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ABSTRACT: In this study, the use of a transition metal complex, tris (2,2-bipyridine) ruthenium (I1)
as a photosensitizer to convert cyclopentane into other compounds in an aqueous medium and at
room temperature and pressure has been investigated. Peroxydisulphate ion has been used as a
radical source. Theirradiation of the solutions have been carried out at 436- nm wavelength using
a high pressure mercury lamp for the light source. Cyclopentanol and cyclopentanone have been
obtained as organic products. The products were detected and characterized using gas
chromatography and mass spectrometry methods. They were formed at concentration levels of 10
“M. The quantum yields of total product formation were about 0.2 at a light intensity of 5 x 10%
quanta/s.

RESUME: Dans cette étude, |’ utilisation d’ un complexe du métal de transition, le tris (bipyridine-
2,2) ruthénium (I1), comme photosensibilisateur pour transformer le cyclopentane en d autres
composés dans un milieu aqueux et & température et pression ambiantes a été examiné. Nous avons
utilisé I’ion peroxydisulfate comme souce radicale. L’irradiation des solutions s’ est effectuée & 436
nm de longueur d'onde avec utilisation d’une lampe de mercure a forte pression pour la source
lumineuse. Nous avons obtenu du cyclopentanol et de la cyclopentanone comme produits organiques.
Pour la détection et la caractérisation des produits, nous avons eu recours aux méthodes de
chromatographie de gaz et de spectrométrie de masse. Les produits étaient formés & des niveaux de
concentrationde 10“ M. Lesrapportsquantiquesdela formation totale desproduitsétaient d environ
0,2 pour une intensité lumineuse de 5 x 10* quanta/s. Dans cette étude, I’ utilisation d’ un complexe
du métal de transition, le tris (bipyridine-2,2) ruthénium (I1), comme photosensibilisateur pour
transformer le cyclopentane en d' autres composés dans un milieu aqueux et a température et pression
ambiantesa été examiné. Nousavons utilisé|’ion peroxydisulfate comme souceradicale. L’irradiation
des solutions s est effectuée a 436 nm de longueur d’ onde avec utilisation d’ une lampe de mercure a
forte pression pour la sourcelumineuse. Nous avons obtenu du cyclopentanol et dela cyclopentanone
comme produits organiques. Pour la détection et la caractérisation des produits, nous avons eu
recours aux méthodes de chromatographie de gaz et de spectrométrie de masse. Les produits étaient
formés a des niveaux de concentration de 10“ M. Lesrapports quantiques de la formation totale des
produits étaient d’environ 0,2 pour une intensité lumineuse de 5 x 10% quanta/s.

INTRODUCTION

Saturated hydrocarbons are the major constituents of
natural gas and petroleum. A major problem exists with
the activation of saturated hydrocarbons due to the
chemical inertness of the compounds. An understanding
of the C-H activation mechanism should help to develop
methodsfor converting saturated hydrocarbonsinto more
reactive compounds. Many of the studies have been
carried out in organic media that are potentially toxic to

theenvironment. Only afew studieshave been carried out
on the activation of alkanesin an aqueous medium dueto
the limited solubility of alkanes in water. Most of the
studies have been carried out using pulse and continuous
radiolysis in combination with absorption detection
methods.2® In many of these studies, the productsformed
under slightly different conditions are often different.
Schuler and Solylemez in adetail ed study on theradiolysis
of an aqueous solution of cyclopentane in the presence of
N,O found mainly alcohols and ketones as products.? But
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Sonntag and coworkersfound aldehydes as major products
in addition to the alcohols and ketonesin the radiolysis of
oxygenated agueous solution of cyclopentane.!

In the present study, a new method involving the use of
light in the visible region together with atransition metal
complex as photosensitizer has been explored for the
conversion of a low molecular weight saturated
hydrocarbon into more reactive compounds. The study
was carried out in the presence of peroxide in aqueous
mediaat room temperature (25 °C) and pressure. Not only
islow energy light being used but the availability of visible
light from the sun makes this form of energy input one of
the cheapest and most abundantly available sources. The
medium in which the studies were carried out, water, is
non-toxic to the environment.

