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: 

The photochen&y of ketene-haj been’studied’at 3130,334O Ad 3660 A. k chemical t&ping technique &used to 
determine the relative singlet methyicne~quantum yields. At a ~ressirre of = I20 ;orr the 3130:3340:3660 A C&(‘A,) 
quantum yield ratio- is f .0:0.16:< 0.0006. One of the majar imp#ieation~ of this result is that the fraction df nikthyfenes. 
which are sin&ets at 3660 A is smaller than-reported prerioudy. 

The photolysis of k&me in the 2600--3700 2$ wa\ie-- .mediate f9f . ft is also thought that ‘photokxcitation 
length region yields both singlet (’ Al) and tripkt t3 Bl ) -&.I the.2600-3700 I% wa@elengtb region initially pro- 

methylene radicals ff -51. Ethylene and carbon mon- duces the fks~ excited singlet stat~.of ketene (‘A$ 
oxide are the principal products and the following : [Io,Ir]. 
mecha&sm is consistent with quantum yields meas-. : These resuits suggest .tbat the photodhemistry of 
urements of their formation ]6-8] ketene is quite comphcated. Determi$ng the specifc 

CH,CO+hv+CHZCO*, (i, 
electronic states involved in the photochemical mecha- 
nism and their relative importance will not be art euy 

CH,CO+ --f CH.j +, CO, ’ (2) 
task. Another compfic&io~ is that no fluorescence or 

phosphomscence has been obse&eh f12J and a meas- 

CH, + CH,CO + C2Ha +‘CO. .- ‘. (2) 
urement of the energy dependence of the non-radiative 

rate emrot be made to help deduce the’ photochemical 
l$e specie; C&-l$XP represents aht the.etectronic states . . macha&m [I3 J . Howtiver, measuremems of the in- 
wi&h cotdd participate in the photodeco&position of dividual-q&&m yields of,CH& A,) and CHz(TE, j’. 
keterii: and CH2 represents both the singlet’and triplet formation as a function of photon ene&y would pro- 
inethylenes. v-ide considerable insight.into the microscopic photo-’ 

@vious studies of,ketene photo&her&try in-the .- dissociation mechanism. In this paper we describe z~ri 
2600-3700 A region [2-8 f have established that: (I) expetie&d technique for meG&ng the CH# A,) 
he primary quantrxm yield df ketene photodissociation qwtuti yieId a$_ a’ fuirE;tion ‘of energy and present 
is’equal to one half the quantim yield of carbon man- ‘some preliminary results,. : 
oxide formatiori; @m;:(2) the variatiorrof Gjm isde- 1. The experimental -tech&&e we empI& is $ased -on 1 
pendent on both temperature and wavelengthj (3) the .’ the obs&vation &tit CH# A, ).radicals inset into both 
qefo pres+ QTCO is forind .to increaa& from 0.04 & the C---H z&d %+ bonds of a&yh&n~s [14;25] whi& ._ 

.., 3660 A to unity as-the wavele&h is decr&sed;.and~..“ . . CHZ(~L$)_ radicaIs pr~fere@izlly abstract thhe.Ff&oms 
~-- (4)_the fr&ion ofthe_meth$e&es’whjch are triplets: ! ,,,.’ from Si+rqnds~.ff4;16] .;lri.this study &&IRS of 
_ ~~3Bi).incr&+es as the wFveteng& i&creased, h, &$c& d~~~y~~~~.(DMS) tid ket&&~&itha$d h&out 

_‘tidn tii 6x3 @ove,:it has.&+ q@#ed that-some: bf : -- .. ‘. : c&y@& -werephotoi~?ed~~l31~.~, 3340 a&3660 A.“‘ ..- 
.~ the CHi(l. A;-) ri&+ are formed. via “; $+&e inter- ‘. .’ . . f&y&n molecules: are efficient ‘S+v_errgers for $iplet :~.: : .” : .: ‘_ ._ -, . . .- ..~ 
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methylene and any doublet radicals [14-161. The rel- 
ative quantum yield of CH,(lA,) formation was deter- 
mined by measuring the quantum yield of me~y~et~yI- 

: silane. @%Es)_ 
Ketenel was prepared by acetic anhydride pyrolysis 

at S40°C and purified by trap to trap distiilation. 
DimethylsiIane (DMS;i was prepared in vacua by the 
reacticn of dimethyld~chlorosiIane with LiAlH, in 
d&&y1 ether. The photolysis system consisted of a 
200-W super pressure mercury arc lamp (HBO-2001 
Osram) and a 0.25 meter JarrelI-Ash monochromator 

