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CHAPTER I

INTRODUCTION

‘l. »‘Ihfrbduction i .
The study of photochemisﬁry deals with a ghemical"
. reaétion initiated by the absorption of photon. But
"a reactant does not always absorb the photdn'of
‘desiring energy. If a substance which can absorb
the photon in a suitable energy and can transfer its
energy by collision to reactant is added, it will -
be possible to cause a chemical reaction. The added
substance is called photosensitizer. Many kinds of i
iﬁ%estgations have been carried out on the mercury- |
photosenéiﬁizatioﬁ. The results obtained have Been
- summarized by Gunning aﬁd Strauszl), Cvetanov162)3'
and Calvert and Pitts, Jr.a).
| "Recently, the organic molecule-photosensitization

has4been_iﬁve5tigated4_15> and compared .with the
mercury-photosensitization. Usually, exéited mqledules
are prodﬁced in the organic moleculeéphotosénsitiZation,
| because the transferred energy is usually smali,
while free radical formation is involved in the - .
mercury-photosensitization. When one intends tdl
:investigate the reaétivity,of excited molecuies,
direct comparison should not bé made}bétween the
results obtained in the organic molecule-photo-

sensitization and those in the mercury-photosensitization.
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Cadmium~photosensitized reaction may provide
an opportunityffor the above purpose, because Ca(BPl)
atom has the excitation energy which is much smaller
"than that of mercury.and close to.fhat of many
ofganic molecules. ,
The reaction of hydrocarbons photosen81t1zed by
Cd(jP ) atoms was originally 1nvest1gated about

20), but the detail was not pursued

~ forty years ago
because.of the low reactivity of the hydrocarbons
excited by Cd(BPl) and the lack of the modérn
"apa;ytical tool such as gas-chromatograph., Investi-
'.gations of the Cd(BPl)—photosensitization which will
be:présented here have been made with the desire to

o know the difference from both the mercury- and organic

- molecule~photosensitized reactions.

‘tiéf Nature of cadmium

E Thetépectrum of cadmium resonance lines iswvery
siﬁilar.to that of mercury.  The differenéevis onl&'
| in.the energy levels ( Fig. 1 )16), As is shown in
Fig. 1, there are two resonance radiations} 2288 A
-(lP ~lSv) and 3261 A (5P -l“o). " Their life times and
ex01tat10n energies are listed in Table l. .

The participatlon of Od(5P ) atoms in the
cadm1um~photosen51t1zatibn is not taken into account
s;nce the kigetic energy of the moleculé at 300°C
(_1.2 kcal ) is close to the energy difference between

H
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0a(®Py) ‘and Cd(°P_) atoms ( 1.6 keal )1®,

The vapof pressure of cadmium at room temperature
' }s‘much smaller than that of mercury.v The #apor‘
pressure curve of cadmiuml?’la) is shown in Fig. 2.
In the cadmium;photoeeneitizatioq, therefore, it is
necessary to elevate ‘the temperature of‘the reaction

»

cell to obtain the sufficient vapof pressure of

. cadmium,
Table 1 : Life time and excitation energyl®)
1
Resenance Life time Excitation
line _ energy
7 sec keal’
3 -619) :
Pl 3261 2.4x10 87.7
'lpl' 2288  2.0x1077 124.9

e History‘of the cadmium-photosensitization
%-»The history of the cadmium-photosensitization
ie;very old. In 1928, Bates and Taylor investigated
: thefCd(BPl)-photosensitization on the mixture of
,ethylene and hydrogen?q). Since then, a few.investi-;
'vgations were made by Steacie agd his collaborators .

21) 22,23)’ ethylen624_26),

. 'QnIethane s propane _
Lpropylene26>, butene326) and acetyleneg7). Allﬁof ‘

' ftheee ihVestiéations were carried out by'meesuringe

"~ ‘the rate of hydrogen~-formation and the rate df.

pressure decrease (i.e.. rate of polymerization).

-(5 )~
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- Figure 2 ; Vapor pressure of cadmium. .
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'The»results dbtained with ethylene‘were compared '
."w1th.those of other sensitized reactions by bteacie28 29)

A part of the results is shown in Table 2

" Table 2 _: Comparison of the reaction of ethylene

‘sensitized by various sensitizers.

Heat of hydride-

-Bensitizer A . E (kcal) formations (keal) Remarks
»";ﬁa. 2p -‘gggg 48.3 51.6  no reaction
ca “P, 3261  87.3  15.5 " slow reaction
' Zn P, 3076 92.5 23,1 . slow reaction
Hg Op, 2537 1122 8.5 fast reaction
e e 2288 124.4 15.5  fast reaction
nZn lPl 2139 133.4 23.1 fast reaction

The quenching cross-sections of hydrocarbons
‘were measured by Batesao>, Bender51), Lipson and
Mitchell52), and LeRoy and Steacie>?) by physical™”
method ( see CHAPTER VI ).
4. CdH as an intermediate

 The exc1tat10n energy of Od(aP ) is lower than
- the dlssociatlon energy of C-H bond of paraffln
'molecules, but hydrogen formation was observed in the
Cd(BP )~photosensit1zed decomposition of paraffin.

Steacie et al. assumed the CdH formation as an

-( 8 )-



inﬁermédiaté,'whoseﬁheaﬁ of formation is 15.5 keal,
Bender5 ) and Olsen54? observed resonance excitation
- of cadmium hydrlde 1n the mlxture of cadmium and

I'hydrogen irradiated by a cadmlum-hvdrogen dlscharge
tube. The enission of the cadmium hydrlde was also

observed in propane photosen31t1zed by Cd(sP )55)

(9 )



. CHAPTER 1II.

EXPERIMENTAL

‘I, lMaterials

Six'9's cadmium metal was purchased from‘Soekawa
}Chemicals Co. |

Acetylene, ethylene, propylene, 1sobutene, Egggg—
and 01s 2-butense, cyclohexene, trlmethylethylene, l-butene,
tetramethylethylene, methylacetylene, v1nylacetylene,"
- propane and cycloprobane supplled by Takachiho Shoji
Co. were used after degassing at liquid nitrogen
| temperature and bulb;to-bulb distillation. The gas-
'vchromatographic analysis showed that the impurities
~were less than 0.5, %. | ’

Trans— and 01s-2—pentene supplied by Takachlho
Shoji Co. were used after separatlng from each other
by gas-chromatography.
Hydrogen supplied by Suzuki Shokan Co. was used. '
after passing through a trap at llquld nltrogen
temperature. o

Acetylene-d2 was eyntheeizedlfrom calcium carbide
and heavy‘"water supplied by Showa Denko Co. and
rurified as usual. The mass-gpectrometric analy81s
‘ eshowed that the isotoplcal purlty was 1arger than

98 %. |

'.Ethylene--d4 and §£§g§; and g;g—ethylene~d2 were

syﬁthesized from acetylene-—d2 36) and purified by

-( 10 );



gas-chromatography. . As 2 -ethylene-d'(”l l-dideutero-
ethylene ) was klndly supplied by Prof. I. Tanaka ( |
Tokyo Institute of Technology)

2.  Apparatus and procedure

The light source for the Cd(BPl)—photosehsitiied
reaction was a low pressure discharge tubo made from‘
quartz, which contained a piece of cadmium stick.
It was filled with 2 mmHg of Ar as a carrier gas in
the mercury free vacuum system. As is shown in Fié,
3, the 2537 A mercury resonance ‘linewas not contaminated,
‘The emitting part of the lamp was placed in an eleotric
furnace with a quartz window at 200°C or 275°C, which
was controlled by Tohshiba Thermister Temperature
Controller within # 2°¢. | ‘

Botwéo; the lghp and the reaction cell, a Tohshiba
‘UV-29 filter,which cuts off below 2500 i, was inserted

lPl—lb resonance line ( 2288 A ).

to eliminate the
| Cylindrlcal quartz reactlon cell ( 5 cm in
diameter, 8 or-3 cm long) containing a few small
pieces of cadmium, was also rlaced in another electric
:furnace oontrolled ‘within i.l C. .The reaction cellvwas
connected through a greaseless cock with a usual
vacuum system. The outllne of the . appaxatus is shown
in Fig. 4, ‘
After each run, materials were transferred to

a trap at liquid nitrogen ﬁémperature. Non;condensablés

-C11)-
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A; Iron cylinder

; Quartz window |
C; Reaction cell 3 Cold tfap
Ey EBElectric furnace y Filter
G; 'Gas reservoir ; Heater

I; Toepler pump . rCuprous .oxide furnace

K; Mercury manometer ; Lamp

2+ 4 +H o= o oo

M; o McLeod gauge ;  Thermister for temperature

-controller

HV% to High vacuum system

LV; to low vacuumVSystem,'

PMigure 4 1 'Disgram of spparatus, =
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IWeré gnalyzed-and_measuféa”with a combination of
- Toepler pump, gas buret and,furnace ( c.a, 260°C ) -
packed with cﬁprous oxide.
The condensables were analyzed by gas—chromatbf
graphs, mass-spectrometer and infra-red spectrometer,
} In most parts of experiments, condensables were
analyzed by_gas-chromatogrgphy. The gas-chromato-
"graphs used were Model F-6 equippgd with a flame
ionization detector (-F.I.D.) manufactured by Hitachi
Co. and home made gas-chromatographs equipped with -
~thermal conductivity detectors. Used columns are
listed as folloﬁé,

Dimethyl sulfolane with celite E 30 m - BShimazu

o o e Nishio
Activated alumina with tailing reducer 7 m Kogyo
Silicon DC-550 with celite . 5 m Shimazu

. o ' Nishio
~Bilica gel , o 4 m Kogyo
Dioctyl phtalate with celite 2 m Bhimazu

| Cis-, trans- .and ggxg-ethylene-dg were analyzed
with Perkin-Elmer 125 double beam grating infra—red'
SPectrometer and their amounts were determined using
Qaiibration curves of the absorptions at 842 cm™*(
giﬁ#ethylene—dz); 725 and 987 cm™t( trans-ethylene~
dzjkahd 750 and 943 cm"l( gglg-éthylene-dé).

~ The intensity of the cadmium resonance line at
3261*5 was estimated by using the Cd(5pljﬁphbﬁ6ﬁ
sensitized ¢cis~trans isomerization of 2-butene as aﬁ"

- actinometer ( see CHAPTER III ).