Transition metal complexes containing bipyridine have
been found to be suitable for solar energy conversion
because of the photochemistry of their excited states,
especially the ability to undergo electron transfer
reactions.*® The transition metal complex tris (2,2-
bipyridine) ruthenium (I1) has propertiesthat makeit most
suitable among current transition metal complexesfor this
purpose. It absorbs strongly in the visible region having
maximum wavelength at 452 nm with an absorption
coefficient of 1.4 x 104/M/cm. ¢ It is stable towards
photodissociation at room conditions.” Thelowest excited
state is formed with unitary efficiency and along enough
lifetime (6 x 107s) to beinvolved in bimolecular processes
such as electron transfer. ©

Peroxydisulphate ion reacts with the excited state of
Ru(bpy),* (oxidative quenching) to form the sulphate
radical which has been shown to abstract hydrogen atoms
from saturated hydrocarbons.®®°

Cyclopentane was chosen for this study because it is the
most soluble among the liquid-saturated hydrocarbonsin
water (2.5x 10°*M) and itsradical chemistry isexpected to
be relatively simple since all the hydrogen atoms are
equivalent. 21°

EXPERIMENTAL

Trig(2,2-bipyridine) ruthenium (11) perchloratewas prepared
from the chloride salt, obtained from G.F. Smith chemical
company. The maximum absorption coefficients obtained,
.. nm(e/M/cm), 452 (1.4 x 10%), 285 (8.4 x 107), 250 (3.7 x
10%) agreed, towithin 1%, to thosereported intheliterature.®
Potassium ferrioxalate K,Fe(C,0,),.3H,0, used for
actinometry was prepared as stated in the literature.

Potassium peroxydisul phate obtained from Fisher Scientific

Co. (99%) was recrystallized from aminimum amount of
water and dried under vacuum for 24 hours. The absorption
coefficients obtained, | nm (e/M/cm) 230 (98.5),
215(299.0) agreed, towithin 1.5%, to those reported inthe
literature.2

Potassium sulphate and al other inorganic chemicals(BDH
analaR) were used without further purification.
Cyclopentane, used as starting material in the experiments,
was obtained from BDH (Omnisolv. Grade) and contained
less than 0.5% organic impurities. Organic compounds
used as standards in the product analysis and solvents
used in the extractions of the organic products were of
analytical grade. These were used without further
purification. The pH of the solutions was standardized
against certified buffer solutions obtained from Fisher
Scientific Co. High purity helium gas (99.995%) from Linde
Union Carbide was used in deaerating the solutions.

All solutions were prepared using water purified by a
Millipore Super-Q system®®. The resistivity of the water
was between 16 and 17 megohm-cm. In addition to the
resistivity value, the quality of the water was periodically
checked by recording the emission spectrum on the Spex
Flurolog 222 spectroflurometer.

The pyrex glassware used in the preparation of the
solutions was baked in an annealing furnance brought up
to 500 °C and then allowed to cool. This eliminated any
trace of impurities still |eft inthe glassware.

A 500-watt high-pressure mercury arc lamp was used as
thelight source. Tapwater wascirculated througha10-cm
by 4-cm glass cell to cut off most of theinfrared radiation
from the lamp. A combination of interference filter
(bandwidth of 10-cm) and a Corning coloured glass filter
(370-nm cut off) were used to isolate the 436-nm
wavelength. The light intensity from the lamp was
measured by ferrioxal ate actinometry.

The solutionswere prepared prior to use and handled under
red light conditionsto minimize photolysiseffect. Typical
sampl e sol utions containing 40 micromolar Ru(bpy).*, 20
millimolar S,0,> and 2.5 millimolar cyclopentane were
photolyzedinal00-cm?®air tight glasssyringe (3.5-cmi.d.).

