FULL PAPER

Heterogeneous Photocatalysis, Part XIX

Semiconductor Type A Photocatalysis: Role of Substrate Adsorption and the
Nature of Photoreactive Surface Sites in Zinc Sulfide Catalyzed C-C

Coupling Reactions™

Gerald Horner,'?! Petra Johne,'?! Ronald Kiinneth,'?! Giinther Twardzik,'?!
Henryette Roth,”! Timothy Clark," and Horst Kisch*!?!

Abstract: The mechanism of the photo-
dehydrodimerization of 2,5-dihydrofur-
an (2,5-DHF) by suspended zinc sulfide
powders was investigated through emis-
sion, inhibition, adsorption, and quan-
tum yield studies. Zinc and cadmium
ions influenced the emission intensity
only marginally but strongly inhibited
the reaction, so the photoreactive sur-
face sites were not identical with the
emitting states, which had lifetimes in
the 0.1-24 ns range. Adsorption iso-
therms for these metal ions and 2,5-
DHEF in aqueous solution indicated the
presence of mono- and multilayer ad-
sorption. Zn** and Cd** were both
adsorbed physically and by metal sulfide
precipitatation, but in the case of Cd** a
lattice exchange mechanism with ZnS
afforded CdS and dissolved zinc ions
also. BC NMR spectra and the good
agreement between the calculated num-
ber of zinc sites and the measured

amount of 2,5-DHF in the saturated
solvent —solute surface monolayer indi-
cated that 2,5-DHF was adsorbed per-
pendicular to the surface at all the
available zinc sites. The true adsorption
constant (170 +30 Lmol~!) was consis-
tent with the pseudo-constant (260 +
50 Lmol~') obtained from the concen-
tration dependence of the reaction rate.
13C NMR signals of the a-carbon atoms
of 2,5-DHF and THF adsorbed onto ZnS
from the gas phase were downfield
shifted by 1.5 and 0.7 ppm as compared
to those of the free substrates, respec-
tively. The downfield shift of the olefinic
signals was about 0.4 ppm. It is postu-
lated that a dissociative electron transfer
from adsorbed 2,5-DHF to the reactive
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hole afforded a proton and the dihydro-
furyl radical. The corresponding C-H
bond dissociation energies were calcu-
lated by ab initio methods for various
substrates. As expected, the apparent
quantum yield of various substrates
increased linearly with decreasing C-—
H bond dissociation energy. The inter-
mediate dihydrofuryl radical dimerized
to the products in the adsorbed state, as
indicated by the linear increase of the
square root of the reaction rate with
increasing 2,5-DHF surface concentra-
tion and by competition experiments
with THF/2,5-DHF mixtures. The reac-
tion inhibition by Zn?** and Cd** could
be analyzed in terms of the Stern-
Volmer model only when the surface
concentration was considered. Inhibition
by Cd?** is about three times faster than
inhibition by Zn?*, in which case no zinc
metal was observed.

Introduction

The mechanism of semiconductor-catalyzed photoreactions
has been investigated quite thoroughly for colloidal systems!']
since their pseudo-homogeneous nature allows application of
spectroscopic methods in situ. This is not true—except for a
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few diffuse reflectance studies?’—for powder suspensions,
although these are more important for chemical synthesis.?! In
both systems, however, two basic mechanistic questions could
not be answered. Firstly, only a very few studies have dealt
with the problem of whether emissive (e, h{;) and reactive
(e, hy) surface sites are identical; it has been observed, for
example, that substrates such as NHEt, which are photo-
oxidized on ZnS powders do not affect the static emission
spectra. Secondly, there is only scarce experimental evi-
dence on whether the primary redox intermediates are
transformed to the final products in an adsorbed or in a fully
solvated state; a typical example is the CdS-catalyzed photo-
dimerization of N-vinylcarbazole. From the influence of
different substrate concentrations on reaction rate it was
proposed that the intermediate radical cation reacts with both
adsorbed and solvated N-vinylcarbazole.) However, the
interpretation of such experiments is not straightforward!®
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and the pseudo-adsorption constant obtained from a plot of
reciprocal rate against reciprocal initial substrate concentra-
tion may differ significantly from the true constant measured
directly, as was reported for the ad-
sorption of alcohols and imines onto
TiO, and CdS, respectively.! Here we
try to answer these two questions for
the ZnS catalyzed photodehydrodi-
merization of 2,5-dihydrofuran (2,5-
DHEF), a rare example of a new compound being obtained by
semiconductor photocatalysis on a preparative scale.l®! The
reaction can be classified as type A semiconductor photo-
catalysis since both a reduction and an oxidation product are
obtained.B It was assumed that the photogenerated elec-
tron—hole pair reduces water to hydrogen and OH", and