-( 14 );



Several experiments were also carried out on fhe
mércuryéphotosehsitizafigp. The apparatus and .
vproceduﬁe were the sameégé those .of the cadmium-
photosensitization, except for the lamp ( low pressure
mercury dlscharge lamp fllled with &4 mmHg of neon ), L
‘a fllter ( Tohshiba UV—25 fllter which cuts off below
2000 A ), and a quartz redctlon cell ( 5. cm in dlameter,
& or 5 cm long ) which contained a drop of mercury.

Thé intensity of thé 2537~K mercury resonance
line was'determined by the amount of hydrogen produced

from 15 mnHg of ethylene, assuming the quantum yield

of hydrogen-~formation to be 0.35 at room temperature37).

-( 15 )-



CHAPTER  III.- -

REACTION OF 2-BUTENE PHOTOSENSITIZED BY Cd(3P1) )

1. Ihtroductionﬁ‘v
Since Cvetanoviéifé@nning and Steacie observed
the cis-trans isomerization of 2-butene in the mercury-—

38)

photosenéitization R many*investigations have
‘appeared using the variety of?sensitizers6_ll’39)y
But no report haévappearedvyet on the Cd(BPi)-photo-
sensitized isomerization of 2-butene. LeRoy and
Steacie investigated only oﬁ the polymerization of
2-—buteri@_5> .

' The'photosensitizedIisomqrization of 2=-butene
in the gas phase has moétly been investigéted with

' mer¢ury59) and benzene6-ll>as sensitizers. There are
several differences in the isomerization reaction

between mercury- and benzene—phoﬁosensitizations;

obtained after prolonged irradiatipn is unity in thé
v benzene-photosensitization, but deviates from unity

in the mercury-photosensitization, and (2) no decom-
position products are observed invfhe benzene-photo-'
sensitization, but many kinds of decomposition products
observed in the mercufyuphdtoéensitizatiéﬂ. In order
to explain the above diécrepancies, the reaction of

2-butene photosensitized by Cd(aPl) has been

~( 16 )-



investigated along with further detailed inveStigatioﬁs
of the mercﬁry-phetosensitization.
‘é; i Results
The. reactions of 2= buéene photosen81t1zed by
.Cd(BP ) were carried out at 275°C, 300°C, 325°C and’
350 C. To check the possibility of thermal reaction
- of 2-butene, 10 mmHg of cis-2~butene was kept 1n the
,ereactlon cell at 350°C for twq hours., However,.after
this period of time, nelther 1somerlzation nor decom-
position products could be,defected. '
In the presence of cadmlum vapor, ¢is- or Egggg—v'
2-butene was isomerized to Egggg— or c1s—2~butene by
the radiation from the cadmiunm 1emp. The initial
rates of isomerization were constant over the pPressure
range 2 to 100 mmHg. There was no dlfference in rate
between two isomers ( Fig. 5 and Table 3 ).
| "~ After prolonged irradiation, hydrogen, methane‘
and propylene were observed. Their rates of formation
' were:very-small,‘ca. 10 5"of that of isomerization
- ( Table 4 ). | |
o After prolonged irfadiation, the concentrationf
_ratio of ggggg- to cis—2-buﬁene'approached a value
.( unlty ) whlch was 1ndependent of the temperature
and the ;n;tial pressure ( Fig, 6 and Table 5 ),

The reduction in the total amount of 2-butene durlng

irradiation was negligibly small.

-( 17 )-



Table % : Pressure dependence of the initial -
 rate of isomerization of 2-butene

photoserisitized by Cd(BPl) at 275 C.

Initial | Rate of
. pressure isomerization
mmHg | Mmol/min
cis-2-Butene
| 1.85 : - 1.03 .
3.62 1.03
6.69 1.08
9.%6 S T 1.02
1.2 | 1.05
45,8 ‘ 1.09
_e2.0 - 1.01
g5l 1.03
ggggg-E—Bﬁtene
2,92 | : 0.98
5.99 . 0.91
7.21 1.05
9.80 | 0.99
- 17.6 : | 1.05
- 29.0. T 1,05
67.4 | 1.08
100. e o8

-( 18 )-



Figuré 5

16
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£ o A
S 0 ©
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=~ o°cis
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| l ! I l

200 40 60 80 100 120
PRESSURE OF BUTENE  mmHg.

‘Pressure depéndénce,ﬁf the rate of

"isomerization of 2-butene in the Cd(BPl)—

photdSensitizatibn at'275°c,
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© Table 4.‘: Products from the reaction of 2-butenes
' __photosensitized by Cd(aPl),'

-

(' initial pressure, 10 mmHg )

Reaction ~_ _Products Jﬁmol
o trans- c¢is-— '
Zize 2-C,Hg 2-C,H, T2 OBy 5l
275°c  cis-2-Butens
5 1.9 37.0
30 11.0  33.0
60  17.8 27.2 |
120 19.2  22.2  0.05  0.17
e 180 23,1 .23.1  0.09  0.11 0.2
| : Egggg—E-Butene
5 37.1 2.0
30 33.3 10.9
60 29.4 16.8
120 - 22.9 18.4  0.04  0.16
. 180 23,2 20.8  0.09  0.12 - 0.3
' 300°¢  cis-2-Butene |
>” 5 4,1 33.1
10 7.0 46.1
20 2.l 27,9
30 132 26.2
60 19,8 22.7 . ‘
90 19.5 19.0  0.12 0.2

( continued )
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180

10

20

50

60

90
180
325°¢C

10
50

60
120

10

30
60

180

©350°¢

3

5

- 20.6

19.7

‘trans-2-Butene
34,1 4.0
33.9 6.8 |
28.2
25.0 S 13.1
22.4 17.6
20.2 17.9 ‘
204 19.5

cis-2-Butene

5.5 - 34.5
5.5 31.8
9.5 . 27.3
16.3 207
18.5 18,5
19.7 - 18.1
trans-2-Butene
34,8 3.5
31.2 5.3
27.7 . 9.1
21.5 15.4
20.1 18.1
19.5 18.1
¢is-2-Butene
4.4 32,0
5.7 28.5

( entinued )

-( 2]_ )=

0.13

0.06

0.10
0.13

0.08

©0.13

0.19

- 0.07
0.12
0.16

0.5

0.18

0.50

0.11
0.27
0.65

0.09
0.27

1.02

1.0

009

Of5
1.5

0.4
1.8



10
30

60
120

10
30

60
120

9.9 |

5.5

16.8 19.2
17 .4 16.3
18.1 16.5
M—E-Butene '
32.6 | 4,1
29.8 5.5
27.8 ‘9.4
19.5  14.9
18.3 14,4
18.0 16.7

0.11

L 0.14

0.17

0.09

0.13
.17

- 0.19

0.5%

1.07

0.18

0.40 .

1.0

0.8

1.7

-0.7

1.8
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"gable 5 1 Concentration ratio of trans- to cis-
' 2-butene after prolonged irradiation at.
various temperatures and pressures in

the Cd(5P1)-photosensitization.

Initial pressure Temperature

. (T ?

miHg C : ' 2
“. 10.0 o 275 | 1.0,
19.8 275 1.05
-, :10.0 | 300 3 1.0,
10.0 325 1.0,

‘:a Concentratibn ratio of trans- to cis-2-butene .

'ﬁ"dbtaiﬁéd after prolonged irradiation.

=23 )-



1 L g u a

- 0:10° L
30 60 90 120 150 180

trans, Mt s . :

¢S REACTION TIME . min,

Figuré © : Concentration ratio of trans— to cig~
' 2-butene in the Cd(BPl)-photosensitization,

( initial pressure, 10 mmHg )
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The pfoducts of the reaction of 2-butene photo;
sen51tlzed by mercury at room temperature were 01s-,"
’and ggggg- isomers and small amournts of hydrogen,
‘methane, propylene, nfbutane and l-butene. The rate
of’decompoéition was ca. lOf2'of that of isomerization
( Table 6 ). |

The total amount of 2—butenes decreased with
.1ncreasing reaction period and with decrea51ng initial
pressure. '

- Af'ter prolonged irradiation, the concentration
ratio of trans- to g$§—2—b;tene approached a constant
value which was larger than unit&‘and increased with
decreaéing initial pressure ( Fig.'7 ). :
The quantum yield of isomerization was. 1dentlcal
'»:for the two reactant 1somers and increased w1th
increasing initial pressure, approaching a. value
about 0.5 above 300 mmHg. The quantum yield of

hydrogen decreased with increasing initial pressure

and leveled off at 0.002 above 50 mmHg.C'Fig. 8 ).

3. Discussion \
C 3=1. Decoﬁposition products

The observed small amount: of decomposition

“ products in the Cd(BP )-photosens1t1zatlon hydrogen,
| methan@ and prcpyl@ﬁe, Hay be produced in the

‘follow1ng mechanism,

_ 3 | o
cd( Pl).+ C4H8 _->0de + 04H7 - (1)

-( 25 )~



‘Tgble 6 : Products from the reaction of 2-butenes

photosensitized by mercury at room

temperature,
~ Initial Reaction Products umol
pressure tme | o P —
(pERzAEe e Hy CH,  OsHy n-CH, 1-C,Hy aa
2:4_mmag‘ “min : : . lisomer
_ ”g;§-2—But§ne
5.1 5 0,73 0.10 0.28 0.21 0.39 3.6
5.1 45 0.59° 0.99 1.0 1.20 1.0l ~ S4.4
15.0 5. 0.65 0.32 0,07 0,21 0,17  49.6
S 19.0 60 0.76  0.88 1.24 209 1.70  2ve,
trané-B-Butene , | | v
5.1 10 0,91 0.16. 0.32  0.53  0.55 52.0
5.0 30 0.77 0.55 0.87 0.92 1.08 - 56.4
19.0 5 0.12 0.64 0.30 "20.6
20.4 30 0.97 0.21 0.37 1.04 0.60 161.

~( 26 )..
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CaH T o+ H | (2)

CE o+ GEy —H, o+ g, ()
s o > CHy o+ CyHg (4)
— C4H9 . S (5)

CH; + C,Hg — . CH, + c4H7 o (6)

C4H7 apdﬁC4Hé rad%cals may prodﬁce‘stabiewmblgculés«n[’
by disproportination reaction or recombination reaction,
' - The total rate of formation of these decomposition
‘products is about 10 =5 of that of isomerizatlon.' 1
The rate of decomp031tlon 1s one order of magnltude
less than that in the case of mercury-photosen51tlzation.
These results may be due to the small energy avallable' |
for decomp081tion in the case of the Cd(aP )-photo-
sensitization, These results indicate that the
influence of free radicals on the isomefization'lh the

Cd(3P )-photosen81tizatlon is much less than that

in the- mercury-photosensitization.