: with 2000 ,U slits (66 IL resolution). In addition to the 
monochromator, Corning falters & 7380 and + 5860 
were used for the 3660 A photoiyses to ensure the ex- 
clusion of the 3 130 A and 3340 A mercury lines sGk.ze 

the ketene photodissociation rates [6-S] and extinc- 

tion coefficients are larger at 3130 A and 3340 .& than 
,366O A”. For the 3660 A photolyses no emission was 
observed at 3130 a, and the emission intensity at 3340 

A ww fogi orders of ~la~tude smalkr than that at 
3660 A. The emission intensity at 36OC! A and 3700 A 
was more than three orders of magnitude smaller than 
&at at 3660 A. A 20.1 cm3 cylindrica! quartz vessel 
with two flat suprasti end windows of 2.5 cm o.d. was 
used for all photolyses. Relative light intensity was 
measured with a lPZE$ ~hotomu~tip~er tube. The pro- 
ducts rnethy~ethyis~anl~ (MES) and t~e~yls~ane 
(T&IS) were analyzed by &c on an I1 ft., l/4” o.d. 
column packed with 30% di-rz-butylphrhalate on chro- 
mosorb P (60/80) oper;!tcd at room temperature. The 
relative amounts of TIMS and MES were measured in 
terms of their retention times and peak heights. The 
TMS/MES reiadve sensi%%y was determined by fitting 

a previous measurement of TMS/MES [ 151. The .photo- 
lysis of ketene was less than 1% for all experiments. 
All expetiqents were performed at room temperature, 
x.23°c. 

h~e~~le~e radicals produced by ketene photolysis 
can undergo the following important reactions with 
dimethylsilane and ketene: 

CH2(’ A,) -+ DMS -+ TMS, (4) 

CH.#A,) + DMS + h&S, (3) 

* The ketene extinction coefficients were measured on a Gary- 
‘. 14 Spccmphototieter. They are 11.1, 11.7 and 2.89 P mole” 

cm-! at X30,3340 and 3660 A, respectively. 

CH,(‘A,) f CH$O+C,H, + CO, (6) 

CH,C3 B,) + DMS + CH, + SiH(CE$),. (71 

CH2(3B,)+CH2CO+C,H, +CO. (8) 

The measurements of TMS/MES and relative MES 
quantum yields (ahr~s X constant) are given in table 
I _ At 120 torr both TMS and EMS are col~sion~y 
stabilized [I 63 . No sttempt was made to measure CO, 
CzHq. or other possible products. me values oFG~~R 

are insensitive to variations in the DMS/CH,CO ratio, 
which is in agreement with previous measurements of 
singlet methylene reiative reactives [ 17,l S] . A very 
important result is the absence of any MES fo~at~~n 
at 3660 A. The limiting vaIues given at 3660 A are 
based upon the sensitivity of the gas chromatograph. 

The ratio of TMS/MES resulting from singlet meth- 
yIene reaction is 2.3 i 0.1 [15]. Ratios higher than 
&is are evidence for tripiet methylenes, since recom- 
bination of CH3 and SiH(CH,), radicals from reaction 
(7) yield TMS. At 3 130 A the TMS/MES ratio is inde- 
pendent of the amount of 02 added. This result is in- 
dicative of a small CH2(3Bl) quantum yield at 3130 
A. In contrast, at 3340 and 3660 ii the TMSiMES ratio 
is dependent upon the amount of 0, added, which in- 
dicates the presence of triplet methylenes at these wave- 
Iengths. 

As shown in table 1, varying the per cent Oz may 
effect the MES quantum yield. No effect is seen at 
3130 or 3660 A. However, at 3340 a the MES quan- 
tum yieid increases as the percentage of O2 is decreased.. 
The result at 3660 i? is understandably since no MES 
is formed. Oxygen can quench the excited singlet state 
of ketene by intermolecular singlet enera transfer [ 191. 
That oxygen effects the 3340 A but not the 3130 A 
MES quantum yield, agrees with the longer fifetime 
for ketene relative to photo~sociation at 3340 A 
compared to 3 130 A f7] . 

The most striking result in table 1 is. the timatic 
change in the MES quantum yield as a function of 
wavelength. The 31_30:3340:3660 MES quantum yield 
ratio without 0, added is t .O:O.l&< 0.0006. We may 
equate the MES quantum yield to the CH2(lA,) quan- 
tum yield, 91, if DMS only traps singlet methyfenes 
and therefore does not induce intersystem crossing, 

CH,(IA,) f DMS -+ CH,(3B,) + DMS. (9) 
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Table I 
Rebtivc quantum yields of trime~yls~a~e and methyle~y~~~e 