60 ZnS, hv

Abstract in German: Der Mechanismus der unter Wasser-
stoffentwicklung verlaufenden Zinksulfid-katalysierten Photo-
dehydrodimerisierung von 2,5-Dihydrofuran (2,5-DHF) wur-
de durch Emissions-, Adsorptions- und Inhibierungsexperi-
mente sowie Quantenausbeutebestimmungen untersucht. Da
Zink- und Cadmiumionen die Emission nur geringfiigig
beeinflussen, die Reaktion aber inhibieren, sind die photo-
reaktiven Oberflichenzustinde mit den emittierenden (T=
0.1-24 ns) nicht identisch. Adsorptionsisothermen dieser Me-
tallionen sowie von 2,5-DHF deuten auf Mono- und Multi-
schichtadsorption. Wiihrend Zn** und Cd’* sowohl physisor-
bieren als auch in Form des Metallsulfids gefallt werden, wird
im Falle von Cd** eine teilweise Umfillung zu CdS und
gelosten Zinkionen beobachtet. C NMR Spektren und der
Vergleich der fiir kubisches ZnS theoretisch verfiigharen
Anzahl von Zinkzentren mit dem Belegungsgrad in der
gesdattigten Wasser-2,5-DHF-Monoschicht deuten darauf hin,
daf3 2,5-DHF senkrecht zur Oberfliche iiber das Sauerstoff-
atom adsorbiert ist. Die wahre Adsorptionskonstante von
170 30 L mol™ entspricht der aus der Konzentrationsabhiin-
gigkeit der Reaktionsgeschwindigkeit erhaltenen scheinbaren
Konstante von 260450 Lmol~'. Werden 2,5-DHF und THF
aus der Gasphase auf ZnS adsorbiert, verschieben sich die
B3C NMR-Signale der a-Kohlenstoffatome im Vergleich zur
homogenen Losung um 1.5 bzw. 0.7 ppm zu tieferem Feld,
diejenigen der olefinischen Kohlenstoffatome dagegen nur um
0.4 ppm. Es wird angenommen, daf3 2,5-DHF von einem
Defektelektron unter gleichzeitiger Deprotonierung zum Di-
hydrofurylradikal und einem Proton oxidiert wird. Die mittels
ab initio Methoden berechneten C-H - Bindungsdissoziations-
energien korrelieren mit den scheinbaren Quantenausbeuten.
Konkurrenzexperimente mit 2,5-DHF/THF und die lineare
Abhdngigkeit der radizierten Reaktionsgeschwindigkeit von
der Oberflichenkonzentration an 2,5-DHF deuten auf eine
Dimerisierung der intermedidren Dihydrofurylradikale im
adsorbierten Zustand. Nur bei Verwendung der Oberflichen-
konzentrationen von Cd? und Zn* lif3t sich die Inhibierung im
Rahmen des Stern-Volmer Modells quantitativ auswerten.
Danach reagiert Cd** dreimal schneller als Zn’* und wird zu
Cd’ reduziert, wohingegen im letzteren Falle kein elementares
Zink entsteht.
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oxidizes the ether to the dihydrofuryl radical and HT.
Dimerization of the former affords a statistical mixture of
regioisomeric dehydrodimers [Eq. (1)], which could be sep-

/j_C‘:\O +3H, (0

arated by preparative gas chromatography. Quantitative
measurements revealed a stoichiometric ratio of 1:1 for the
dehydrodimers and hydrogen.®"!

However, it could not be decided whether emitting and
reactive electron-hole pairs are identical—as was also the
case in the recent EPR spectroscopic observation of different
types of trapped holes and electrons on irradiated ZnS
particlesl”—and whether radical C-C coupling occurs at the
surface or in solution. In order to answer these two basic
questions for this reaction, we investigated the effect of
electron scavengers on the emission and photocatalytic
activity of various ZnS powders, the influence of substrate
concentration on reaction rate, the nature of substrate
adsorption, and the variation of apparent product quantum
yield with the oxidation potential and the corresponding C-H
bond dissociation energy of various substrates. Recently
Yanagida et al. reported on similar photodehydrodimeriza-
tions catalyzed by ZnS nanocrystallites.'"”) The chemoselec-
tivity of this photocatalyst is different from that of the large
particles (>0.2 um) employed in our studies; for example,
dioxane is dehydrodimerized by the former but not by the
latter catalyst system.

Results

Emission and activity studies: From previous work it was
known that precipitation of ZnS from aqueous ZnSO,
solutions by addition of Na,S or thiourea gave ZnS-A and
ZnS-B type powders as the most active photocatalysts.'!] To
vary the zinc/sulfur ratio of type A samples, precipitation was
also performed in the presence of a 20 mol % excess of S*~
(ZnS-A/S*) and Zn>* (ZnS-A/Zn**). For type B powders, the
hydrolysis times of 48 and 1 h afforded slightly pink ZnS-B,
and white ZnS-B,, respectively.

The initial reaction rates depend strongly on the prepara-
tion conditions (Table 1). The activity of both ZnS-A and
ZnS-A/S?- reaches 85% of that of ZnS-B,, the most reactive
sample (85 mLh™!), indicating that additional sulfide has a
negligible effect on the already sulfur-rich powder.'!l Corre-
spondingly, the activity of neither ZnS-B, nor ZnS-A is
affected by the presence of sulfide ions at concentrations of
¢, <0.7 molg~1.121 ZnS-B, still has 16 % of the ZnS-B, activity,
but ZnS-A/Zn?* is almost inactive. This is in accord with the
action of zinc ions as recombination centers for electron —hole
pairs.®l Addition of ZnSO, and CdSO, resulted in a moderate
and strong inhibition, respectively. No hydrogen evolution
was detected with the commercial ZnS - Ventron (purity >
99.99%) and a ZnS colloid, prepared according to refer-
ence [14]. All samples were photostable except ZnS — Ventron
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Table 1. Dependence of intensity (/) of SA emission at 430 nm and initial
reaction rate (v(H,)) in the absence (v°, I°) and presence (v, I) of zinc and
cadmium ions.

Sample Additive ¢, [mmolg™] v(Hyv(H,) I/l
ZnS-A - - 1.0 1.06¢
Zn** 0.44 13 0.8
Zn?** 44.5 3.0 1.3
Cd** 0.44 16 1.7
Cd** 44.5 00 2.0
ZnS-AlZn** - - 42.5 0.8
ZnS-A/S* - - 1.0 9.0
ZnS-B, - - 1.0[] 1.0
Zn** 0.44 2.6 0.8
Zn** 44.5 6.0 1.3
Cd* 0.44 13 1.0
Cd** 44.5 00 1.0
ZnS-B, - - 6 0.5
ZnS-Ventron  — - 00 0.5

[a] ZnS-A: v°(H,)=72mLh". [b] ZnS-B;: v°(H,)=85mLh"% [c] The
ratio of SA intensities of ZnS-A to ZnS-B; is 8:1.

and ZnS-B,, which photocorroded to sulfur and elemental
zinc in either the presence or absence of 2,5-DHF.

The emission spectra (4..=320nm) of aqueous suspen-
sions of ZnS-A and ZnS-B, are summarized in Figure 1.

lrel

., ZnS-AZn%

440 480

360 400

Irel

1 ZnS-Bo

ZnS-Ventron

Figure 1. Emission spectra of various aqueous ZnS powder suspensions
(0.02 g in 3.5 mL of H,0, A.,. =320 nm). ., = relative intensity in arbitrary
units.