3=-2, Mechanism of isomerlzatlon reaction
Neglectlng the small amount of decomposition
- products, the following‘mgchanism may be considered

for the cis-trans isomerization of 2-butene;

7y

Cd + h — Cat I

o™ > 0d o+ rw kg (8)
ca* + ¢ —>oca + B kp, (9)
e + T —ca + B* . (10)

[
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BY 4 M dT o+ (15000 4 Mo
ky v (11)

.'Héfég cd®, P and C are Cd(5P ), trans- and cls-2~
i butenes, respectlvely. B¥ is the trlplet state of
2ebutene. 4 is the fraction of trans isomer formed

ffoﬁ B, The steady-state treatment of ‘the above
jfmechanlsm gives the following relations; |
AM/de = 1 Wk, IC]- (1-d)k, [TJ )/ (k +k t[cv]+k L)

(I
'd__[c]/dt = I (QA=w)ky M) -ok, L0))/ (k +k t[cn)m @J) (2

* When reactlon starts from pure isomers, the initial

rates of isomerxzatioqlshould be expressed as follows;
¢ = (A=4)Ik, MM /Gy + k1))

. ~ : 1 (I1)
CRoap s 4T T O /(4 kg f0))

‘The relations, ko<<klé@] or kléb]_ahd = l—dv, hdldwm,
because, as Fig. 5 shows, RT o= C»T and the rates

of isomerlzation were not affected by the preééure
 change. U51ng the life time of Cd(5P ) atom ( 2.4 x!
1O -6 sec)” 9> and quenching cross section ( 30,6 A )55>
k and klt ( = klc) were calculated to be 4.2 x lO5

gec™t and 9.4 x Lot mmHg,"1 -1

y respectlvely, 1. e.
- o«;klé@] or klécj at the pressure over 1 nmHg,

"This is consistent w1th the present result.

The ratio of trans- to cls~2 butene obtalned
after prolonged irradiation (T} [C)0) can be derlved

rr:’r'by settlng ( d(CJ/dt b= (A 1T)/at )= 0 as follows,
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(r/ [c],,, =K/ (1) Ky | (III)

Because [ﬁL/[@u, is unlty for all temperature ranges
| and 1n1tial pressures ( Table 5 ), lt should be =~
equal to kl » 1.6., the quenching cross- sectlon of
vkg;§—2-butene for Cd(BP ) atoms is equal to that of

¢

trans-2-butene.

3-3, Comparison with mercury- and benzenef
photosensitizations

As is shown in Fig. 7, the ratio (M (C, increased
- with decreasing initial bressure and at the same tlme,v
decrease in the total amount of 2-butenes was observed
vln the mercury—photosens1t1zatlon.’ Furthermore, the .
amount of decomposition products in the mercury~
photosensitlzatlon was one order of magnitude larger ..
than that in the Cd(BP )-photosen81t1zation. On the
other hand in the benzene-photosensitization9’lo>,
the ratio [fh/lClnwas always unity and the decomposition
e products were not observed These discrepancies |
may be explalned by the difference in the available
energy for the reactlon.\ P

If the decomp031t10n products are formed from'
.“C-H'bond cleavage of 2-butene, the amount of decom—
p081t10n broducts 1s Proportional to the number of -
C-H' bond cleavage. As is shown in Fig. 8, the
quantum yield of hydrogen formatlon in the mercury-

photosensitization decreased with increasing initial
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preééure and leveled off at 0,002 above 50 mmHg,

Then, the following reaction mechanisms may be

-tonsidered.

HeX + ¢ 4Hg = ( Heg-H- 041{ ) — Hg

*
-—> Hg + B — Hg,
N ¥
S Cd” o+ Cqu—ﬂ ( C4--H- 04H7 ) —Cd
C e S 06H6

The se reactlon mechanisms explain the

6H6 + C H

the amounts of decomposition produdts.

+ H + 04H7
+ H 'f C4H7‘
+.H + H7
+ H + C H7 ,

'difference in

-

The deviation from unity in thé ratio [TLJ[C]

'11n the mercury-~ photosen51tlzatlon may
by the dlfference in the rates of the

V' twb reactions; ‘

| H + cig-2-butene — pPolymer

H + trans-2-butene — polymer

be explalned

following

The large deviation from unity of the ratio was

accompanied with large decrease of the amount of

total 2-butene.

‘3_A?» - Light inténsity in the Cd(3P1)~Pth°'

sensitization

J*In the investigation of phWotochemical reactions,

‘quantum yleld prov1des us useful knowledge for the

discuseion of the reaction mechaniam.

Unfortunately,'

J it is not easy to determine the light intensity

absorbed by the reaction system, especially in the

(12)
(13)

- (1,2)

(14)

(15)
(16)

- Cd(aP )-photosen81tizatlon, because of the high reaction
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Gemperature., ‘ ‘

As is shown in the previous seotion;~the‘g;§-§£§g§
isomerizatiOp‘of'2-butene photosensitized by Cd(aPl)’ o
atoms is very clogn reaction, since (1) the.side
reaction is negligiblyWSmall, (2) rate of the
isomerization is not affooted by the initial pfessure.
~ The g;g-ggégg isomerization reaction may be ﬁsed asv
an actinometer in the Cd(Efi)—photosensitizétion, o
‘ifvthe ouantum yield of isomef formation at highér
’pressuros_can be assumed”to be 0.5, since *é 7.

Agius and Darwent stated that the quantum yieid
of hydrogen formed in the Cd(5P1)—photosensitized
decomposition of propane was unity, when incompleto
Iquonching for Cd(BPl) atoms was taken into.accountQB);

Tablo 7 shows the comparison of the obsorbed
iight intensity calculated from our data, when both
decomposition of propane aod ¢is-trans isomerization .
of 2~butene were used.as actinomeoers. ‘As is‘shown‘

-~ in Table 7, the light intensity measured from the
decompositiOn of bropane was smaller than that ‘
oﬁeasuréd by the'isomeriZation of 2-butene, If 6;05

% of olefin io contaminatod in propéne, apparent )
light intehsity reduces'to abou; 50 %, because of the

- small quenching cross section of propane ( O.OE'AQ)BB)'
compéred with that of p:opyiene, which is ono of the
méin products in the Od(BPl)—photosensitization.

Since the purity of propane used in this estimation
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Light intensity measured from the

Teble 7

decomposition of propane and from the-
isomerization of 2-butene in the
Cd(BPl)—photosensitization at 275°C.
- Initial pPressure Rate Light intensity -
mmHg =~ pmol/min mEinstein/min
03H8 | H, ,
ey 0.114 | 0.141%
486 © 0.118 0. 1462
cis~2-Butene: §£§g§-2eBuéene'
10,0 o.161 0.322°
9.8 0.162 0.324°

The incomplete quenchlng is taken into account
| assumlng the quenching cross-section bf propane
to be 0.02 °235). - .
o The quantum yield of the isomerization of 2-butene

is'assumed to be 0.5.
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is about'99 %, the disturbance on. the measurement.

of llght intens1ty of 1mpur1ty may be considerably

“large..; ‘ , R - I
The author will tentatively use the 1somerlzatlon

‘of 2= butene as an actlnometer for the Cd(BP )-

resonance line.
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CHAPTER 1TV,

REACTION OF ETHYLENE-d2 PHOTOSENSITIZED BY Cd ( Pll

Y

1.  Introduction |

About twenty years dgo, LeRoy and Steacie
j 1nvestlgated the reaction of @thylene photosen81tized
by Cd( P ) and found that ethylene molecule 'under- v
-went very little decomposition but strongly quenched
ex01ted'cadm1um atoms24 26). Recent 1nvest1gatlon
of _ggg_gg_—ethylene-d2 ( trans—l »2-dideuteroethylene )
Photosensitized by mercury showed that ethylene
molecule underwent three types of reactions; (1)
decomp081tlon into hydrogen and acetylene, (2) cis-
Egggg-lsomerlzation, and (3) hydrogen atomlscrambllng
i. e., formation of g _§1_-ethylene-d2 ( 1,1-dideutero-
ethylene ). Thege observations were explained in

- terms of two excited-state-mechanism as follows40"42>;

Hg(BP )+ E gk + Hg. / . (17)
B g | o (18)
X + M- %.eis + 7 trans -+ M | (19)
B + M- T eis + f trans +.-§asym_
+ M | | (26)
Eﬁia hydrogen o+ acetylene | (21)

where,'E* and,E are the excited ethylene molecules.
A The investigation of the reaction of ethyiene—

2 photosensitized by benzenele) and benzene
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'derivetivesl3> shoWed thet.hydrogen-and acetylene .
formations ( reaction (21)),Were not observed and
the differences in the rate constants for the
_isomerization reaction of ethylene molecule ( reaetion
.(18)) excited by various photosensitizers_were
_ascribed to .the difference in the amount of energy
_ transferred from the photosen51t1zer. A trlplet—
’trlplet energy transfer has been assumed in the case
of the photosensitizations by -benzene and benzene
derivatives. |

The energy of the'Cd(aP ) atoms is 87,7 kcal,
ﬂvwhich 1s nearly equal to the energy of benzene trlplet
( 84.4 kcal )45) Photosensitlzatlon by Cd(BP )
may then give rise to reactions similar to those
sensitized by benzene. With this prospect in mlnd
a study of the reactions of ethylene- d2 Photosensitized

by Cd(BP ) was undertaken over the temperature range

‘275—550\0-

2. Results

.E**To check for possible interferencerfrom the
mereury—photosensitization and 2288 & resonance
line of cadmium, 3 mmHg of Egggg-ethylene-de were
irradiated with the cadmium lamp for three hours
at room temperature without cadmlum vapor in the

:reaetion cell. Neither detectable cis~trans

- isomerization nor decomposition was observed.
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Also to check for p0531ble thermal reaction, 5 mmHg

,of trans-ethylene—d2 were malntalned for 75 min in

., the Teaction cell at 350°C without irradiation. No

~detectable amount of products was'obserVed. '
In the presenée of cadmium vapor, trans-ethylene-

d, was isomerized to cis- or ggxg—ethyléqe-dg’

efficiently and scarcely decomposed into hydrogen

‘and acetylene by irradiation of the cadmium lamp.'