Photolys& 

time (hours) 
PCH2C0 % 

ThfS 
ElEs 

%JEs 
x constant 

0.25 

0.25 

0.50 

0.5 

1.5 
2.0 

1.0 

3.0 

1.5 
2.0 
3.0 

3.5 

4.5 

2.0 

4.c 
25.0 

24.0 

24.0 

3130 & photolyss’s 
104 20 17 2.34 1.04 

102 22 11 2.35 0.98 

101 20 1 2.2b 0.99 

LOO 23 0 2.30 0.98 
avsrage 1.00 

3340 A pho,tolyss 

95 27 22 2.30 0.132 
99 22 18 2.30 0.134 

100 18 18 2.25 0.141 

10.5 13 15 2.34 OL28 

102 14 14 2.26 0.130 

99 12 12 2.34 0.131 
99 20 9 2.26 0.1140 

avenge 0.134 

98 22 1 2.66 0.154 

101 21 0 2.88 0.160 

102 20 0 2.99 0.163 

3660 A phatofys& 

i02 26 36 < 0.0030 
98 35 17 c 0.00036 

96 20 1 > 37 += 0.~0~66 

99 22 0 > 85 < 0.00060 

t)) The quantum yields at i particular waveIength are accurate to within = 10%. 
Pressures are expressed in ton. 

cl iqG MES was farmed during any of the 3660 A photolyses. TMS/MES 2nd Q%¶,IEs X constant v&es zre knits determined by the 
sensitivity of the @gas chromatograph. For expeiimer& with TMS/MES given by - neither This or MES were formed. 

in contrast to the relative CH2(1 A*) q~a~t~lm y&Ids 
measured here, the absolute quantum yiefds for ketene 
association at 120 torr are 0.7CJO.36 and 0.006 for 
photolysis at 3 130,334O and 3660 I%., respectively [7f . 
Qualitatively, this shows that the CH,(3BI) photodis- 
sociation quantum yield, @j, is not as energy dependent 

as that for CH#Al). If we make tife ~ppr~x~~~~ as- 
sumption that. 120 ton of our DMS-CH2CO mixture 
is eqnjv~e~t to 120 torr of CH$XI we can use the 
ketene dissociation quantum yieldstp, cakukte the rel- 
ative fraction of the metbylenes forrred by photodis- 
sociation which are singlets, Gp, l(er + @YJ). Thus, we 
find_ the 3 130:33$0:3660 r&a for the relative vzdues 

59 

However, in relating relative MES quzntcrm yields to 
relative CH#A,) quantum @Ids all that is requ~ed 
is that the ratio of the rate of reaction (9) to reaction 
(5) is the same af all wave~eRgt~s* Previous measure- 
ments of relative rates of collision induced CHz(l A,) 
--f CKZ(~ B1) intersystem crossing [20,22] ard relative 
rates of Cl-I&Al) i~~sertion [l&22,23] indicate that 
there is no wavelength dependency for the relative 
rates of eeactions (5) and (9). Therefore, it seems valid 

to equate the relative CH# AI ) quantum yields to 
the relative MES qua~~rn yields. It should be noted, 
that the ~nd~~~dence of the TMSiMES ratio at 3130 
A with per cent O2 indicates that the concentration 
of C&(3 B, ) raciical~ is smsll and that reaction (9) 
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of *$$*- Q&J) is 1.0:0.31:< 0.07. 

Previous, determinations of the fraction of single? 
methylene versus wavelength have involved measure- 
ments of both singlet ;tnd triplet methylene products 
Without doing relative quantum yield studies [ 1-51. 
These earlier results arz in genera1 agreement with ours: 
i.e., they show a decrease in the singlet methylene frac- 
tion with increase irl wavelength, However, those studies 
do not show nearly as large a change in the singlet 
methylene fraction with wavelength as does our result. 
These earlier studies also ~dicated that a signi~cant 
frzction 0f cbe rnethylenes were singlets at 3660 A. 

For example, DeGraff and Kistiakowsky 131 report 
the per cent meihylenes which are singlets at 2900, 
3 f 60,334O and 3660 A as 67,59,39 and less than 
4G%, respectively. Carr and Kistiakowsky [2] found 
the per cent singlet methylenes to be 85,85,70 and 
60% at 2800,3130,3340 and 3660 fi. Using propane 
to monitor singlet and triplet methylene products, Ho 
and Noyes [4] found the percentages ofsinglet meth- 
ylenes to be 80% at 2800 _& and 23% at 3800 A. With 
rratrs-2-butene as a methylene monitor, Ho and Noyes 
(41 find the singlet methylene percentages to be 87% 
at 2800 A and 42% at 3800 A. in the most recent 
study of this type, Eder and Carr [5,24] find that 13% 
and 7 I % of the methylenes are singlets at 3500 and 
3 130 A, respectively. our results are in considerabie 
disagreement with all these studies except that of Eder 
and Carr. 