Mutual contributions from colloidal zinc sulfide can be
excluded since no emission could be detected from a solution
obtained by filtration of the suspension through a micropore
filter (pore size =0.2 um). For ZnS-A and ZnS/Zn?**, in
agreement with the literature,™ the self-activated (SA)
emission at 430 nm due to zinc centers (that is, sulfur
vacancies) is more intense than the band-gap emission
(Figure 1, upper panel), while the opposite is observed for
ZnS - Ventron, for the type B powders, for ZnS-A/

210 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

S*~(Figure 1, lower panel), and for ZnS-A in the presence of
sodium sulfide (0.16 molg~!, not shown). The latter results
suggest that the added sulfide ions block the zinc centers
involved in the SA emission. Correspondingly, the emission
spectrum of ZnS-B,, which shows only a very weak SA band,
is not changed upon addition of sodium sulfide. Addition of
ZnSO, (4.4 x 10~* molg™") to a suspension of ZnS-A or ZnS-
B, increased both the SA and band-gap emissions by 25%,
whereas a decrease of 25% occurred at the 100-fold (4.4 x
102 molg™!') zinc concentration (Table 1). In contrast, addi-
tion of CdSO, to ZnS-A decreased the SA emission by 40 %,
already at the lower concentration, and no effect was observable
in the case of ZnS-B,, even at the higher concentration.

Time-resolved emission spectra (4., =306 nm) of ZnS-A
and the inactive ZnS-Ventron revealed multiexponential
decay at all three emission wavelengths investigated (340, 389,
and 437 nm). Curve fitting for the last two afforded best
results with a four- and three-component system for ZnS-A
and ZnS - Ventron, respectively. The corresponding calculat-
ed lifetimes were all in the 0.1-24 ns range. The longest
lifetimes were 12 (ZnS - Ventron) and 24 ns (ZnS-A), values
also found for ZnS colloids!**! and powders.') As noted in the
literature, apparent multiexponential behavior may arise not
only from different emitting states but also from a distribution
in particle size.l'l Addition of 2,5-DHF had no significant
effect on lifetimes.

Adsorption experiments: In dark adsorption experiments,
aqueous suspensions of ZnS-B; with CdSO, and ZnSO, were
stirred overnight at ambient temperature, then the residual
concentrations of dissolved Cd** and Zn?** ions were meas-
ured and 7.y, the molar amount of metal ions adsorbed per
gram of ZnS, was calculated. Both the ions behave similarly
up to a concentration ¢, of 0.8 x 10~ molg~' (Figure 2), above

C 0% (Myghmax = 0.7 mmol g
6_
‘o
©
E 44
T
o
S~
324
< Zn™ (Myg)ma = 0.13 mmoi g
O_
T T T

N+

4 6 8 10
c(M*) /10" mol g

Figure 2. Adsorption of ZnSO, and CdSO, onto ZnS-B, (1.3 gL!).

which the zinc isotherm reaches a saturation plateau at n., =
1.3 x 10~* molg~!; a second adsorption step follows, with a
coverage about 15 times higher (not shown) at concentrations
above 3 x 1073 mol g~',['®! similarly to the adsorption of Ag*
onto Ti0,."! In the case of cadmium the linear increase
develops into a plateau at a coverage of about 7 x
10~* mol g~!. Analysis of the adsorption data in terms of the
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Hiemenz model (vide infra) is not possible, because the . -1
. RN . [20] ¢ (2,5-DHF) / mol g
adsorption equilibrium is too complicated. 0.0 0.3 0.6 0.9 12
To obtain the adsorption constant of 2,5-DHF, the amount W7 T 120
adsorbed onto ZnS-B; was determined as described above for
the metal ions. A plot of the equilibrium coverage against 804 116
residual substrate concentration (Figure 3) exhibits two - =
< B N
< 60 12 _En
20 S =
4 ~ —
~407 8 i:iv
§ N
3 415 20 44
"o (M) ey = 2:8 mmol g’ "
c o> 0 10
E 24 410 >~ T T T T T T T
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= g & ¢,(THF) /mol ¢
~ i | Rl
g1 2 20 v (Megdnas = ‘ 15 g Figure 4. Dependence of initial hydrogen evolution rate on 2,5-DHF (e)
< e o .ﬁ 65 mmol g™ | © and THF (m) concentrations.
S0
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0 G,, /mol I +40
T T T T T T T T 143
0 10 20 20 40 50 DHEF. In contrast to the related CdS-catalyzed addition of 2,5-

¢,, /107 mol L’

Figure 3. Adsorption of 2,5-DHF onto ZnS-B; (1.3 gL™!) (inset: total
concentration range) (m) and Hiemenz linearization plot (e).

saturation plateaus at  (Meg)max=2.8x 107 and 65 x
10-3 mol g~%. This indicates multilayer adsorption as common-
ly observed in heterogeneous catalysis.?!! The first adsorption
plateau is therefore attributed to a filled surface monolayer.

The adsorption data were analyzed by application of the
Hiemenz model,?? as recently reported for photoreactions
catalyzed by TiO,"" or CdS.[ In those cases the formation of
an ideal mixed solvent—solute surface monolayer according
to Equation (2) (where the superscripts b and s indicate bulk
solution and surface layer, respectively) is assumed.

H,0%+2,5-DHF* = H,0" + 2,5-DHF* ?2)

Hiemenz arrived at Equation (3), where K,4 is the equili-
brium constant divided by the bulk water concentration, o°
the average area occupied by the molecule in the saturated
solvent—solute surface monolayer, A, the specific surface
area of ZnS-B, (170 m?>g~") and N, the Avogadro number.

c, N 0°

eq

Ny ApKy A

N ,0°
A &)

Neq sp

A plot of c.(n,,)! against ¢, exhibits good linearity
(Figure 3; least-squares regression coefficient =0.999). From
slope and intercept (slope=23.56 x 10? gmol~!; intercept =
2.09 gL') values of 170 +30 Lmol~! and 10.2 A2 are calcu-
lated for the adsorption constant K4 and the area occupied by
2,5-DHEF, respectively.