The quantum yield of hydrogen‘formation was less

than 10"4. Fig. 9 shows the time dependence-of the

mole fractlon of trans-, cis- and asym- éth;ylene—d2 g

at 275 C, where ggggg—ethylene~d2 was used as a

vstarting material. Table 8 summariges the results
of the time dependence. A 1 : 1 : 1 ratio of trans-:

cis- : asym—ethylene-dé was obtained after prolonged

irradiation ( 6-11 hours ) at 275°C with any of the
three isomers.” These results coincide with those
obtained by benzehe—:and.benzotrifluoride—photo—
sensitizations?) églg~ethjlene-d2 yielded equal
N amouﬁts of trans- and g;g-ethylene-d2 in each run.
Tabie 9 shows the presgure dependence of isomerization
at each temperature. |

Minor products of the Cd(B? )-photosen81tlzation
at_275 C were ethane, acetylene and n~butane, which ‘
were' detected by gas-chromatography. Quanbum yields - -
of ethane, acetylene and n-butane wefe approximately ~

0.9 x 1072, 1.3 x 1072 and 1.5 x 107, respectively.

b
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Table 8 : Time Dependence of the Cd(BP )=photo-

sens1tized isomerlzatlon of ethylene-—d2ﬁ

‘at 275 C
Irradiation : C,H.D (%)
| 27272 Lampa
(- .time
' min . Trans Cis Asym

’

Trans 02H2D2 | 3 mmHg

20 66.5 20.2 13,3 A

30 65.4 20,2 4.4 A

60 50,0 26.7 7 23,3 A

180 34.3 | 32.3 33.4 A
oul C32.8 | 32.2 . 35.0 A
Aél_“chg 2 5 mmHg |

60 6.0 6.1 7.9 B

300 ‘ 25.0 25.7 49.3 B

660 33.5 32,4 34,1 B
Cis-CoHyD, 3 mmie .

660 34,2 32.9 32,9 B

& Lamp A : '0.72;LE /min,  Lamp B : O.B2}LE /min,
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- Figure 9 : ‘_Ti'me dependence of. the Cd(BPl)—IShotow
sensitized isomerization of ethylene-d.
at 275°¢.,
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~Table 9 Pressure dependence of the,Cd(BPl)-

photosensitized isomerization of trang-

.o ethylene-d, at 275, 300, 325 and 350°g.
‘Ethylene - C2H2D2 (%) ' Irradiation
pressuré _ time

nmHg Tranq Cis Asym min

275°C :, Lamp A

2.0 70,4 17,5 12,1 11
3.0 66.5 20.2 13.3 .20
3.95 €6.6  19.6  13.g 25
4.95 56,0 24,0 20,0 50
5.0 77.5 Syn 8.1 20
705 M2 16.7 9.1 30
7.6  73.1 17.4 9.5 . 30
9.6 81.8  13.4 4.4 25
9.9 81.2 13,3 5.5 40
15.2 . .7 17.6 7.7 " 60
20.0 79,7 4.6 5.7 g0
25.2 81.5  13.8 4.0 90
30,0 76. 7.2 6. 104
\ 30.1 82.6  13.4 4.0 120
39.9 7.9 191 5.0 160

- ( continued )
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- 300°¢C + Lamp B

2.9 7 80.3 11.7 = 8.0 15

* 5.1 78.1 4.1 7.8 25
1.1 0.0 . 13.9 . 6.1 50
19.6 © 75.1 17.4 7.5 100
28,4 75.8 1.0 6.2 150 .

43,6 73,5 20.0 6.0 200

325°C : Lamp B

2.9’ 69.1 18,2 12.7 - 10
3.3 80.9 : 1.4 7.6 - 10
5.15 - 79.1 15,6 7.3 15

12.5 W, 2 17.0 8.8 42

18.6 - 74.8 17.4 7.8 61

28 .4 70.1  20.7 9.2 110

39,4 75.6 18.7 5.7 121

Lo o ’ .
350 C : Lamp B

3.0 79.9 1.9 .2 . 6
4.8 77.6 14.6 7.8 10
5.9 ' 80.9 . 12.8 6.3 10

9.8  77.5 14,6 7.9 20

19.6  76.7 16.5 6.8 . 40
~29.3  77.0 16.3 6.7 . 60
w63 776 0 168 . 5.6 80
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Smell peaks of 02H2 and C,HD were detected with the
1nfra¥ed spectrometer.u Eveﬁ after prolonged ‘
irradiation ( 6-11 hours ), non-condensable gas at
llquld nitrogen temperature could not be detected.

The quantum yield of decomposition was extremely

’ smali compared With those of the formation of isomers.

No isotopic ethylene, CQHED and 02HD5 could be detected

in the infrared spectrum..

3. Discussion
5-1, | Main reaction

Since practically no @ecomposrtion has been
6bserved in the reaction of ethylene-d2 photosensitized
by Cd(5P15, the experimental results can be analyzed
by the following reaction mechanism, which is‘the P
same for the benzene- and benzene,derivatives~photo—

sensitizations., Namely;

ca(’P) + B —0cd + B o (22)

B¥— p*¥ 1s)
EX 4 M -5 +¢is + Ztrans + M E (19)
g% + M —s %cis + Ltrans +lasym + M - (20)

In the case of asym —ethylene—d2, the reaction’ (19)
must be changed as follows,

A iy ne A+ ow a9

‘ where, A represents asym ethylene-dg.
l When trans—ethylene—d2 was used .as a startlng

materlal the steady~state treatment of - the above

(3 )



,‘ mechanism gives the following relation;

lég( “x«y )/ log( 1-3z ) = 1 + (k 9/k18)EM) v

wheré,‘x, Y and z stand for the fractions of trans-,
cis-‘and __1_-ethylene-d2, respectively. Fig. 10

shows the plots of log( x=y )/ log( 1-3z ) as A
function of pressure of ethylene-d2 at each fémperature
275, 300, 325 and 350°C. At each temperature, an
approximately linear relationéhip was obtained.

The slobes and intercepts .at each temperature were
obtained by the method of least squares, Taking

4, 95 A 1or the collision dlameter of ethyleneq2) g

' rabe constants, 19 have been estimated from the -

follow1ng relatlon, _
kyg = 40 KT/aM | (V)

Rate.conétants of the‘isomerization reaction of the
excited ethylene molecule (le) have been calculated
from the values of k19 and the slopes, The slopes,
‘intercepts and kl8 at each temperature are summarlzed
in Table 10.

| Hirokami and Sato have shown that the rate
constants of the 1somer1zat10n reaction of the ex01ted'
ethylene molecules correlate with the triplet energy .
of the sensitizers on the ba51s of cla551cal theory

of Kassell5). Namely ;
R R A A S o)

' Using the values £( = triplet energy of sensitizer
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Log(x-y)/ log(1-32). :

1.0 I~
= |
.E' L ] n 1
0 10 20 30 40
- ETHYLENE PRESSURE mmHg.
Figure 10_; Plots of log( x~-y )/log( 1-3z ) againét

the pressure of ethylene in the Cd(5Pl)~_

- photosensitizations at 275, 300, 325 and

350° ¢,
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Eébié 10

Slopes ( kl9/k18 ),;Intercepts and

kg

S ' 8 -1
Temperature: Slope. Intercept k18 10- sec
° 1072 mmHg ™1 Obs. Calc.
275 4:84%0.55  1.39£0.10 2.47+0.30 2.7
300 4.2610.35 1.4110.08 2.74t0.25 2.85
325 5.85£0.47  1.3810.10 . 2.97%0.39  3.00
350 [ 2.92£0.47  1.50£0.10 z.e4+0.61 3.15

=( 46.)5



- 43.9 keal ), £,( = 25.3 keal ), 4 ( = 5.4 x 10*10
).and s ( =77.5 ), the valueof kld can be |
calculated to be ( 2.0 + 0.2 ). x 1078 g c'l, which
is 1.3-1.9 tlmes less than the values obtalned in
'these experlments.- The difference must be ascrlbed'
"‘to ‘the higher temperature at which the Cd(sP )-
photosen81t1zation has been carried out "because
the observed values of k18 show temperature dependency.
The temperature dependepce of’k18 may be accounted
for in’terms of a simple correction in the equation .
oflunimeleeular reaction. Corrected vibrational
- energy of'exeitation E" at 1°K may be expressed as

follows,
€CTK) = & + (B (2°K ) - Bv ( 295K )) (VII)

where, Hv ( moK ) and Hy ( 293°K ) represent the

heat capacity of vibration of ggggg—ethylene-dg at

the indicated temperatures. The quantity e is the
excess v1bratlonal energy of the ethylene moleculesv
photosensitized by Cd(BP ) atoms at room temperature

( 295 K ). ' The heat capacity of molecular v1brat10n,‘
Hv ( T°k ), is calculated: by u81ng the spectroscoplc

data of trans—ethylene-d2 .

‘To calculafe“the«heat capacity-of vibration,
the following frequency assignments ('cm' ) were
used - 3065, 3035, 2276, 2271, 1567, 1300, 1282, 1001,
988, 864, 727, 660 4) Obtained values'for Bv (kcal)
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( at T°K ) are as followu, o 23 (293), 1.88 (548),
2.12 (573), 257 (598> and 2.63 (623).

Thé calculated values of le at each temperature.using  
equations (VI) and (VII) are summarised in Table 10,
" which are in satisfactory;agreement with the opserved,
values of kige o |
All intercepts shown ip‘Table 10 are larger
‘than unity. If the two-ekcitgd-states_mechénism
is strictly applicable,'ﬁhe‘intercepts shouid always
be equal to unity. The discrepancy'ranges over Q.3
to 0.5, which seems to be greater than the experimental
error. A p0831ble explanatlon for this is that the
.excited ethylene molecule initially formed may be
stabilized without collisional deadtivétion through
a different excited state ( possibly, a highly
vibrationally excifed ground state ), which undergoes
only cis-trans isomerization. The following process -
(18'), which competes with the formation of &, |
is cons1dered.
g 5 '_ | o a)
~ B¥ > 'jcis + +trans (18')
Whére o represents anoﬁher exéited state which '
stabilizes into ebhylene w1thout colllslon. Then,
the equation (IV) is modified into the following

form.

