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Photocatalytic fixation of CO, into organic substrates was carried out in a CO,-saturated DMF
(N,N-dimethylformamide) solution using CdS nanocrystallites prepared in DMF (CdS-DMF, mean
diameter = 4 nm, hexagonal) as a photocatalyst under visible light irradiation (4 > 400 nm). Benzilic acid
(BpCO,H), atrolactic acid [methyl(phenyl)glycolic; ApCO,H] and phenylacetic acid (BnCO,H) were
produced from benzophenone, acetophenone and benzyl halides such as benzyl bromide (BnBr) and
benzyl chloride (BnCl), respectively. The formation of CO, anion radical (CO, ") was confirmed by EPR
spectroscopic measurements by using 5,5-dimethyl-3,4-dihydropyrrole N-oxide (DMPO) as a spin
trapping agent. Both the formation of CO,"~ and the concurrent one-electron reduction of the organic
substrates were indispensable in the photofixation process, which suggests that the photofixation proceeds
via their bimolecular coupling on the surface of CdS nanocrystallites.

Introduction

Heterogeneous semiconductor photocatalysis has attracted
much attention due to its potential in converting and storing
solar light energy. Among these systems, semiconductor nano-
crystallites are known to have several important characteristics
due to the quantum size effects.*° Light irradiation of semi-
conductor nanocrystallites in solution causes photogenerated
carriers, electrons and holes, to induce photoredox reactions
because they have higher electrochemical potentials than their
bulk counterparts due to quantum effects on their electronic
structure. In addition, they have characteristics of high surface-
to-volume ratio, providing sites for the effective adsorption of
reacting substrates leading to efficient redox reactions.

We recently demonstrated that ZnS and CdS nanocrystallites
prepared in N,N-dimethylformamide (DMF) catalysed the
CO, photoreduction of CO and HCO,H using triethylamine as
a sacrificial electron donor.**

Electrochemical and photochemical fixation of CO, into
organic compounds has been studied intensively."**" Inoue et
al. succeeded in the photochemical fixation of CO, into oxoglut-
aric acid using a semiconductor as a photocatalyst, and formate
dehydrogenase and methylviologen as electron-mediating relays
for the fixation.?® We recently reported two kinds of non-
enzymatic photofixation of CO, into benzophenone under vis-
ible light irradiation using CdS-DMF or poly(p-phenylene) as
photocatalysts.?®* Benzilic acid [BpCO,H; Bp = Ph,C(OH)-]
was produced as a CO,-photofixed product as well as benz-
hydrol (BpH) and benzopinacol (Bp,). We successfully extended
the CO, photofixation with CdS-DMF as a photocatalyst to
other organic substrates, carbonyl compounds and organic
halides. In this paper, we deal with the scope and limitation of
CO, photofixation in the presence of CdS-DMF as a photo-
catalyst and triethylamine (TEA) as a sacrificial electron donor
and also prove that the radical anion of CO, is formed as
an intermediate.

Results and discussion

Photofixation of CO, into benzophenone

Fig. 1 shows the time—conversion plots for CdS-DMF-
catalysed photoreactions of benzophenone (BP) with CO,.
Irradiation of the system with visible light (1> 400 nm) im-
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Fig. 1 Sequence of the CdS-DMF-catalysed photofixation of CO,
into benzophenone (a) without pre-irradiation treatment, (b) with pre-
irradiation treatment for 1 h: O, benzophenone; @, BpCO,H; A, BpH,;
0, Bp,

mediately led to the exclusive reduction of benzophenone into
Bp, and BpH within 20 min, and formation of BpCO,H in a
smaller quantity (1.3%) as a CO, fixation product [Fig. 1(a)]. In
this reaction, small quantities of CO (2.38 pmol) and H, (0.33
pmol) were also detected as reduction products. In the CdS-
DMF-catalysed photoreduction of CO, an induction period of
30-60 min was observed for the formation of CO.** With this
fact in mind, we pre-irradiated the reaction system for 60 min
before benzophenone was introduced into the reaction sys-
tem. Fig. 1(b) shows the results. The BpCO,H vyield was
improved 1.3-11%. The formation of BpH was also improved
while the yield of Bp, decreased to 23%. These results indi-
cate that pre-irradiation improves the photocatalytic activity
of CdS-DMF.

Fig. 2 shows the formation of BpCO,H, Bp, and BpH
depending on pre-irradiation time. When the system was pre-
irradiated, the formation of BpCO,H and BpH was enhanced
and that of Bp, decreased. The total yield of the products
BpCO,H, BpH and Bp, was improved from 53 to 60%. How-
ever, pre-irradiation for 1 h was found to be adequate for acti-
vation of CdS-DMF.