The separation of the inorganic compounds from the
organic compounds was accomplished by liquid-solid
extraction technique using C,, sep-pak cartridges obtained
from Waters Associates. Sulphate and peroxydisulphate
ions pass through the cartridge unretained while organic
compounds and Ru(bpy),* ions are retained. This
procedure quickly separatesthe peroxydisul phatefrom the
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ruthenium complex and precludesfurther reaction between
thetwo. Acetophenone was used as a solvent at 25 °C to
elute the organic compounds without removing the
ruthenium complex from the cartridge. Thisallowsfor the
analysis of the products on the gas chromatogram without
interference from the inorganic compounds.

The organic products were separated by gas
chromatography and detected with a flame ionization
detector or mass spectrometer. Measurementswere made
on the Hewl ett-Packard 5890A gas chromatograph coupled
toanHP 3392A Intergrator. TheJ& W Scientific DB5 (5%
phenyl) column, 30 meter by 0.53 micrometer i.d. and coated
with 1.5 micrometer film was used but could not separate
cyclopentanol and cyclopentanone. The separation could
be achieved on apacked OV 210 (50% trifluropropyl) 3.65
m by 3 mm o.d. stainless steel column. The stationary
phase was 3% coated on the chromosorb acid washed and
silanized support. The detection limit was 10* M on this
column compared to 10° M on the DB5 column. Total-ion
chromatogram were obtained by using the HP 5890A gas
chromatograph coupled to avacuum-Generator Analytical
MS-12 mass spectrometer.

pH measurementswere made using an Orion model 801A
digital ion analyser in conjunction with a Fischer
combination electrode. Changes in the concentration of
the ruthenium complex were monitored
spectrophotometrically on acarry 2315 spectrophotometer.

RESULTSAND DISCUSSIONS

Studies were conducted by monitoring the absorption
spectra changes of Ru(bpy),>" and the pH changes of the
solution, and by determining the organic productsformed.
The bleaching of Ru(bpy),” ground state absorption
maximum at 452-nm occurswith concomitant formeation of
an absorption peak at 420-nm (peak maximum of
Ru(bpy),*)*. Atalight-intensity of 4 x 10* quantas®, the
Ru(bpy),?" complex ion is converted to Ru(bpy),* inless
than aminute and the peak maximum at 452-nmis observed
toincreasewithincreasedirradiation (Figure 1).

This observation islikely due to photochemical (perhaps
some thermal) reduction of Ru(bpy),* to Ru(bpy).,*. Ata
lower light-intensity (2 x 10Y quanta s?), the absorption
spectrum of the solution at 5-minute photolysis showsthe
complete conversion of the Ru(bpy),* to Ru(bpy),*.
Prolonged photolysis leads to an increase in the 452 nm
peak which decreases after 60 minutesof irradiation (Figure
2).
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Figure 1. Absorption spectral changes of solutions immediately
after photolysis at a light intensity of 4 x 10*® quanta s* and natural
pH (ca. 5.2). Solutions irradiated in 3.5-cm cell but absorption
measurements conducted in a 1-cm cell. The numbers shown on

each spectrum indicate time of photolysis.

Conditions: 40 mM Ru(bpy),?, 20 mM S,0.%, 0.1 M SO,* and
saturated with cyclopentane; room temperature (25+ 3°C).
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Figure 2. Absorption spectral changes of solutions immediately
after photolysis at a light intensity of 2 x 10* quanta s* and natural
pH (ca5.2).

As can be seen in Figures 1 and 2, both the 420-nm and
452-nm peaksare present in solution at al timesindicating
that photo-oxidation of Ru(pby).,* and photo-reduction
of Ru(bpy),* arelikely taking place simultaneously.

After photolysis, a continuous increase in absorption at
the452-nm peak was observed whichislikely duetothermal
reduction of Ru(bpy).,*. The recovery occurs within a
one to two-hour period and in all casesto less than 100%
of theoriginal concentration of Ru(bpy),?*. Thepercentage
of maximum recovery decreaseswithincreasingirradiation
timeand light intensity (Table 1).
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Table 1. Percentage Thermal Recovery (PTR) of
Ru(bpy),?*in the dark after photolysis.?