Concentration dependence: The dependence of the reaction
rates on the initial concentrations of THF and 2,5-DHF was
measured (Figure 4). The maximum rate of hydrogen evolu-
tion for THF was found to be only 10 % of that for 2,5-DHF. A
concentration of 5 molg~! of THF is required to obtain the
maximum rate, whereas only 0.4 molg™! is necessary for 2,5-

Chem. Eur. J. 1999, 5, No. 1
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DHEF to azobenzenes and Schiff bases,”! no induction period
was observed.

Inhibition by Zn?* and Cd*": A Stern- Volmer plot of the
dependence of the reaction rate on the concentration of
added ZnSO, and CdSO, is depicted in Figure 5 for ZnS-B,.
Half-inhibition is found for Zn?** and Cd** at ¢,=1.80 x 10~*
and 0.20 x 10~* molg~!, respectively. In the case of Zn** a
plateau at about 0.6 x 1073 molg™ is followed by a further

c(Cd™) /10" mol g’

0.00 0.25° 0.50 0.75 1.00
T T T T T T
4_
- 8
XN
s
3 L9
T T
= 21 x40
N )
L 20
S
0
i 612 3 4
! c(Cd™)/ 107 mal g
T T T T T

0 2 6 8

4
c(zZn*) /10 mol g

Figure 5. Stern-Volmer plots of reaction inhibition by dissolved Cd** and
Zn?* jons.

increase and a second plateau at concentrations higher than
2 x 1072 molg! (not shown). For Cd?*, after an almost linear
increase of v°(H,)/v(H,) up to 0.5 x 10~* molg™! there is an
exponential increase (see Figure 5, inset), leading to total
inhibition at ¢,=6 x 10~*molg' (not shown in Figure 5).
Even at a concentration of only 3.9 x 10® molg™! this is
accompanied by the formation of elemental cadmium, as
evidenced by the reduction of added MV?* to the blue radical
cation MV**. When a 465 nm cut-off filter was employed to
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exclude ZnS excitation, no Cd” was produced; thus photo-
corrosion through excitation of surface-formed CdS can be
ruled out. In the case of Zn>* neither darkening of the catalyst
nor total inhibition—even at a zinc ion concentration of ¢, =
0.8 mol g~'—could be detected.

Discussion

Adsorption of Zn** and Cd** on the ZnS-B, surface: For the
adsorption of a metal ion (M%) onto a hydrous metal sulfide
surface, generally three mechanisms are discussed:
i) Precipitation as M,S; ii) lattice exchange, MS + M) =
MSi+M?>*; and iii) adsorption, MS+ M%) =MSy —
M?.5%1 For Zn*' adsorption only mechanismsi and iii can
be considered, but because CdS has a much lower solubility
product (L=2x10"2mol’L™2) than ZnS (L=4x
1072 mol>L~?), mechanism ii is also expected to operate for
Cd?* ions. The lattice exchange mechanism (ii) was also pro-
posed in studies concerned with emission quenching on colloidal
zinc sulfide by Ren and co-workers, although no CdS could be
detected.? Our results were different, and in accordance with
those of Henglein and co-workers:*! a weak peak at 520 nm
in the excitation spectrum (4., =540 nm) suggests the pres-
ence of CdS. More direct support was obtained by monitoring
the concentration of zinc ions in the solution upon addition of
cadmium sulfate. The relationship between the concentration
of desorbed zinc ions (c¢,) and the coverage of adsorbed
cadmium ions (7,,) reveals that ¢, increases significantly only
after n,, reaches a threshold of 0.8 x 10~ molg™' (Figure 6).

2.5

-1

N
o
i
»

.
o1
1

) /10* mol g

~
=)
1

T T T T T T T T T

0 1 2 3 4 I 5 6
n,(Cd™) /10" mol g’

Figure 6. Dependence of Zn** ion desorption on Cd?* ion adsorption.

This agrees well with the concentration up to which zinc and
cadmium ions exhibit similar adsorption behavior (see
Figure 2), most probably by precipitation and adsorption
mechanisms. Since the maximum slope of the ¢,—n,, plot is
only about 0.6 (Figure 6), the difference from 1.0 suggests that
even above the threshold the two other mechanisms are still
important. Detailed studies indicate that mechanism iii can be
described as substitution of a proton in a surface [Zn] - OH or
[Zn]-SH group by Cd** or Zn?*+.12%

212 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

Effect of Zn?>* and Cd** on SA emission and reactivity: The
weak increase in intensity of both ZnS-A and ZnS-B,
emissions at a low zinc concentration (4.4 x 10~*molg™),
which corresponds to near-saturation of the first adsorption
step (Figure 2), is most probably due to an increase of the
number of surface zinc centers responsible for the SA
emission. At the higher concentration, 4.4 x 102 molg~!, the
additional ions are adsorbed in a solvent-solute multilayer
and function as recombination centers, resulting in a decrease
in intensity. This can be rationalized as a double electron
transfer quenching [Egs. (4), (5)]. In agreement with this

ey +M* =M+ 4)
hi +M* —M?* 5)

explanation, Mg?* and AI** ions, which are more difficult to
reduce, have no significant effect on either the emission
spectrum or the activity of ZnS-A. In contrast to Zn**, Cd**
reduces the SA emission of ZnS-A even at the lower
concentrations of the monolayer regime. This stronger effect
may be due to a faster quenching by electron transfer
(Efcaricay=—0.40'V, Eizpi/z, = —0.78 V) and the formation
of surface CdS.

Although the presence of S?= (0.7 molg™') causes 90%
quenching of emission it does not affect the initial rate
induced by ZnS-A, which also remains unchanged when ZnS-
A/S?~ is employed. The changes in SA emission and reactivity
(Table 1) induced by the two metal ions also reveal opposite
trends. This indicates that emitting (e, hyt) and reactive
(e;, hy) states are different (Scheme 1). The same argument
holds for the band-gap emission. In agreement with this
conclusion, 2,5-DHF does not influence the emission spectra,
even at the very high concentration (0.7 molg™') at which
surface saturation occurs.