13C0O, incorporation experiments were conducted in the pre-
irradiated system coupled with **C NMR measurements. We
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Table 1 Photofixation of CO, into benzophenone catalysed by various CdS samples?®

Product yield (%)°

Catalyst Pre-irradiation, t/h Reaction, t/h Conversion (%) BpCO,H Bp, BpH
CdS-DMF 1 0.5 100 11 23 26
CdS-MeCN 2 2 100 0.0 Trace 85
CdS-MeOH 2 2 100 0.0 78 3.0
Cds-Ald 12 6 51 0.1 67 15
CdS-Wako 12 6 100 8.5 47 0.9

2@ Reaction mixtures contain CdS nanocrystallites (2.5 mmol dm ™) or CdS powder (25 mmol dm~%) and TEA (1 mol dm~®) in DMF. ® Yields are

calculated on the basis of the substrate converted.

Table 2 CdS-DMF catalysed photofixation of CO, into aromatic ketones and benzyl halides with TEA?

Product yield (%)°

Erd,/ Pre-irradiation, Reaction, Conversion Carboxylated Dimerized Hydrogenated
Substrate V vs. SCE t/h t/h (%) products products products
Benzophenone —1.83°¢ 0 0.5 100 1.3 43 8.7
Benzophenone —1.83° 1 0.5 100 11 23 26
Acetophenone —2.14¢ 1 5 100 33 25 3.8
BnBr —1.68¢ 1 1 92 16 23 12
BnCl —2.18¢ 1 8 97 34 Trace 55

2 Irradiated (4 > 400 nm). ® Yields are calculated on the basis of the substrate converted. ¢ In acetonitrile. See ref. 30. ¢ In acetonitrile. See ref. 31.
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Fig. 2 Effect of pre-irradiation on the CdS-DMF-catalysed photo-
fixation of CO, into benzophenone: ®, BpCO,H; A, BpH; OJ, Bp,

confirmed that the carboxy group of BpCO,H is derived from
CO,.

CO, photofixation into benzophenone using CdS from other
sources
CdS nanocrystallites, CdS—-MeCN and CdS-MeOH were inef-
fective in photofixation. They led only to the photoreduction of
benzophenone to BpH and Bp, in the presence of CO, as listed
in Table 1. Pre-irradiation was fruitless and none catalysed the
photoreduction of CO, to CO as reported.™

Commercially available CdS-Wako showed appreciable
activity when it was activated by 12 h pre-irradiation in DMF
however. Highly pure CdS-Ald showed negligible activity even
with pre-irradiation. These results reveal that relatively high
photofixation activity is a unique property of the CdS-DMF
photocatalyst. Thus, the photofixation activity of CdS semi-
conductors should clearly correlate with their photocatalytic
activity for CO, reduction.

CdS-catalysed CO, photofixation in various organic substrates

The CdS-DMF-catalysed photofixation of CO, was extended
to acetophenone (AP), benzyl chloride (BnCl) and benzyl
bromide (BnBr) (Table 2). The photofixation system was pre-
irradiated for 1 h to obtain high yields of the fixation products.
Acetophenone gave atrolactic acid [ApCO,H; Ap = PhCMe-
(OH)-]. BnCl and BnBr gave phenylacetic acid (BnCO,H) with
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Fig. 3 ESR spectrum of the DMPO spin adduct produced by photo-
excited CdS-DMF in DMF

CO and H, as gas-phase products. **CO, incorporation experi-
ments coupled with **C NMR measurements confirmed that the
carboxy group of ApCO,H and BpCO,H is derived from CO,.

It is interesting to note that in spite of a highly negative redox
potential of acetophenone compared with benzophenone, the
yield of ApCO,H (33%) for 5 h photoreaction was much higher
than that of BpCO,H (11%). As expected, the hydrogenated
acetophenone (ApH) and the dimerized acetophenone (Ap,)
were formed during the photofixation.

BnCl has a more negative redox potential than BnBr, suggest-
ing that electron transfer to the former should be slow. With
regard to the CO, photofixation into BnCl, a higher yield (34%)
of BnCO,H was obtained with the exclusive formation of the
hydrogenated product, toluene, after a longer period of irradi-
ation. BnBr gave phenylacetic acid, toluene and the dimerized
product, bibenzyl, in comparable quantities. The formation of
CO and H, in the gas phase was observed in those systems.