Irradiation Time PTR
(minutes) 4 x 108 quantas! |5 x 10% quantas?
1.0 68 80
5.0 75 73
10.0 72 72
20.0 58 66
30.0 47 53
60.0 42 54

2 Solutions consisted of 40 mM Ru(bpy),?", 20 mM S,0.%, 0.1 M

278 !

SO,* and saturated with cyclopentane. 40 mL of solutions irradiated
at natural pH (ca. 5.2) and room temperature (25+3°C) in a 3.5-cm
cell. Absorption measurements made in a 1-cm cell. Calculations
are based on absorbance at 452-nm peak using the value before
photolysis as a base.

This suggests a degradation of the ruthenium complex
during photolysis. Studies have shown that reduction of
Ru(bpy),* to Ru(bpy),* occurs with about 10%
degradation of the trishipyridine complex in agueous
solution at room temperature and over apH range0—12.5
Both the thermal and the photo-induced reduction proceed
to the same products which have been identified by the
use of high-performance liquid chromatography to be
modified Ru(ll) complexes.®® It is thus likely that the
incomplete recovery of Ru(bpy),” is due to repetitive
cycles of Ru(bpy),* reduction and oxidation reactions.
The exact nature of the decomposed productsin this study
was not determined.

The pH of the photolyzed solution was observed to
decrease with time of irradiation and light intensity. But
the decreasein pH, whichisattributed to the generation of
hydrogen ions in solution, is relatively small.
Correspondingly, the approximate quantum yield of
hydrogenionsformed arelow. (Table2).

Table 2. Charge of pH of sample solutions with time of
Irradiation.?

Time 4 x 108 quanta st 5 x 10% quanta st

(minutes) pH YED) pH o
1.0 491 0.03 5.39 0.8
5.0 4.18 0.03 4.96 0.4
10.0 4.10 0.02 4.84 0.3
20.0 3.85 0.02 4.67 0.2
30.0 3.65 0.02 4.05 0.6
60.0 3.09 0.03 3.90 04

a Solutions thermostated at 25+0.3 °C and pH meter standardized
with buffer solutions of pH 7.00 and 4.00 pH values are accurate to
+ 0.02 pH units.

b Quantum yield of hydrogen ions formed in solution.

The only detectable organic products were cyclopentanol
and cyclopentanone. Their concentration was determined
by GC-FID using calibration curves of standard solutions.
As the time of photolysis increases, the amount of total
products formed increases. However the quantum yield
for the total product decreases as does theratio of acohol
to ketone. No products could be detected at a photolysis
timelessthan ten minutes (Table 3).

Table 3. Organic products formed at a light intensity of 4 x
108 quanta s* and natural pH.2

Time  [[CH,OH] x| [C;HO] x | [CHoOM] | f o progus”
(minutes) 10°M 10°M
[C;HO]
10 21 1.0 21 0.08
30 41 23 18 0.05
60 5.8 4.3 13 0.04

a Each value in the table represents an average of three
determinations and is reproducible to + 0.2 x 10 M. Values are
obtained by GC analysis using an OV 210 packed column (3.65 by 3
mm o.d). Sample size injected ImL. Solutions consisted of 40 mL
deaerated 40 mM Ru(bpy),*, 20 mM S,0,%, 0.1 M SO,* and saturated

278 !

with cyclopentane, passed through a C,, sep-pak cartridge and organic
products extracted with 2 mL of acetophenone.
b Calculations based on the assumption that 100% light is absorbed.

The formation of the organic products is clearly photo-
dependent. No organic products were formed when
solutions were stored in the dark for aslong as 24 hours.
The greater the light input, the greater the amount of
products formed (Tables 3 and 4). More importantly,
solutions photolysed and analysed immediately after
photolysis and those allowed to stand for further one to
two hours before analysis were found to contain the some
amounts of products. This implies that formation of
products stops once the light is turned off.

Table 4. Organic products formed at a light intensity of 5 x
10% quanta s* and natural pH.