Log (x-y)/108(1-32) = 1 + kyg. /Ky g + (klg/kIB)[MJ vIIn)
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The . 1ntercept of the equation (VIII) becomes larger
than unity.a But the values of klb' could not be
determined accurately because of  the large experimental

error in the intercept.

5-2.  Minor products |
Observed - minor broducts were ethane, acetylene
and n-butane, but the quantum yields of formations
of these products were very small. LeRoy and Steacie
measured the bressure decrease ( quantum yield .=
0. O226>) in the Cd(BP )-photosensitized decomposition -
of ethylene and observed small amounts of acetylene
as a product. They proposed the following mechanism
as -a primary process. '
ca(’p)) + CH, —s cd .+ E + ol . (23)
vaserved'minor products may be explained in terms
of radical reactions initiated by the reaction (23),
The decompOSition of ethylene into hydrogen
and acetylene was not observed in the benzene- and
Cd(BPl)—photosensitizations. If the mechanism of
Hampson and McNesby45?‘is applicacle, the rates of
decomposition of excited ethylene molecules in the
Cd(BP )= and benzene-photosensitiZations into
hydrogen and actylene become smaller than that in
the mercury-photosensitization. This explains why‘
. the decomposition of ethylene into.nydrogen and

pacetylene is not observed in the Cd(5Pl)—.and
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béﬁzene-photosensitizations.

| Arai and Shida 1nvestlgated the Cd( P )-photo~
sen31tized decompositlon of ethylene and found:
hydrogen, methane, bropylene, l-butene,-zgggﬁ- andnv
Q;§-2—butene as main productsq6).. The products are'
qulte dlfferent from those in the Cd(3P )uphqtof |
sensitlzatlon. This discrepancy may be explainedkby
the difference in the available energy for the
réaction (23). The ex01tatlon energy of Cd(BPl)
_atoms ( 87.7 kecal ) is less than the bond dlSSOClatlon
- energy of ethylene ( D(C2 5-H) = 104 + 2 keal® >),
then, CdH formation is necessary to break the bond

in the Cd(BPl)-photosensitization.""On the other hand,
| the excitation energy of Cd(lPl) atoms ( 124.9.kcall6>)'
is much larger than the dissociation energy of the

~ C-H bond in ethylene molecule.

}R I I%L

250417J
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CHAPTER v

REACTION OF ACETYLENE PHOTOSENSITIZED BY Cd§5P12

~

1. Introduction

The photochemlstry of acetylene has been the
subJect of numerous 1nveet1gatlons All workers
seem-to agree with that the main brocess after the
absorption of light or collision with Hg(BP ) atoms
is polymerlzatlon reactlon and trimer formation i. e.;
benzene formatlon. The mechanism of benzene formatlon

has not completely'been ‘resolved yet,

S1-1. Direct photolysis
.Acetylene molecules excited by the light of

‘ wavelengthshorter than 2350 X, form the bolymer,

so called:"cuprene", benzene and diacetylene.

Dunicz could not find vinylacetylene in the photoly31s

of acetylene and assumed the cyclobutddlene as an .

~intermediate for benzene formation48’49), Zellkoff

and Aschenbrand photolyzed acetylene at 1649 it |

resonance line of mercury and found ‘that the polymer,

hydrogen, ethylene, dlacetylene,'Vlnylacetylene and

benzene were the productsQOD. From the analysis of

bressure dependence ef their quentum yields, they

suggested that both excited acetylene molecdles

and free radicals were involved in the reaction.

(51 )-



Shida and Tsukada also suggested that both a free
radical mechanism and an excited molecule mechanism
are:involved for benzene formafidn on the basis of’
the analy51s of the loOtOplC hydrogen-atom distribution
of benzene formed in the photolysis of the mlxture
of acetylene—d and d 51 52) ‘

- Recently, vacuum ultraviolet photochemiétry of
acetylene has been investigated by Stief, DeCarlro
ahd.Mataloni55>, and Tanaka and Takita54), " As the
excitat&On energy of photon becomes larger, the

relative importance of benzene formation becomes

smaller.

1-2. Mercury-photosgnsitization

Since Bates and Taylér investigated the reaction
of acetylene photosensitized by mercury55), many
investigations have beeh made. Melville observed
the pressure decrease in the course of the mercury-
photosensitization and suggested that the polymerization.
reaction was initiated by excited acetylene molecules.
LeRoy and Steacie found, that the rate of pressure
~decrease decreased with increasing added ﬁitric ixide
pressure, and concluded‘that a }ree radical mechanism
was 1nvolved27>. Cashion and LeRoy conflrmed this
'conclu81on by the 1nvest1gatlon of the reactlons of

mixture of hydrogen and acetylene photosensitized

by mercury57’. On. the other hand, Shida, Kuri and
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Furuoya ihvestigated the reaction of acetylene photo;
. sensitized by mercury kinetically, and suggested
.that the benzene was formed from excited acetylene
molecules, but polymer and hydrogen were formed by
free radicalsB8>. Kebarle_suggested the existence
of excited acefylene molecules at tow preésureiin‘the
mercury~photosensitization59>. | '

Shida and Tsukada investigated the reaction of
. the mixture of acetylene—do and -d2 photosensitized’
by mercﬁry, and found that the isotopic hydrogen—
atom distribution of benzené formed was not affected
by the addition of nitric oxide and argon, and by
the reacfion temperature but affected by the initial
pressures. From these’results, they concludedfthat
benzene was formed by both an excited molecule mechanism
and a free radical mechanlsm5o 51)

LeRoy criticised this conclusion and showed
that the isotopic hydrogen-atom distribution of
benzene could be explalned by & free radical mechanlsm

61)  0n the other

only,under a sultable assumption
hand, Shlda,'Tsukadafanq Oka showed that an excited
molecule mechanism éiso couid explain the isotopic
. hydrogen-atom distributibn of bénzene-under the
assumptlon of the cvclobutadlene formation as an

1ntermed1ate62>

1-3. Purpose of this”investigation
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LeRoy and Steacie found that the pressure of
acetylene decreased in the Cd(ﬁPl)-photosensitization
and the rate decreased with increasing pressure of
added nitric oxide. From this observation, they
suggested the importance of a free radical mechanism27>.
But the excitation energy of Cd(BPl) atoms ( 87.7 koal)
is less than the C-H bond dissociation energj of
acetylene ( 114 + 5vkcal63)), even though the heat
~of cadmium hydride formation is added to the
excitation energy. The assumption which was made
by LeRoy and Steacie, that nitric oxide behaves only
as radicalTscavenger27), is questionable, gincenitric
ox1de ey also behave as the quencher for excited -
molecules. | ~

The present work was undertaken as an attempt

to derive a conclus1on favourlng either one or both

explanations.

2. Results

The main productslof the reaction of acetylene
photosensitized by Cd(5P-) at 270°C were identified to be
benzene and vinylacetylene by the gas-chromatograph
and by mass—spectrometer About fifteen small peaks
were Observed in the gas—chromatogram., But detailed
investigation about them were not carried out, since
their amounts were two or three orders of magnitude .

smaller than that of benzene. They may be formed by
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theE5ecbndéry reé@ﬁion;
  Invevery case, non-condensables at liquid
Jitrogen températu:étwere gbt observed. This result
shows that the quantum yieid of hydrogen formation
is’léss than 1072, |
Fig. 11 and Table 11 show the irradiation time
dependence 6f the amounts of benzene and vinylacetyleﬁe,
and.disappearancéuof-acetylene.'vAs is shown in Fig. 11
and Table 11, the disapééaranbe of acetylene is
almost equal to the sum of twice amounts of vinyl-
acetylene apd triple amounts of benzene formations.
" This reSuit ~suggests that the formatioﬁ of polymef
. such as cuprene is negligibly small. In the early
peribd of irradiation time, the saturation of the
smount:of vinylacetyleﬁe.wés observed. This fesult
shows that the side reaction initiated by vinyl-
acetylene is very fast. |
The quantum yields of benzene and viﬁylacetylene
| formations were measured over the pressure range 10
to 330 mmHg ( Fig. 12 and Table 12 ). As is shown
in Fig. 12, the quaﬁﬁum yields of benzene and vinyi~
acetylene fbrmations have maximum values at about |
80 mmHg and at about 40'mmHg, fespectively. Lven
at the meximum-value, total of their quantum yields
1s smaller than unity, This i’*ésult suggests that
most part of the energy absorbed by Cd(BPl) atoms

disappears without product-formations. This can
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Time dependence of the amounts

Table 11
| of benzene and vinylacetylene formed
- in the reaction of acetylene photo-

sensitized by Cd(’P,) at 270°c?

Reactign C,Hy, — C.H ~C,H,
time
min meol
7.5 0.176 0.606 . 0
15 0.287  0.748 1
30 | 0.360 1.25 2
45 0.417 1.77 2
60 0.472 2.38 5
50 0.487 2.87 11
a

Aéetylene pressure ; 36.6 mmHg, light intensity ;
'0;565 ME/min,
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Table 12 : Pressure dependence of.the guantum
yields of benzene and'vinylacetylene
. formed in the reaction of acetylene

photosensitized by Cd(BPl) at 270°C.