OH +1/2 H,
-18V
H,0
NVexe
hvea] RH
+1,8V

R-R
Scheme 1. Simplified mechanism; the potentials of the valence and
conduction band edges apply to a ZnS single crystal at pH 7;3 values
for the reactive e;/h; pair are tentative.

In the case of ZnS-B,, which has a larger surface excess of
sulfur than ZnS-A,,""! addition of sulfide ions leaves both
emission and reactivity unchanged. However, since cadmium
ions do not influence the emission but strongly inhibit the
reaction (Table 1), for ZnS-B, also the emitting and reacting
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states are different. The dependence of the reduced reaction
rate on the inhibitor concentration is in agreement with these
findings (Figure 5). Half-inhibition is observed even at low
concentrations of dissolved metal ions (0.20 x 10~ for Cd**
and 1.80 x 10~ molg~! for Zn>") at which the SA emission is
either unaffected or even more intense than in the absence of
the ions. The linear dependence of the reduced rate on the
concentration of metal ions adsorbed (Figure 7) within the

2+
/Cd

Zn

ve(H,)/v(H,)

T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
2 -4 -
n_(M*) /10* mol g"

eq
Figure 7. Stern- Volmer plots of reaction inhibition by adsorbed Cd** and
Zn’* ions.

solvent—solute monolayer suggests that quenching can be
described by the Stern-Volmer model.””) From the corre-
sponding slopes, Stern—Volmer constants (k,) of 50 x
10° Lmol ! and 13 x 10* Lmol ! are calculated for Cd** and
Zn** ions, respectively.?¥ Since no elemental zinc is produced
in the inhibition process, the zinc ions may prevent formation
of the photoreactive electron—hole pair (see Scheme 1) and/
or enable its efficient radiationless recombination through
double electron transfer analogous to Equations (4), (5). The
first alternative is more likely, since at this concentration Zn>*
ions increase the SA emission. In contrast, Cd?>* ions do not
influence the emission but afford elemental cadmium during
irradiation. Under conditions of total inhibition of hydrogen
evolution, small amounts of the dehydrodimers but no furan
could be detected as oxidation products, suggesting for the
first time a decoupling of substrate oxidation and water
reduction.

ZnS-B, photocatalysis

Dependence of reaction rate on the concentration of adsor-
bed 2,5-DHF: The similarity in the dependence of rate and
amount of 2,5-DHF adsorbed (n.) on the concentration
strongly corroborates the dominant role of substrate adsorp-
tion (Figure 8). Further support stems from the quadratic
dependence of initial rate on n.,, which can be linearized
(Figure 9). This corresponds to the well-known case of
heterogeneous catalytic dimerization by a modified Lang-
muir - Hinshelwood mechanism affording easily desorbable
products.?! It suggests that the dimerization of the inter-
mediate dihydrofuryl radicals is involved in the rate-deter-
mining step and that—at least for early reaction stages—the
concentration of these adsorbed radicals increases linearly
with n,,, the surface concentration of 2,5-DHF.
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Figure 8. Dependence of amount of 2,5-DHF adsorbed (m) and initial rate
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Figure 9. Dependence of rate of reaction (@) and its square root (A) on the
amount of 2,5-DHF adsorbed.

Evidence that dimerization of the radicals is a surface
reaction is obtained from competition experiments with
mixtures of 2,5-DHF and THF. Although 2,5-DHF reacts
only ten times faster than THF, no THF dehydrodimers could
be detected®! at a THF/2,5-DHF molar ratio of 10:1,
irrespective of the catalyst concentration, but these products
did appear when the ratio was increased to 580:1. In the
presence of 0.5 and 1.5g of ZnS-A, the percentage of
bidihydrofuryls, mixed dehydrodimers, and 2,2"-bitetrahydro-
furyl was 90, 9, and 1% and 82, 13, and 5 %, respectively. In
contrast, the corresponding composition was 5, 10, and 15%
when the radicals were generated by photolysis of H,O, in a
mixture (15:1) of THF/2,5-DHF (the difference from 100 % is
balanced by hydroxylation products which are absent in the
reaction catalyzed by zinc sulfide). This difference between
the product ratio in the heterogeneous and homogeneous
systems suggests that the radical C—C coupling occurs in the
solvent —solute surface monolayer.

In contrast to the adsorption of imines to CdS,[™ in the
present case the true adsorption constant K,q (170+
30 Lmol™') is in fair agreement with the pseudo-constant
(260 + 50 Lmol~!) obtained from the concentration depend-
ence of reaction rates by a modified Langmuir plot (v(H,) '?
against c,;~' , not shown). The average area of 10.2 Az
occupied by 2,5-DHF in the solvent—solute monolayer agrees
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with the calculated value, 3.8 A x24A=91A2 for an
unsolvated molecule adsorbed edge-on to the surface. Within
the limits of this adsorption model the average distance
between the 2,5-DHF molecules is estimated as 4 A. From the
surface density of zinc sites (11.4 x 107 molm~2 as reported
for cubic ZnSPY) and the specific surface area of ZnS-B,
(100-170 m?>g~") it is concluded that the surface concentra-
tion of 2,5-DHF in the saturated monolayer should be in the
(1-2) x 10~ mol g~! range. This fits well with the experimen-
tally observed value of 2.8 x 103 molg! and therefore
suggests that 2,5-DHF is adsorbed onto zinc sites. This is
corroborated by the *C NMR spectra of 2,5-DHF and other
substrates adsorbed onto ZnS-B, from the gas phase, as
described for ZnOP! (although comparison of the latter
results with the adsorption studies on aqueous suspensions is
reliable only in some basic aspects).

Upon adsorption of cyclohexene and cyclopentene from the
gas phase, all signals are shifted downfield (A0 =0.3 and 0.8
compared with CDCl; and aqueous solution) (Table 2).532
This suggests that adsorption, probably through z-complex
formation at an electron-deficient surface center, is rather

Table 2. 3C NMR chemical shifts (0) of various ethers and olefins in CDCl;
solution and adsorbed onto ZnS-B,.