EPR detection of CO," " in the CdS-DMF-CO,~-DMPO
(DMPO = 5,5-dimethyl-3,4-dihydropyrrole N-oxide) system
EPR measurements are useful in the detection of intermediate
radicals on semiconductor nanocrystallites.®° It was assumed
that CO, " could be formed as an intermediate species on the
irradiated surface of CdS-DMF nanocrystallites. In order to
prove this direct EPR analysis of the system was attempted but
was unsuccessful. Fig. 3 shows EPR signals observed when the
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CdS-DMF solution containing CO, and DMPO was irradiated 100
with visible light for 30 min. Such EPR signals were never °
observed without CO, or visible light irradiation. In addition, soF
analysis of the multiplet pattern of EPR signals gave hyperfine -
splitting constant (hfsc) values of ay=14.2 G and a,,=17.3 G g
(1 G =10"*T). The hfsc values of the adduct of DMPO formed 59
by trapping CO,"~ were reported only for aqueous solutions.* 5
The literature shows a, 15.38-15.97 G and a, 18.6-19.1 G. S
Although the hfsc values obtained in CdS-DMF solution were a
lower than these due to a difference in the polarity of solvents 208 Jo a
used for the measurements, DMF and water, the EPR signals
observed in CdS-DMF solution are reasonably assigned to the o
adduct of DMPO formed by trapping CO," ~. The spectrum in % 20 40 60 80 100
Time / min

Fig. 3 contains three EPR signals. The two outermost lines are
the signals of the MnO marker (indicated with arrows). The
origin of the other signals is unknown.

Mechanism of CO, photofixation

The CdS-DMF possessing high activity for photoreduction of
CO, to CO showed good efficiency in CO, photofixation.
Analysis of EPR signals confirmed that CO,"~ should be pro-
duced when the CdS-DMF system was irradiated in the pres-
ence of CO,. We assumed that the photoformed CO,"~ on the
CdS-DMF surface would play an important role in the photo-
fixation process.

Generally, the electrochemical and photochemical fixation of
CO, into organic compounds proceeds through the addition of
CO, to reduced organic substrate.?** However, only CdS-
DMF acts as a photocatalyst for the present photofixation.
Other CdS compounds such as CdS-MeCN, CdS-MeOH and
CdS bulk crystallites do not catalyse CO, reduction, although
they show photocatalytic activity for the reduction of the
organic substrates used in the present work (Table 1). The
detection of CO, ™ in the present system suggests a different
mechanism for CO, photofixation. The potential required for
the transfer of a single electron to CO, is reported to be —2.21
V vs. SCE (standard calomel electrode) in DMF.* The photo-
formed electron of CdS-DMF has enough potential to reduce
not only CO, to CO,"~ but also benzophenone, acetophenone
and benzyl halides because these have more positive redox

Fig. 4 Time-conversion plots for photoreduction of BnX by CdS-
DMF nanocrystallites: O, BnBr without CO,; @, BnBr with CO,;
A, BnCl without CO,; A, BnCl with CO,

potentials than CO, (Table 2). Accordingly, concurrent photo-
reduction of CO, and CO,-fixing substrates should lead to their
bimolecular coupling as a plausible mechanism of the present
CO,-photofixation (Scheme 1).

We have reported previously that pre-irradiation was effective
in eliminating the induction period of CO, reduction in the
CdS-DMF system.* The improvement of the fixation activity
by pre-irradiation is explained as due to the effective formation
of CO," .

Fig. 4 shows a time profile of the CdS-DMF-catalysed photo-
reduction of BnBr and BnCIl. We have now found that their
reductions are accelerated in the presence of CO, when com-
pared with their photoreduction in an atmosphere of argon.
This can be explained by the participation of electron transfer
from CO, "~ to the substrates in parallel with their direct reduc-
tion. Accordingly, the effective formation of CO,"~ may also
contribute to the reduction of CO,-fixing substrates [eqn. (1)].

PhCH,X + CO,”"——> PhCH," + CO, + X~ (1)

AP and BnCl whose redox potentials are as negative as that
of CO, gave high yields of the CO,-fixed substrates, ApCO,H
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and BnCO,H. CO, has the most negative reduction potential
among the substrates used in the experiments. Therefore, the
reduction of CO, should proceed very slowly. The reduction of
BP or BnBr should proceed more rapidly than that of CO,. As
a result, dimerized or hydrogenated products from BP or BnBr
are predominant over those from coupling with CO, anion
radical. On the other hand, in the case of the reduction of AP
or BnCl with a more negative reduction potential than BP or
BnBr, the radical concentration formed from AP or BnCl
should be as competitive as those of CO, anion radical. Hence,
the coupling reaction between radicals of the organic substrates
and CO, anion radical should proceed favourably, producing
the carboxylated products. This observation can be explained as
due to the balanced formation of the coupling species, CO,"~
and the radicals from aromatic ketone and benzyl halide on
CdS quantum dots.