Pressure Benzene Vinylacetylene
nmEg 1072
CoH,-10.6 2,30 1.60
23.0 6. 54 . 3.22
31.6 7.33 2.23
50.6 8.56 3,28
50.2 8.72 3.04
60.2 9.42 . 2.e2
71.0 8.88 2.02
- 79.6 8.70 2.21
79.6 10.6 1.88
80.2 8.90 | 1.78
97 o4 9.10 1.66
128.8 8.02 1.4
147.6 | 6. 54 . . 0.91
192.4 5.66
269.8 4.6k
- 331.8 3.56 .
CxDp 314 L " 5,30 E 0.86
4.0 5.82 - 0.95
L 59.4 T 6.0 0.69
80.0 | 5.23 \ 0.43
108.2 | 4osho 0.
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Figure 12 :' Pressure dependence of the quantum yields
- of benzene and vinylacetylene formed in the
reaction of acetylene photosensitized by
Ca(®Py) at 270°C. | |
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not be explained by the incomplete guenching of
acetylene for Cd(BPl) atoms, since quenching efficiency
of acetylene for Cd(aPl) atoms is almost same as that
of 2-butene., The pressure range used here is in the
complete quenching region ( see CHAPTERS TIT and VI).
When ethylene or isobutene is added toIBOlmmHg
of acetylene, the quantum yields of benzene énd vinyl-
'aceﬁylen formations aré remarkably reduced ( Fig. 13
and Table 13 ). The inhibition by ethylené or isobutene
is simiiar to that by nitric oxide and can not
completely be éxplainedlby the competitive.quenching
for Cd(BPl)éatoms by acetylene and additives, since,
as is:shown in CHAPTER VI, the quenching efficiency
of eﬁhyleﬁe or isobutene is almbst equal to that of
acetylene, but: the qganéum yield of benzene or vinylé
acetylene formation“decreasés to 25 % by the addition
of 10 % of ethyiene. A carefﬁl'reseafch.for-the
products expected by the addition of ethylene or -
isobutene molecuies,ﬂhas unsuccessfully been made.‘
When excess amount of hydrogen is added to 80
mmHg of acetylene, as igmshown in Table 14, the quantum
yield of benzene formatiSn remarkably increased
" along with the formatlons of ethylene and 1 5_,
butadlene, but the quantum yield of v1nylacetvlene
formation sllghtly decreased Benzene formed from
mixture of hydrogen and acetylene-d2 contained
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Table 13

BEffects of foreign gases on the quantum
yields of benzene and vihylacetylene
formed in the Cd(3Pl)-photosensitization
at 270%¢ .2

Pressure of

foreign gas
’

CAH4 ~ C6H6

-2

b

mmHg Quantum yield 10
0 1.96 9,40
1.42 1.37 6,47
3’07 1009 5062
4,510 0. 740 4,07
.6.61 0.712 3,85
10.1 L 0.39 1.98

iso~C4H8 ”;
1.27 n.d.p’ 3,47
1 2.19 n.d. 2.19

‘a

Pressure of adetylene‘; 80 mmHg, -

not determined.:
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Zable 14 Bffects Of foreign

| formed in tpe 0d(p, )
! at 270°¢ @

—

Foreign gas

gases on

the prodﬁcts

~photosensitization‘

" mmHg
—_——
- 0
C2H4 10.1 no no /c O.4 no 2.0
iso-C4H8, 2.2 no no . pg / /o 2.2
> 110. / 0.7 44,0

Pressure of acetylene ; go mmHg.
Not observeq.

Not determined.
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This result 1ndlcates that a part of the formatlon
or benzene may be initiated by hydrogen atoms.

As is shown in Table L5, the quantum yields of
benzene and Vinylaeetylene formations showed large
isotepe effecte. ;These isotope effects seem to be
DPressure dependent. These isotope effects can not
be explained by the diffefence in the efficiency of
quenching Cd(BP ) atoms between dcetylene-d and

> ( see CHAPISR VI ).

Lhe isotopic hydrogen-atom distribution of.
benzene formed in the reaction‘of mixture of acetyiene-
d, and —devphotosensitized by Cd(BPl) could not be
determined, since intermolecular hydrogen—deuterium
exchange reaction of acetylene occurred raplﬁly even
in the dark reaction. This may be due to the hlgh

temperature and the presence of cadmium.

5. Discﬁssion ,
-B—i. Mechanism of the formations of benzene
and vinylacetylene

’The main products in:the reaction ef acetylene
photoseneitized by Cd(aPl) are different from those
in the Hg(5Pl)—photosensitization51’52’55‘59>, in
the radiolysis?O) and in the photolysisqﬁ"54). If‘
benzene and vinylacetylene are formed by the radical
reactions of ethynyl and vinyl radicals, the formations

of ethylene, diacetylene, 1,5—butadiene and polymer
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Table 15 :  Isotope effects on the formations of

benzene and vinylacetylene in the

reactlon of acetylene photosen81tlzed

by Cd(JP ) at 270°C,

Pressure '
04H4/04D4 C6H6/C6D6
mmHg
30 2.6 1.4
e 3.5 1.5
60 _ 3,8 1.5
100 3.5 1.9

Table» 16 : Values of k52/k51 and k55/k51,

, ' . -1y
k52(k51 k55/k51(mmHg )
C2H2 logt()of)' 4.610.4
C2D2 ' 4.6+2,1 6.5 £3%,0
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are expected together with the formations of benzene
and vinylacetylene. chever, this is not the case
Jdn the reactlon of acetylene rhotosensitized by ca(
BP)

The effects of ethylehe end isobutene on the
‘formaticns of benzene anav#inylacetylehe, which are
gimilar to those of nitric oxide on.the ratee of
bressure decrease, can not decide which mechanism
is opefative; a radical mechanism or an excited
molecule mechanism, because these molecules can
scavenge free radicals and also can quench excited
molecules. It ethylene molecules scavenge hydrogen
atoms, ethane formatlon is expected but ethane was
not observed in the products ( Table 4 0).

The dissociation energy of C-H bond of acetylene
is higher than the excitation energy of Cd(BPl) atoms
even when the heat of cadmium hydride formation is
considered. Tﬁe triplet state of acetylene molecules
is not known very well; Bowman and Miller observed
the peak at 2.0}eV in the electron energy-loss
spectrum of acetylene and tentatively~aseigned that
the peak was caused by the triplet state of acetylene
molecules64> ’

If an excited acetylene molecule is the precursor
of the prodﬁcts in the reaction of acetylene photo-
seﬁsitized by Cd(BPl); following mechanism may be

'coﬁéidered to explain the pressure dependence of the
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quantum yields of benzene and vinylacetylene

formations,
> od(5Pl) A —s (caaY - (23)
(caay a4 £ (24)
(CdAY + A -— 0d o+ oa (25)
A;» _fi oA XE  (26)
3 — 24 (27)
A a2 (28)
S (29)
W s . - (30)
—> C,H, + A (51)
— CHe (32)
AF .+ A 50 H, o+ A (33)

where, acetylene is denoted as A and (CdA) 15 the
activated complex of Cd(BP ) atom and acetylene
molecule. K?, A2 and A5 are excited monomer, excited
dimer and excited trimer of acetylene, respectlvely
.The steady-sbate treatment of the above mechanlsm
gives the following equatlons for the quantum

yields of benzene and vinylacetylene formations,

¢b4H4 f K kg /(g i+ k5 kot ky5CAY) (IX)
¢06H6 = K(k52+ kBBCAj)/(kBOf k51+ Kot k55EA]) (X)
where, | |

k. (k244k 4+RE5EA)D<R264KQ6+k @)(kagiA)/k28+kQOCA3D

These equations can explain the pressure dependence

of the quantum yields'of benzene and vinylacetylene
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formations. The equation (XI) is derived from the

~equations (IX) and (X).

‘ <bcéﬂ6/<@c4H4 - oy v Gegs/ig JAD (XI)

Then, b should be linearly proportional

A
oy 7 Po,m,

to the acetylene pressure, which is shown in Fig. 14,
- The values K52/k51 and k%/k51 are calculated from
the slope and intercept of the straight line in
Fig. 14. These values are listed in Table 16.

When the quencher .molecules are added, the

following equation is derived,

(&7 Do g, = 1+ kg 00/ (ki 1)) (G, /& e,

(3
= (1 +‘k35'[M}/(k50+k51+k52+k55[M})( 1+ kgg'EM}/(kgb+kagii?f
("1 + k27'(M)/(x26+k27)£A3)("1 + K25'{M}/<k24+k25§A5>)

(1 + 325'LM1/K25EA3>- # : (311)

where, ¢ and ¢Lare the quantum yields of benzene or.
vinylacetylene formation in the pfesenoe and absence

of added gas (M). and k. "

1) 1 1 1
25" Kag's Kap's kpg! 55
represent respectively the rate constants of added gas

* A
for ‘gquenching Cd(5Pl) atom, (CdA) , Af, &g and Ag.
As is shown in Pig. 15, (¢, /¢ >C4H4 is almost same
for'<>@)/<ﬁ >C6H6 and have a linear relatibnship with

added gas pressures. Then, the relation k,,'[M <Kk

33

h . 33 N '
+ k55[A)’ olds. Since kyy = kpy' for ethylene and

isobutene ( see CHAPTER VI ) and (M}/fA} is less

52

‘than 0.1 in this experiment, the first term of the
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right hand side of the equation (XII) is negligible.
But we cannot decide which is the most effecti&e
quenching process, reaction (25), (27) or (29), only?
from these experiments. As is showﬁ in Fig. 15,
quenching efficiencj of isobutene is about five times
larger than that of ethylene. The’sgimilar tenaency
has been observed in quenching triplet bénzené (
about five times)65’66) and acetone ( about four
 times )15), and also observed in the efficiency of
scavenglng hydrogen atoms ( about five times )67)

As is shown in Table 16, the rate constants
kBl’ k52 and K53 have isotope effects, which may be
the reason that the quantum yields of benzene and
vinylacetylene formatiéns have isotope effects (

Table 15 ).

3=-2, Bffect of_hydrogen atoms

As is spown in Table 14, the quantum yield of
benzene fofﬁation iﬁéreases with the addition of
hydrdgén. This result may be explained by a free

radical mechanism initiated by hydrogen atoms.

Namely; »
Cd(5Pl) + CHy, - CaH  + H - L (38)
H + CyHy— CyH, (35)
2 Coly — C,H, (36)
TCH, + CoH, NG
CoHy + C2H2--->C H5 (38)
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200, —soun

10 (39)

| —CH,  +  CH | (40)

- 04H5 v+ 02H2-~aC6H7-» C6H6 + H (41) -
~> polyner (42)

This mechanism explains the C6HD5 formation in the
reaction of mixture of acétylene—dé aﬁd,hydrogen
photosensitized by Cd(BPl).

Benzene is‘also formed by a radical mechanism, .
' however) the relative importance of a radical
mechanism in the reaction of pure acetyléne photo~
sensitized by Cd(BPl) may be negligibly small, as

is shown in the previous section.
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CHAPTER VI

Sty s,

- QUENCHING OF Cd(5Pll ATOMS BY HYDROCARBONS
l.‘ Introduction
1-1. Introduction

vElectronic~energy—transfer reactions are of
fundamental interest in chemical kinetics. 1In spite
of many investigations,.little is understood about
the meghanism and rate controlling parameters.