Substrate a-C (sp?) B-C (sp) C (sp?)
measured ref. [32] measured ref. [32] measured ref. [32]
cyclohexene  26.0 254 233 23.0 127.9 127.4
cyclopentene 33.2 32.8 241 233 131.5 130.8
THF 69.1 68.4 26.6 26.5 - -
2,5-DHF 76.9 754 - - 126.8 126.4
2,3-DHF 69.50 68.60% - - 145.611 1456l
28.8M0 28.5M01 - - 99.10 98.40
3,4-DHP 66.70 64912 - - 144.6lc1 1456l
23.5M0 22.6/°1 19.7 19.3 100.7141 9920
dioxane 68.6 67.6 - - - -

[a] -CH,O-. b) =CH(CH,)-. [c] =CHO-. [d] =CH(CH,)-.

weak. In agreement with the more covalent character of ZnS,
the adsorption shifts are smaller than reported for ZnO (Ad =
2-4).B1 For THF and 2,5-DHF the two a-carbon atoms
appear as broad singlets shifted to lower field (Ad =0.7 and
1.5, respectively), and indicate adsorption through the oxygen
atom. In the case of 2,5-DHF the small downfield shift (Ad =
0.4) observed for the olefinic signals suggests that the C-C
double bond is also involved, resulting in adsorption parallel
to the zinc sulfide surface. This differs from adsorption from
the aqueous solution where an orientation perpendicular to
the surface (that is, without involvement of the double bond)
is more likely (vide supra).

The enolic ethers 2,3-DHF and 3,4-DHP exhibit slightly
different behavior. While the a-CH, signals (A6 =0.9 for 2,3-
DHF and 1.8 for 3,4-DHP) and olefinic -carbon atoms (Ad =
0.7 for 2,3-DHF and 1.5 for 3,4-DHP) suffer deshielding, the
signals of the olefinic a-carbon atoms are either not influ-
enced or are shifted upfield (Ad=1.0), respectively. These
differences suggest that the enol ethers adsorb at a single zinc
atom, whereas two zinc atoms are involved in the case of allyl
ethers. A similar bridged surface complex seems to be formed
with dioxane, which exhibits only one NMR signal shifted
downfield (A0 =1.0).
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Mechanism of the oxidative step: The oxidation of 2,5-DHF
to the corresponding allylic radical may proceed by two main
reaction pathways, as discussed recently for the CdS-catalyzed
photoaddition of 2,5-DHF to benzophenone imine:P4 direct
oxidation by the reactive hole coupled with a concerted or
stepwise deprotonation (see Scheme 1) or indirect oxidation
by H-atom abstraction from the cyclic ether by an oxidatively
produced sulfur radical. Although such radicals have been
observed on the surface of irradiated ZnS,® 3! the latter
process is unlikely since THF is also reactive but in homoge-
neous solution does not undergo hydrogen abstraction by
sulfur radicals such as MeS.B¥ The concerted and stepwise
oxidation mechanisms can be distinguished as follows. The
actual potentials for THF and 2,5-DHF are easily determined
(2.9, 23V versus NHE, MeCN),? but the reduction
potential of the reactive hole can only be estimated from
the position of the valence band edge of ZnS single crystals in
contact with neutral water (E,, = 1.8 V)P and the observa-
tion that the flat-band potential of a semiconductor crystal
may be shifted by about 0.4 V upon changing the nature of the
adsorbed substrates.” Accordingly, for the ZnS powder
employed in this study a range of 1.6—2.0 V seems reasonable.
Thus, the electron transfer step of the stepwise mechanism is
endergonic by at least 0.9 and 0.3 eV for the saturated and
unsaturated ether, respectively. This makes the stepwise
mechanism unlikely although the intermediate dihydrofuryl
radical cation is a strong acid (pK, — 17)P? 3! and deprotona-
tion of radical cations is a fast process with rate constants in
the range 10°-10"s~'.1 Further evidence against this
mechanism stems from a plot of the apparent quantum
yields*! for the various ethers as a function of the calculated
redox potentials (Figure 10).’5) Whereas the observed in-

E IV

Figure 10. Dependence of apparent quantum yield (A.=313nm) on
substrate oxidation potential.

crease from THF to 3,6-dihydrodioxepine (3,6-DHD),
3-methyl-2,3-dihydropyran (3-MeDHP), and 2,5-DHF paral-
lels the decrease in oxidation potential, the quantum yield
decreases for the two enolic ethers 2,3-DHF and 3,4-DHP
although they are much more easily oxidized than 2,5-DHF.
This strong deviation suggests that the concerted mechanism
(dissociative electron transfer) may be operating [Eq. (6)].
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The driving force for this process corresponds to the differ-
ence between the free enthalpy of C—H bond homolysis and
the potential of the hydrogen electrode [Eq. (6)].1*!

RH—R'+H* +e- (6)

An estimate for 2,5-DHF and THF reveals that, in contrast
to the stepwise radical formation, the concerted pathway is
exergonic by at least 0.9 and 0.2 eV, as indicated by the free
enthalpy change of 0.72 and 1.38 eV, respectively.

Since no experimental data on bond dissociation energies
(BDEs) are available, ab initio calculations were performed.
The BDE is the difference between the sum of the total
energies of the R* and H" radicals and the total energy of RH
in its minimum-energy conformation. All molecules were
fully optimized by DFT methods employing the Becke three-
parameter hybrid (B3) exchange functional in combination
with the Lee-Yang—Parr (LYP) correlation functional.l*’]
Contrary to the particularly poor predictions of the local spin
density approximation (LSDA) methods, it has been shown
that reliable bond dissociation energies (BDEs) are computed
by B3LYPI[* The calculated heats of formation of the
compounds RH, their corresponding radicals, the BDEs,
and stabilization energies of the radicals are shown in Table 3.

Table 3. Computed heats of formation (HF), zero-point energies (ZPE),

stabilization energies (SE), and bond dissociation energies (BDE).

HF gy [au] ZPEq ¥ HFg [au]  ZPEgl SEW BDEH
THF —232.50339 7324  —231.84701 6476  —13.40 89.30
23-DHF —231.27644 5814  —230.63810 4934  —2504 77.67
2,5-DHF  —23127042 5791  —230.63810 4934  —2859 7412
34-DHP —270.60715 7686  —269.96701 68.19  —2379 7891
3-MeDHP —309.92669 94.04  —309.29467 8558  —28.67 74.03
dioxane  —307.73269 7681  —307.07096 68.12  —1027 92.43
36-DHD —34582690 79.79  —34519584 7149  —29.12 7358

[a] kealmol~.

