2 A. Mills and G. Williams, J. Chem. Soc., Faraday Trans. I, 85(3) (19589) 503.

3 M. Steigerwald, A. Alivisatos, J. Gibson, T. Harris, R. Kortan, A. Muller,
A. Thayer, T. Duncan, D. Douglass and L.E. Brus, J. Am. Chem. Soc., 11G (1988)
3046.

R. Kortan, R. Hull, R. Opila, M. Bawendi, M. Steigerwald, P. Carroll and L.E. Brus,
J. Am. Chem. Soc., 112 (1990) 1327.
M. Graetzel, Acc. Chem. Res., 14 (1981) 376.
~ A Hengiein, Pure Appl. Chem., 56(9) (1884) 1215.
M.A. Fox and C. Chen, J. Am. Chem. Soc., 103 (1981) 6757.
H. Weiler, H. Schmidt, U. Koch, A. Fojtik, S. Baral, A. Henglein, W. Kunath,
K. Weiss and E. Dieman, Chem. Phys. Lett., 124(6) (1986} 557.
g L.E. Brus, J. Chem. Phys., 79 (1983) 5666; 80 (1984) 4403,

10 Y. Tricot and J. Fendler, J. Am. Chem. Soc¢., 106 (1984) 2475,

11 Y. Tricot and J. Fendler, J. Phys. Chem., 92 (1988) 5239.

12 M. Meyer, C. Wallberg, K. Kurihara and J. Fendler, J. Chem. Soc., Chem.

Commun., (1984) 90.
13 T. Dannhauser, M. O’Neil, K. Johansson, D. Whitten and G. McLendon, J. Phys.
Chem., 90 {1986) 6074.
14 P. Lianos and J.K. Thomas, Chem. Phys. Lett., 125(3) (1986) 299.
15 P. Lianos and J.K. Thomas, J. Colloid Interface Sci., 117(2) (1987) 505.
16 (a) C. Petit and M.P. Pileni, J. Phys. Chem., 92 (1988) 2282.
(b) C. Petit, P. Lixon and M.P. Pileni, J. Phys. Chem., 94 (1990) 1598.

17 P.L. Luisi, M. Giomini, M.P. Pileni and B.H. Robinson, Biochim. Biophys. Acta,
947 (1988) 209.

18 A. Visser, K. Vos. A. van Hoek and J. Santema, J. Phys. Chem., 52 (1988) 759.

19 A.K. Livesey and J.C. Brochon, Biophys. J., 52 (1987) €93.

WIS, -



188

20

21
22

23

24
25

26

27
28

A. Fojtik, H. Weller, U. Koch and A. Henglein, Ber. Bunsenges. Phys. Chem., 88
(1984) 969.

A. Henglein, Ber. Bunsenges. Phys. Chem., 86 (1982) 301.

P.D.I. Fletcher, A.M. Howe and B.H. Robinson, J. Chem. Soc., Faraday Trans. I,
83 (1987) 985.

M. Steigerwald and L. Brus, in M. Pileni (Ed.), Structure and Reactivity in Reverse
Micelles, Elsevier, Amsterdam, 1989, p. 189.

C.H. Chew, L.M. Gan and D.O. Shah, J. Dispersion Sci. Tech., 11 (1990) 593.

B.H. Robinson, D.C. Steytler and R.D. Tack, J. Chem. Soc., Faraday Trans. 1, 75
(1979) 481.

R.D. Stramel, T. Nakamura and J.K. Thomas, J. Chem. Soc., Faraday Trans. I,
84(5) (1988) 1287.

N. Chestnoy, T.D. Harris, R. Hull and L.E. Brus, J. Phys. Chem., 90 (1986) 3393.
A. Henglein, Ber. Bunsenges. Phys. Chem., 86 (1982) 301.