Recently, Rebbert and Ausloos measured the
quenching efficiencies of various unsaturated
hydrocarbons for the triplet acetoﬁe, and found that
the efficiency of olefin for quenching triplet
acetone depeﬁds strongly on their structuresl5>.
Haninger and Lee measured the efficiencies of ethylehe.
dérivatives for quenching triplet benzene, and found
that theyidepend-strongly on the number of -
substitutions65), These observations were confirmed
by Morikawa and Cvetanovié66>.

| In the Hg(5Pl)—phptosensitization, however,

such a strong dependencé has not been oBservedg).
Two possible explanations are considered; one is the
diffeience in enérgy transferred from a sensitizer
to a guencher, the bther is the difference in the
electronic state of sensitizer. Cd(BPl)-photo—
seﬁsitization may provide an opportunity to give the

answer, because Cd atom is very similar to Hg atom
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in the electronic property, but thé energy transferred
in the Cd(BPl)~photosensitization ( 87.7 kecal ) is
much less than that in the Hg(ZPI)-photoéensitization
and is close to those in the benzene- ( g4 kca145>)

and the acetone~ (~80 kcal65>)photosensitizations;

1-2. Method of measuring quenching efficiency

. Quenching cross-section is expressed as follows,

. - 1. B
ko= o ( 8rkT(Ma + Mb)/MaMb)? (XT1I1)

’

where; k and " are quenching efficiency éﬁd quenching
cross-section, respectively.

There are two methods to determine the quenching
efficiency; one is the physical method which measures
the intensity of luminescence of the sensitizer,
the other is the chemical method which measures the
rate of product-~formation in the presence of |
compe titive quencher. |

The physical method has a possibility of the error
which results from so calledv”imprisonment",especially
when the sensitizer emmits the resonance line. This
'method, however, has béen used to determine the
quenching croés—section for Hg(?Pl), Cd(5Pl), Zn(5Pi)
and Na(gP) atoms69).

On the other hénd, in the chemical method, the
effect of radiation imprisonment can be ignored but
the absolute valués can not be determined. Thié

method, however, offers the advantage of greater
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experimental simplicity. Cvetanovié}developed:the
method and measured the relative qQuenching efficiencies
of many hydrocarbons for,Hg(5Pl) atoms using the
mercury-photosensitized decomposition of nitrous
oxide as a detector reactioh?>.

In;the case ;f the Cd(BPl)-photoseﬁsitization,
the decomposiﬁion of'nitrous oxide cannot be #sed‘
a3 the detector reaction, becéuse nitrous oxide is

thermally decomposed at 270°C.

1-3, The present method

As is stated in CHAPTER III, cis-2-bubens
molecules isomerize to the trans form efficiently
by the Cd(BPl)—photosensifization with practically
no decompositioh. This isomerization reaction may.
be used as the detector reaction for measuring the
quenching efficiencies of hydrocarbons for Cd(BPl)

atoms.

¢

The discﬁssions in CHAPTER III lead us to the

following reaction mechanisnm,

O A o (m (7)

oou —>Cd  + hv (k) (8)
6"+ ¢ —soca o+ B (k) (9)
cd® + T -—>ca + g (kq i) (10)
cd” + 4 - Cd T (k) t (43)
BY v+ M 7z¢is + Jtrans + W (ké) (11)

where, 4 represents quencher molecule. <kq is the
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rate constant Qf reaction (43). When pressure of
2-butene isrhigher than 1 mmHg, reaction (8) can be
meglected,nghe steady-state treatment of the above

mechahism gives thé following relation;
"Ro/ R = l + (k /k )(EQ?/FBl) (XIV)

where, RO and R repxesent the rate of isomerization
of 2-butene in the absence and presence of quencher .
molecules ( 4 ), respectively. Here, the following
relation holds,'kb =k, = k; . The ratio k /kb is
the relative quenchlng efficiency of quencher ( Q )
to that of gi§—2-butene_§‘B ). Bquation (XIV) shows
that the plots of Ro/ Rhégainst the concentration
ratio of LQl/(BJ should give a stréight line.

When the conversion of cis-trans isomerization of
2 butene becomes larger & correction for the rate
of isomerization is neoessary. Under the above
mechanism, the following equation can be derived from

the equation (II) in CHAPTER TTT.
(LBY/6) 1n((TC) + LT1)/(CC - (13))  (xV)

Where, [BJ, [C] and [T} represent the amounts of

totdl 2-buteheg cis- and §£§g§—2—butenes,reépéctively.
The amounts of ggg—é—bhtené and quencher molecules

could be measured by‘g gas buret of constant volume

and a manometer, and then transferred in the reactien

cell maintained at 270 4 1°C. And they were kept for

more than thirty minutes in the reaction cell to
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allow them to be in equilibrium. After a suitable
period of irradiation ¢is- and trans-2-butenes were
analyzed and determined in their amounts by gas—
chromatography. The rate of isomer-formation was

calculated by the equation (XV).

2. ~Results

The resnlts obtained are summarized in Table
17. Typical results obtained~with isobutene and
propane as competing quenchers are shown in Fig.

16. The relative quenchlng efficiencies, k /k

calculated from the plots of R / R vs. E&]/[B],by

the method of least squares are summarized in Table

18. Table 18 shows also the values obtained by

‘using Hg(5P1)2), Cd(5Pl)55> and triplet acetonet?’

as the sensitizer which have been determined by the
physical method, and the values for triplet benzone65 66)
determlned by the chemlcal method.

Measurable amounts of side reaction products
‘were not observed except for the cases of methyl-
acetylene, 2~pentene and ‘hydrogen. In the case of
methylacetylene, allene was produced even in the
dark redctlon Owing to thlb side reaction, the
value of relative quenching efficiency of methyl-
acetjlene may be somewhat uncertain.

As is shown in Table 19, and Fig. 17, cis~

trans isomerization of 2-pentene occurred in the
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Table 17 : BEffects of quencher molecules on the
o - guantum yiéid of isomer formed in the
Cd(BPl)—photosensitized isomerization

of 2-butene at 270°C.

Quencher cis—Z—Bgtene Quantum yield
mmHg mmHg
Ebhylene
 6.50 20.2 0.390
11.4 21.3 0.327
13.5 21.3 0.303%
16.6 25,5 0,310
17.4 21.8 . 0.272
19.5 21.6 . 0.250
21.3 21.3 0.249
Propylene 5 o5 31.7 L 0.46%
| 3.9% 30.9 O 0.435
6.55 32.8 0.394
1% .4 32.5 0.333
18.1 31.7 . 0.287
22,9 L 314 0.262
26.7 31.7 0.250
31.4 31.4 0.236

( continued )
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31.4
I§obutene

L.84
3.7
“0L.40

12,7

15.8

25.2

r 209

v'lmButene

19.9
Trimethylethylene
i 4,61

.81
11‘4‘ . 5

N
ro
bt

31.7
31,7
RS
51.2
RN
‘51&2
.52"0

21.6
21.8

23,5
23,5
23.5

( continued )
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0,230

0.472
0.459
0.40%
0.338
0.303
0.26%
0.242

0.512

0.370
0.287



}16.5
20.7
| 23.5
Tetramethylethylene

“«

2,46

I

7.20
10.6
1%.0
'16.2
20.0
22.2

Acetylene
359
7.05
9.76
135.1
16.8
19.5
Methyiacetylene
35.66
3.79
7.59
13.5
20.5
30.5

W)
N

o
N
oW W

no
AN

24,1
23.5
23.2
25.5

03,0

23.5
2%.5

22,7

- 21.8

23.0

21.8
21.%
21.6

21.%

23.2

23,4

22.4
22.4

( continued )
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0.2%03
0.263
0.247

0.431
0.400 |
0.3557
U.352
0,342
0.299
0.287
C.235

Colt24
0.279
0.2535
0.305
0.278
0.259

0.394
0.385
0.342
0.209

O.242
0.182



Vinylacetyiene
S 5,52
5.96
S35
12.6
16.5
18.5
Butadiene
| %486
©.50
S 1.7
17.0
él.O
375
Cyclohexene
5.87
6.97
- 5.78
12.2

N

1.1

no
o
=

Ethylene—d4

10.7

22.7

) 2204‘

25.2
23,0
224
2%.0

2542

22.7

/2;]. # 6‘
2).1

( continued )
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Acetylene~d2 _
4,40
6.57
11.06
12.9
16.9
21.7

Propane

Cyclopropane
25.6

103.2

156.2°

209.6

N
[y
X

S
—
(O TN B ¢ G S AR

Mo
S
o

22.5

. 22.5

NN N
YN
L1, B SRR

no
no
g

0,413

O.417

0.575
0.556
0.500
0.501
O. 442
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Figure 16 :

The ratio of RO/R a3 a function of the ratio

of the pressure of competing quencher to

“ithat of cis-2-butene.
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Table 18.

Relative Quenching #fficiencies,
, Cd(aPl} Hg(jpl) Benzene Acetonoe
Quencher -
This . work a' b! c d ot
BEthylene 1.634C.09  1.0% C.90 :16+0.02 C.25 (.16
Fropylene 1.18£0.0% 1,06 G.95  G.5140.04 0.47 (.33
l--ButeIle 10081‘(1109 1016 05(}:{‘0-04 0151 Oui}j}
Isobutene 1.1146.0% 0.95 1.2 Glen
cis-2-Butene (1.00) (1.00) (1.00) (1.00) (l.OO)(l.UQ}
cis-2-Fentene 1.03+0.07 1.4
Trimethyl- \ S, )
ethylene 1.02¢c.1o L.7 +0.2 1.6l 1.4
Tetramethyl- G or s L L
ethylene 0.99+0.11 0.95 3.0 +0.% 2.63 8.7
Butadiene 1.13+0.04 0.93% 15.  8&70.
Acetylene 1.03£0.035  0.96 (.83 0.015
Methyl- - - , ! . :
acetylene 1.24£0.09
Vinyl- NN
acetylene 1’2510'02.
Cyclohexene l.OEf0.0? 0.90
Ethylene—d4 0.96+0.01
Acetylene—d2 0.94+0.10
Propane 0 $0.01 107 0.5 ~0
Cyclopropane 0 +0.02 - 0.026 0.033
a' : Ref. 33. b Ref. 2. ¢ Ref. 65,
d Ref. 66. e' i Ref. 15.
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Table 19 Cd()Pl)mphotosen31t1zed i1somerization
of the mixture of cis-2-pentene und

¢is~2-butene at 270°¢.

Pressure Quantum yield orf

mmHg isgmer~formation
CyHg CsHyy Gl Csll,

o1.3 0 0.500 0

21,3 4.1 0.400  G.om2
21.8 8.67 . 0.550 0.151
1.8 12.8 . 0.325 0.199
22.1 17.7 0.278 0.235
21.8 21.3 0.284 0.301
1l.2 21.4 0.160 0. 349
0 17.% 0 0. 4Gl
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reactions both of pure 2~pentene and of mixtufe”of

2-pentene and 2-butenevphotosensitized by Cd(5Pi).