A plot of the quantum yield as a function of the BDE
reveals a straight line for dioxane, THF, 3,4-DHP, 2,3-DHF,
and 2,5-DHF (Figure 11). This clearly suggests that the
quantum vyield is governed by the dissociative electron
transfer; that is, in the series of five-membered compounds

0.124
0.104
0.084

@ 0.06
app

0.04 1

0.02+

0.004

. .
75 80 85 90 95
BDE / kecal mol

Figure 11. Dependence of apparent quantum yield on calculated bond
dissociation energy (BDE).
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the variation in BDE determines the quantum efficiency. The
deviations observed for six-membered 3-MeDHP and 3,6-
DHD may be due to steric hindrance of radical C— C coupling
by the methyl group and to the presence of a second oxygen
which renders the molecular structure too different from the
other substrates.

Experimental Section

General methods: All experiments were performed under an argon
atmosphere. 2,5-DHF was purified from furan by heating it with maleic
acid anhydride for 3 h and subsequent distillation. All olefinic substrates
were commercially available. For general procedures and apparatus see
refs. [3b, 3d].

Instrumentation:

Static emission measurements: Perkin-Elmer LS50B luminescence spec-
trometer, excitation and emission monochromator slits 5.0 nm, two scans
with speeds of 240 nmmin~! at A.,, =320 nm.

Time-resolved emission measurements: Frequency-doubled synchronous
pumped Rhodamine 6G dye laser (A =306 nm); luminescence curves were
fitted to multiexponential decay according to Equation (7).

10 = L) e+ @) e ™ 4 ..+ (e ™)

Apparent quantum yield: Miilheim -type electronic integrating actino-
meter,®! irradiation source Osram HBO 500 W, calibration with ferriox-
alate, average of three experiments, experimental error less than +10%;
irradiation: Philips HPK 125 W high-pressure mercury lamp, unless other-
wise stated (photon fluxa10~* Einsteins™! (250 nm < A <400 nm)). ZnS-
B, was used throughout all the experiments, unless noted otherwise.
Hydrogen evolution was measured continuously with a volumetric device.l®!
Initial rates were calculated from tangents to experimental hydrogen
evolution curves at t=0 (experimental error £2%). It was ensured by
appropriate control experiments that the rate of H, formation was equal to
that of the dehydrodimers. All potentials E,,, are referred to an NHE and
were calculated for acetonitrile solution from the following ionization
potentials according to ref. [35a]: 9.14 (2,5-DHFP®), 8.50 (2,3-DHFP),
9.70 (THFB®), 9.43 (dioxanel™®!), 9.02 (cyclopentenel>l), 9.12 (cyclo-
hexenel®l), 837  (3,4-DHPP¢¥el) 945  (3-methyl-2,3-dihydro-
pyranl¥35¢1) 19,54 eV (3,6-dihydrodioxepinel*1).

Preparation of ZnS samples:

ZnS-A: Under an argon atmosphere an aqueous solution (250 mL) of
Na,S-9H,0 (24.0 g, 0.1 mol) was added dropwise to a solution of ZnSO, -
7H,0 (28.8 g, 0.1 mol) in water (250 mL). The mixture was stirred for 24 h
and filtered, then the powder was washed with H,O to neutrality and dried
over Siccapent. The specific surface area determined by the BET method
was 220 m?>g~1.

ZnS-A/S?, ZnS-A/Zn*": ZnS-A/S*~ and ZnS-A/Zn** were prepared in the
presence of a 20 % excess of Na,S-9H,0 (28.8 g, 0.12 mol) and of ZnSO, -
7H,0 (34.6 g, 0.12 mol), respectively.

ZnS-B,, ZnS-B,: A solution of NaOH (100.0 g, 2.5 mol) in H,O (200 mL)
was added to a solution of ZnSO,-7H,0 (28.8 g, 0.1 mol) in H,0O (200 mL).
After redissolution of Zn(OH),, thiourea (15.2 g, 0.2 mol) in H,O (400 mL)
was added. For ZnS-B, and ZnS-B, the mixture was heated to 80°C for 48 h
and 1 h, respectively, with occasional shaking. After filtration, the powder
was washed and dried as described for ZnS-A. Specific surface areas of 170
(ZnS-B,) and 37 m?>g~! (ZnS-B,) were measured.

ZnS - Ventron: The commercially available ZnS — Ventron (99.99 %) was
used as obtained.

ZnS colloids: Na,S-9H,0 (0.48 g, 2.0 mmol), dissolved in water (20 mL),
was added dropwise to a solution of ZnSO,-7H,0 (0.58 g, 2.0 mmol) in
water (20 mL )at 0°C. Stirring was continued at this temperature for
10 min.!4

Catalytic activity and corrosion behavior of ZnS samples: In a Pyrex
immersion lamp apparatus (A>290 nm) the suspension of ZnS (0.1 g,
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1.3 gL™!) in water (70 mL) was sonicated for 20 min under a slow argon
stream. After addition of 2,5-DHF (5 mL, 69 mmol), irradiation was
conducted for 1 h.

For colloidal ZnS, the colloid solution (18 mL) was sonicated in a 20-mL
cylindrical cuvette as described above and 2,5-DHF (1.2 mL, 18 mmol)
was added before irradiation on an optical train (Osram HBO 500 W,
A>290 nm).

The photostability of the various catalysts was tested in the absence of a
sacrificial substrate. Formation of elemental zinc and cadmium was made
evident by the appearance of the blue radical cation MV** upon addition of
solid (MV)Cl,. Elemental sulfur was detected as an anodic photocorrosion
product by extraction of the reaction mixture with CS, and subsequent
measurement of the absorbance at 350 nm.