Conclusions

We have presented the photofixation of CO, into organic
compounds, such as aromatic ketones and benzyl halides,
using CdS nanocrystallites (CdS-DMF) as quantum dot photo-
catalysts and TEA as a sacrificial electron donor under vis-
ible light irradiation. To our knowledge, this is the first
observation of non-enzymatic CO, photofixation into organic
substrates with inorganic semiconductor nanocrystallites. In
the present system, the yield depends on the redox potentials
of the CO,-fixing substrates. As a plausible mechanism, photo-
fixation of CO, into aromatic ketones and benzyl halides is
likely to proceed via a coupling between intermediary CO, ~
and benzyl radical from benzyl halides or the radicals from
ketyl radical anions of aromatic ketones on the surface of
CdS nanocrystallites.

Experimental

Preparation of colloidal CdS photocatalysts
Colloidal CdS nanocrystallites (CdS-DMF) were prepared
from 5 ml of deaerated DMF solution of Cd(CIO,),-6H,0
(reagent grade, Mitsuwa) by introducing H,S (99.9%) gas under
stirring on an ice bath at 0 °C. The prepared CdS-DMF solu-
tion was a transparent yellow. CdS-DMF was purged with
nitrogen for 1 h to remove unreacted H,S before use. Other CdS
nanocrystallites (CdS—-MeCN and CdS-MeOH) were prepared
in MeCN and MeOH, respectively by similar methods.

CdS bulk crystallites were purchased from Aldrich (CdS-Ald:
99.999%), and Wako Pure Chemicals (CdS-Wako: 99.9%).

CdS-DMF catalysed photofixation of CO, into benzyl halide
and aromatic ketone

Photofixation of CO, into benzyl halide and aromatic ketone
was carried out as follows. CO, was introduced into DMF (2
ml) solution containing CdS-DMF (2.5 mmol dm~%) and dis-
tilled triethylamine (1 mol dm™3) (TEA, reagent grade, Wako
Pure Chemicals) in a Pyrex tube (diameter 8 mm). The CdS-
DMF solution became slightly turbid after addition of TEA.
Benzyl bromide, benzyl chloride, benzophenone and aceto-
phenone (all reagent grade, Nacalai Tesque) were used as photo-
fixation substrates. The respective substrates (20 mmol dm™3)
were dissolved in the CO,-saturated DMF solution in the reac-
tion tube. The sealed reaction mixture was irradiated with a 300
W halogen tungsten lamp using an optical filter of a saturated
aqueous sodium nitrite solution (4 > 400 nm). The photocata-
lytic reaction was carried out under stirring in a water bath at
20 °C. Pre-irradiation treatment was carried out as follows. The
CO,-saturated DMF solution in the reaction tube was irradi-
ated for 1 h before the organic substrates were added to the
reaction solution.

Analysis
Analysis for H,, CO and CO, was carried out by gas chroma-
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tography using an active carbon column (3 mm x3 m) on a
Shimadzu GC-12A chromatograph at 100 °C. Analysis of benzyl
halide, toluene, aromatic ketone, alcohol and pinacol was car-
ried out by liquid chromatography (TOSOH Model UV-8011)
equipped with a Cosmosil-ODS column (4.6 mm x 150 mm)
and a UV detector (at A 230, 260 or 280 nm). Analysis of ben-
zilic acid and atrolactic acid was carried out using liquid chro-
matography (Hitachi Model L3000) with a Wakosil-11-ODS
column (4.6 mm x 150 mm) and a UV detector (at 2 260 nm). A
mixture of methanol and aqueous buffer solution (KH,PO,,
NaOH; pH 7) (6:4 w/w mixture) was used with a flow rate of
0.5 ml min~* as eluent for the analysis of benzyl halide, toluene,
aromatic ketone, alcohol and pinacol. A mixture of acetonitrile
and aqueous buffer solution (KH,PO,, NaOH; pH 7) (1:9 w/w
mixture) were also used with a flow rate of 0.5 ml min~! for the
analysis of benzilic acid and atrolactic acid. For the analysis of
methyl phenylacetate and bibenzyl, gas-liquid chromatography
using a Shimadzu GC-12A with a PEG column at 160 °C was
used after esterification of phenylacetic acid by CH;l.

3CO, incorporation experiments were carried out using
8CO, prepared from Ba'*CO, (99%, ICON) and HCI. Fixation
of **CO, into the substrate was confirmed by *C NMR (JEOL
JNM-GSX-400 (400 MHz)) or GC-MS (JEOL Model JMS-
DX).

For EPR measurements, a quartz cell (diameter 3 mm) with a
side-arm compartment was used. After CO, was saturated into
CdS-DMF solution (2.5 mmol dm™3) in the side compartment
of the cell under stirring on an ice bath, 0.1 mol dm~2 of spin
trapping agent, DMPO was dissolved and then the tube was
sealed. The solution was transferred to a quartz compartment
of the cell. EPR measurement was carried out on an EPR
spectrometer (JEOL; JES-RE270) at —50 °C after irradiation
by a 500 W mercury lamp through a glass filter (L-39) to
remove UV irradiation (4 > 390 nm) for 20 min.
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