. As is shown in Table - 20, propylene, n-butane

and l-butene were observed in the_reaction of mixture

of hydrogen and 2-butene photosensitized by Cd(5Pl).
Special search for methylcyclopropaﬁe.formation

which appears in %he reaction of l-butene photo-

sensitized by Hg(5P1)7O>, was made in the reaction

of pure l-butene photosensitized by Cd(BPl). But .

it could not be observed by the gas-chromatogréphy.

- In the case of propane in the presence of cig=- .
2~ butene, hydrogen formation was not observed in the
Cd(5P )—photosenSLtlzatlon but, when pure propane
only was decomposed, hydrogen formation was found
in high quantum efficiency. This result is consistent
with the very small queﬁching efficiency of propane

" for Cd(BPl) atons.

3. Discussion
5-1. ’ Accuracy of results

In the éase of meaguring the quenching efficiency
of olefins, the experimental accuracy is expectéd"
to be very high, because olefinfmolecules quench
strongly Cd(BPl) atoms, and, small amounts 6f side
reaction products and of impurity do not affeét the
main reaction.

v In the~éase of par ¢fin, of which quenching

~( 16 )=



Table 20 : Products from the reaction of the
A mixture of hydrogen and cis-2-butene

_ e
photosensitized by Cd(fpl) at 270°¢.

Pressure Qf | Products Mol
hydrogen . ' Ty .
nnfg CzHg  CuH,, 1-CyHg  6-C,H,, =G,
0 0 ~0 0 : 4,90 30 4
8.92 0.60 0.50 44 28.5
11.9 O.74 0.57  0.11 4,16 27.6
16.6 . 0.90 6.7 0.22 4,20 27.9
21,2 1,10 .0.82  0.19 3.95 26,7
26.8 1.21 0.97 0.22 3.91 27.6
31.7 1.22 1.13 0.26 3.95 25.5
-a

,Pressure of cis-2-butene ; 25.1 mmHg,  light
intensity ; 0.364 ME/min, irradiation time ;

- 50 min.

b tran:--2-Butene, i

- © cis-2~Butene,



efficiency is very small, negligibly small amounts
of olefin brings the large experimental error.
“ The fluctuation of light intensity may bring
large experimental error. But in these experiments,
the light intensities of the lamp were checked . by
carring out in each measﬁrment the ggﬁ—ggggg'l
isomerization of pure 2-butene immediately after
the measurement.

More serious .systematic errors may arise from

neglecting the following reactions,

Ca(’F)) + Q—>0d o+ F (43)
R  + B -5y o+ B (44)
where, Q*Qis the excited quencher molecule which

can transfer its energy -to 2-butene and cause the
cis-trans isomerization. If reaction (44) is involved
in the mechanism, the observed value of kq/.kb may
become smaller than the true value or the linear
relétionéhip between R_/ R and LQ)/(B) may be broken.
But,.in every case, the plots of RO/ R vs.(Q)/(B]
showed a straight line»és is shown in Fig. 16.

To eliminate above possible reaction (44),‘investigatiqns
with the mixture of cis-2-butene and cig-2~pentene )
wére carried. out. Because the reaction of 2-pentene
is expectéd to resemble to;that of 2-butene, 2-pentene
molecule acts as quehcher and also as detector.

The observed ratio of kq/kb measured from the

isomerization of cis-2-butene is found to be same as

~(.88 )=



that measured from cis-2-pentene. As is shown in
- Fig. 17, the total qua@?um yield of isomer-formation
“of 2-butene ahd of 2-péﬂﬁene was-O.S for all
concentration ratios of 2-pentene to 2-butene.
This result shows that the possible reaction (44)
'may be practically negligible in the case of the
compounds investigated here.

As is shown in Table 1%, the relative Quenchiﬁg
efficigncies obtained with this method satisfactorily
coincide with those measured with the physical

methodBB).

5—2; .Isotope effect

As is shown in Fig; 18 and Table 18, the isotope
effect for quenching Cd(5Pl) atoms by acetylehe an@
ethylene is negligibly small. Gunﬁing et. al.l)
found vefy large isotope effects in the reactions
0of propane and isobutane photosensitized by mercury
and concluded that the on~bond in the hydrocarbons ‘
interacted with p-orbital of Hg(BPl) atom. The lack
of isotope effect and émall,quenching‘efficiency of
paraffin suggest that the intergction of p-orbital
of CA(’P;) atom with ov-bond of hydrocarbon is

very small.

3-3. Comparison with other sensitizers
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Figure 17 o Quantum yields of isomers formed in the

lreaction of the mixture of cis-2~butene
- and cis-2-pentene photosensitized by Cd(BPl)
~at 270°¢,
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: Isotope effect in the quenching efficiency

of acetylene for Cd(ﬁPl)‘atoms at 270°¢,
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The logarisnms of the relative quenching'
efficiencies are plotted against the excitation .
venergies of olefins which were calculdbed by Sato
and Cvetanov1c7 ) ( Pig, 19 ). As is shown 1n Fig,
19 the trend of Quenching efficiencies in the Cd(

P )»photo&en81tlzatlons is similar to thdt in the .
Hp(jP )= ~photosensitization but different from those
in triplet: benzene- and acetone~phobosen61t14dtlono,
in spite of Lhdt the energy tranbierred in the Cd(’} )
photoscn51tlzatlon is close to that in Lhe benzene~
photosensitization., These results suggest that the
difference results from the difference 1n Lhe nature
of sensitizer. The nature of 1t -orbital ‘in the
trlplet benzene and acetone may be different from the
p-orbital of cd(ﬁPl) atom and Hg()Pl) atom, and the

' activated complex for energy trangfer reaction in
the benzene- ang acétohe«photosensitizations may
be different from that in the Cd(3P1)~ and Hg(aPl)~
photosensitizations. -
These experiments, however do not exclude the
pOSSlblllb} that the dlfference might be due to the
higher temperature used in the Cd()P )-photo-

"

‘beualplaatlon.
S=tp, Quenchlng by hydrogen

As is shown in Table 20 a large amount of side

‘reactlon products was observed in the redctlon of
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:  Plots of kq/kb as a function of the excitation
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- the mixture of hydrogen and 2-butene photosensitized -
by Cd(BPl). Because of the rapid side reaction, the
relative quenching efficiency of hydrogen was not
determined with this method.

These reaction products may be explained as

follows;
aC’P) + ¢ —>od 4 B (k) (%)
0a(’P)) + H, —» CdH  + H (k)  (zu)°
04}}5 + H — Cly [t CHg (&)
2 C,H — CyH o+ C,H, (45)

Butenes formed in the reaction (45) may contain .-
l-butene,.ﬁggggv_gpd cis-2-butenes. Then the rate of
isomerization of émbuténe is disturbed by the reaction
(45), this is the reasoh;fhat the relative quenching
efficiency of hydrogen could not be determined with
Hﬁsmmmwd

The'steadyustate treatment of the above mechanism
gives the following relatibn;

le/(‘}’ OxH

C 7 (1 +. ke/ka )C 1+ /iy )([BI/[H])) (xXvr)

where, (bo q | is the guantum yield of propylene-

formation. Fig. 20 shows the plots of | /¢ c.p. VS-

; 376
[B]/{ng. The value of kb/kh is calculated from the

slope and intercept of the straight line in Fig. 20
by the method of least squares to be 1.24 + (.20.

The quenching efficiency of hydrogen is very large

'
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Figure 20 : 'Plots of the reciprocal of the quantum

yields of the products formed in the
peaction of the mixture of . hydrogen
and gig—EQbutene photosensitized by Cd(5Pl)
as a function of the ratio of the
pfessure of cis-2-butene to that of
hydrogen.
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compared with that of paraffin.

Keng Yang has proposed the two factors which
»determines the iifetime of collision complek of -
%araffin and Hg(5Pl) aﬁom in the mercury-photor
éensitization, i.e., one is the poralizability of
paraffin which determines the rate of the deoompositioh
of the complex back to the reactants and the other |
is the C-H bond strength which determines the rate
of the decomposition of the cqmplex to HgH and R72>.
Namely,,

k k
 ug(PEy) RH::rfxf (Hge HR) —S HgH + R (46)
v..If this.assumption is operative in the quenching
fdrle(afl) atom by paraffin and hydrogen, the reacltion
mecﬂanism (46) may be used as it is by replacing
Hg by Cd, the rate cons%ant (kq) for quenching Cd(BPl)

atom may be expressed as follows,

kg = kg kg /Cky o+ k) | (XVIT)
1f kcg’kb" kq = k_. This may be the case for hydrggen.
Ir kcétkb, kq = kakc/kb' This may be the case for
paraflin.
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SUMMARY

. Thé Cd(BPl)—photosensitiied-reactions of
2-butene, ethylene—dg, acetylene and other hydro-
carbons have been investigated. The results are
summarized as follows. |

(1). 2-butene : Main reaction was the cis-trang

isomerization. Practically no decomposition products
were observed; The feature of cig=trans isomerizabtion
reactién,was found to be similar to that of the
benzene-photosensitization.

(2). ethylene-d, : Main reactions in the Cd(BPl)»
photosénsitization were cis-trans isomerization and
H-atom scrambling reaction; Very little decomposition
was observed. The isomerization reaction was very
similar to that of the photosensitizations by benzene
and benzene derivafiveé.

(3). acetyleme : Main products in the Cd(’P,)-
‘photosensitization‘were benzene and vihylacebylene.

The formation of these products was interpreted by

the excited molecule mechanism.

(4). quenéhing efficiencies of hydrocarbons : The
relative quenching~effiéienciesﬁfor Cd(éPl) atoms

were determined of sixteen hydrocarbons by the chemical
method which used the cis-trans isomerization reaction
of 2-butene as -a detector reaction. The trend of thel

quenching efficiency was similar to that in the

-( 97 )~



mercury-photosensitization but differred from that
in benzene- and acetone-photésensitizations3 in spite
of that the energy transferred in the Cd(éP )-photo-
éen51t1zatlon is close to that in the benzene»photo~
sensitization. This suggest that the strong .
dependence obgserved in quenching triplet benzene

and acetone is not due to the small amount of enelby

transferred in the photosensitization.
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