Time (minutes) |Total Products x10° M?|  @product
30 03 0.2
60 0.5 0.18
120 1.0 0.17

a Each value in the table represents an average of three
determinations. The values are reproducible to £ 0.2 x 10“ M.
Measurements made on a DB5 Megabore column (30 m by 0.53
mm i.d.) operated at a constant temperature of 35 °C. Samples
sizes 1 mL.

b Calculations based on the assumptions of total light absorption.

The excitation of Ru(bpy).,* in a deaerated agueous
solution with 436 nm light leadsto theformation of acharge
transfer triplet excited state, which in the presence of
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peroxydisulphateisquenched at arate of 5.33x 10° M s
! forming Ru(bpy).* and SO, ®°.

The overall equation of the reaction can be written as
follows:

2Ru(byp);” +S,0;" - 2Ru(byp);” +2S0; 1

Because the overall quantum efficiency (i.e. Ru(bpy),**
produced/photon absorb) as shown in equation 1 above
is 2, the following photo-induced oxidation scheme has
been proposed.i&

Ru (bpy);" +hv — Ru(bpy);” 2
Ru (bpy);” +S,07 - SO, +S07 + Ru(bpy)i* 3
Ru (bpy)3* +S0O, - SO? + Ru(bpy)3* 4

The strongly oxidising intermediate SO, produced in
equation 3 abstracts hydrogen atomsfrom alkanesto form
alkyl radicals at rate constants greater than 106 M s?. °

In the presence of cyclopentane, the anion radical could
react with cyclopentane to produce cyclopentyl radicals.

SO, +C,H,, -C,Hy +SO, +H" 5
Thecyclopentyl radical could then react with S,0.*, which

is present in large amounts in the solution, forming
cyclopentyl cation.

CH, +S,0, - C,H; +SO, +SO:" 6

The cyclopently cation then reacts with water to form
cyclopentanol.

C;Hg +H,0 -~ C;H,OH +H" 7

The cyclopentanol then further reacts with
peroxydisul phate ion to produce cyclopentanone.

C,H, OH+S,07 - C,;H,0+2H" +2S0? 8

Theratio of cyclopentanol to cyclopentanonefor solutions
photolysed at 4 x 10™® quanta s'increases with longer
periodsof irradiation (Table 3). Thisisanindication of the
alcohol being oxidised further to the ketone although it
does not necessarily prove that the products were formed
sequentially and not concurrently. Unfortunately the
productsfor solutions photolysed at alower light intensity

and a shorter time of irradiation could not be analysed on
the OV 210 column duetoitslower detectionlimit (104M).
The productsformed wereat 10°M (Table4).

From the scheme above, every mole of cyclopentanol
formed should lead to the formation of 2 molesof H* ions
and every mole of cyclopentanone to 4 moles of H* ions.
Whereas the ratio of hydrogen ions to total products
formedisdlightly greater than 2 at light intensity of 5x 10
guanta s?, it isless than 1 at 4 x 10% quanta s'. The
process of product formation isdefinitely more complicated
than is suggested by the above equations. The amount of
cyclopentanethat disappeared from solution was generally
greater than thetotal amount of products detected. Water-
solution products may have been lost during the separation
of organic compoundsfrominorganic onesonthe C ; sep-
pak cartridge. High performance liquid chromatography
may provide answers to whether additional products are
formed or not.

CONCLUSON

At natural pH, the continuous photolysis of an aqueous
solution consisting of 4 x 10° M Ru(bpy),*, 2 x 10> M
S,0.7, and saturated with cyclopentane leads to the
formation of cyclopentanol and cyclopentanone as the

only detectable organic products.

The decomposition of thetris-bipyridine ruthenium complex
presents amajor problem in the use of the metal complex
as aphotocatalyst since not al of it is regenerated during
or after photolysis. This leads to wastage in the light
input and cal culated quantum yields of productsarelikely
to be underestimated. This makes it difficult to know
whether there is a chain reaction or not. More studies
could be conducted to determine the nature of the degraded
products and if possible find a way to prevent the
decomposition of the metal complex during photolysis.
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