ZnS emission and quenching: The corresponding ZnS sample (5 mg,
1.4 gL-') was suspended in H,O (3.5mL); for sulfide quenching Na,S
(0.16 molg™!) was used. The emission spectra of the aqueous ZnS
suspensions were identical to those of the solid probes.''l An apparent
emission at 390 nm was identified as scattered light by comparison with an
aqueous suspension of BaSO, exhibiting the same peak. At an excitation
wavelength .. of 320 nm a Raman scattering peak of H,O was observed at
363 nm. For quenching experiments the ZnS samples were suspended in an
aqueous quencher solution (3.5 mL) and sonicated under argon for 10 min
before measurement. The concentrations of the metal sulfate solutions
(Zn?*, Cd*, Al*, Mg¥") were 5.71 x 10~* and 5.71 x 102 mol L. Cd**
induced a weak band at 520 nm in the excitation spectrum. The concen-
trations of the organic substrates 2,5-DHF and dioxane were 0.63 molL~.

Inhibition experiments: For each experiment ZnS-B,; (0.1 g, 1.3 gL~!) was
sonicated for 15 min under Ar in a metal sulfate or sodium sulfide solution
(70 mL) of given concentration, then 2,5-DHF (5 mL, 69 mmol) was added.
Irradiations were performed in a quartz immersion lamp apparatus (4>
254 nm). In all the experiments the concentration of 2,5-DHF was set at
0.9 molL-! (0.7 molg™'). The concentrations (c,) were in the range 10—
10! and 10-°~10-3 molg~' for Zn>* and Cd**, respectively.

One reaction suspension, irradiated for 1h under conditions of total
inhibition of hydrogen evolution (¢,(Cd**)=7.8 x 10~ molg™!), was fil-
tered, extracted with CCl,, dried over MgSO,, and analyzed by GC-MS to
detect organic oxidation products.*!

To determine whether cadmium metal formation is due to excitation of
ZnS or surface CdS, ZnS-B, was irradiated on an optical train equipped
with an XBO 150 W lamp and a cut-off filter (4 > 465 nm, ¢,(Cd**) =3.8 x
103 mol g™}, ¢,(2,5-DHF) =0.7 molg™!).

Dark adsorption experiments: Solute adsorption onto ZnS-B; (1.3 gL)
was followed by measuring the residual solute concentration after stirring
aliquots (10 mL) of aqueous solutions with different initial concentrations
for 20 h at room temperature in the dark (to prevent photoreactions, the
glass tubes were completely wrapped with aluminum foil). After filtration
(Millipore filter, pore size 0.2 um), equilibrium concentrations of the metal
ions and 2,5-DHF were measured by atomic absorption spectrometry
(detection limit about 10~ molL~!) and HPLC, respectively. The differ-
ences Ac = ¢, — ¢, were normalized to n., the number of moles of solute
adsorbed per gram of ZnS. All values reported are the average of two
measurements; observed deviations were less than 5 %. The correspond-
ing metal salt concentrations (c,) were in the range 10°-10~3 and 10~7—
10> molg™! for Zn?* and Cd?*, respectively. The 2,5-DHF concentration
was varied from 103 to 1.2 molg~".

The HPLC calibration for aqueous 2,5-DHF solutions was performed three
times at eight concentrations; deviation was +2 %. The detector was not
sufficiently sensitive to allow reliable measurements of THF adsorption.

Dependence of rate of H, evolution on the concentrations of 2,5-DHF and
THF: ZnS-B, (0.1 g, 1.3 gL") was suspended and sonicated for 15 min
under argon in the corresponding substrate mixture (75 mL) (vide infra).
Irradiation (4> 254 nm) was performed for 1 h employing the immersion
lamp apparatus mentioned above. 2,5-DHF and THF concentrations were
varied from 107 to 1.2 molg™! and from 0.5 to 9.8 molg~!, respectively.

Competition experiments between 2,5-DHF and THF: In a Pyrex
immersion lamp apparatus (4 >290 nm), the suspension of ZnS-A (0.5 g,
23gL'or15g,69gL™") in the substrate mixtures described below was
sonicated for 10 min under an argon atmosphere and irradiated for 20 h.
The products were obtained by extraction with diethyl ether, drying over
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MgSO,, and careful removal of the solvent under reduced pressure (room
temperature, 1 Torr), then identified by GC and GC—MS by co-injection of
the authentic dehydrodimers, as described recently.®! [2,5-DHF]/[THF] =
1:580; 0.38 mL (5.0 mmol) of 2,5-DHF/210 mL (2.9 mol) of THF; 10 mL
(0.6 mol) of H,O.

Homogeneous photolysis experiments were performed by irradiating a
mixture of H,O, (8 mL, 0.3 mol), 2,5-DHF (6.7 mL, 89 mmol), and THF
(100 mL, 1.4 mol) for 10 h in the apparatus described above.

13C NMR spectra of substrates adsorbed onto ZnS-B,: A dried NMR tube
was filled with ZnS-B, (1 g) and evacuated several times, then adsorbate
(THF, dioxane, 2,5-DHF, cyclopentene, cyclohexene, 3,4-DHP, or 2,3-
DHF) was introduced in the vapor phase and the spectra were recorded at
room temperature.?!) A susceptibility correction (Ad =1.2) was applied to
the chemical shifts, based on the upfield shift (Ad =—1.2) observed for
TMS physisorbed onto ZnS-B,.

Dependence of quantum yield on substrate structure: A stock solution was
prepared from water (10 mL), dioxane (20 mL), and the corresponding
substrate (27 mmol): 2,5-DHF (2.0 mL), 2,3-DHF (2.0 mL), 3,4-dihydro-
2H-pyran (2.5 mL), 5,6-dihydro-4-methyl-2H-pyran (2.9 mL), cyclohexene
(2.7mL), dioxane (2.1 mL), THF (22mL), or 2,5-dihydrodioxepine
(2.6 mL), respectively. The stock solution (3 mL) was used to suspend
ZnS-B, (5mg, 1.7 gL™') in a 4-mL two-stopcock cuvette. After sonication
for 10 min under a slow stream of nitrogen, the stirred suspension was
irradiated on an optical train at =313 nm (HBO 500W) for 0.5 h. The
amount of hydrogen produced was measured by GC as described in detail
in ref. [8b].
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