‘There are several possible explanations for the dif- 
ferences between our measurement of the relative vaI- 
ues of @I /(a1 + Q) and the earlier measurements of 
per cent singlet methylene versus wavelength. As has 
heen pointed out previously [25], CEIZ(‘A~) + 
CH,(3Br) collision induced intersystem crossing may 
be important in studies of ketene ~hotoche~st~. If 
this is the case, yields of triplet and singlet methylene 
products would not reflect the singist and triplet meth- 
ylene photodissociation quantum yields. Also, because 
of the large decrease in singlet methylene formation 
at 3660 A relative to 3340 and 3130 A, it is necessary 
to exclude L&e 3130 and 3340 8, radiation if~meaning- 
ful measurements are to be obtained at 3660 .& The 
previous reports of high fractions of singlet methyienes 

at 3660 I% may have been due to the lack of mono- 
chrcrrtaticity in the phatolysis system*. As discussed 
above, rrear monochromatic radiation was achieved for 
our 3.666 A photolyses..Finally a comparison of our .’ 

60 - ‘, .‘. 

. 

iao.0 t 

_-_ 

Fig. I. Er,ergetics for CHsCO photodissociation. 

study with the previous ones is inherently difficult dus 
to the different pressures and bath gases used. Inelastic 
cohisions with the excited ketene molecules will lower 
their average energy from that when they are formed 
initially. Therefore, measurements of a,, and @‘3 at 
pressures grtater than zero will not represent the quan- 
tum yields for the initial!y excited ketene molecules. 
The difference between the measured quantum yields 
and those,at zero pressure will depend upon the pres- 
sure and the ability of the moderating gas to de-ener- 
gize the excited ketene molecules. 

An explanation for the wavelength dependency of 

@t /@I + ‘-I-J~) is given by the energetics of ketene pho- 
tochemistry, as shown in fig. !, The 1 A2 state of ketene, 
S, , is though to be < 61 kcallrnole above the ground 
state, S, [l I ] _ If the 1 A2 and 3A, separation in ketene 
is close to that of similar moiecules, the T, -So separa- 
tion is G 55 kcal/mole [l l] . Using measured values for 

heats of formation, the separation between 
So [CH:!CO(' A,)] and CHZ(~ B,) and CO is 79 kcall 

* The difficuity in achiwin~ ~o~~hromat~c xzdhtion at 3660 
ip is also ctiscusszd in ref. [ZO] _ 
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mole [11,17] _ The CH,(‘A,)-CH,(3Bt) separation 
is placed at 9 kcallmole. This agrees with both quan- 
tum mechanical [26-281 and photochemical [29] * 
determinations of this separation. As sholvn in fig. I, 
a vibrationally excited S, state is formed at each of 
the wavelengths. However, the probability that the ex- 
cited state contains sufficient eneru, including ther- 
mal energies, to ultimately form CHz(lA,) radicals 
decreases as the wavelength is i;rcreased. Therefore, 
the decrease in a, I(@,, f cfjj) with increasing wave- 
length seems to reflect the CH, singlet-triplet split- 
ting. However, a complete understanding of our ob- 

served increase in Qti(Qt + Q3) with excitation ener- 
gy requires knowledge of the rates and energy depen- 
dence of the non-radiative paths which form the sin- 
glet and triplet methylenes, and the effect of inelastic 
collisions on the initiahy excited S, molecules. 

We are currently extending this study to different 
pressures and wavelengths to determine the exact shape 
of the singlet methylene quantum yield as a function 
of energy, the rates of singlet methyiene formation, 
and the zero pressure singIei methylene quantum yields. 
The results should be very useful in deducing the im- 
portant nonradiative processes involved in ketene pho- 
tochemistry. 

This work was supported by the donors of the 
Petroleum Research Fund administered by the Amer- 
ican Chemical Society and by the Research Corpora- 
tion. WLH wishes to thank Professor Ed Lim and Dr. 
Greg Gillispie for many stimtilating discussions. 

* In ref. [30) CHZCO was phorolyzcd at 3130 A, and the dis- 

sociation rate of CzHc, formed by CHz(' A,) + CH4 inser- 
tion, was measured. The rate. constant was analyzed using 
the RRKM theory and a value of 2.5 kcal/mole deduced for 
the CJ-J2(‘At)-CH2(3B,) splitting. However, the critical 

configuration used by Halberstadt and McNesby in their 

RRlChl ulculation will not fit the thermal rate of CzHe dis- 
sociation. A r-e-nneJysis of the rate constant measured by 
Halberstadt and McNesby using a critical configuration which 
fits the thermal rate of ethane dissociation shows their data 
is consistent with a CHz(‘A,)-CHz(3Br) splitting of 9 
kcal/molr [31! Carr et 4. [24), suggest a lower CHz(' Al) 
-CH2(3Bt) splitting of 1-2 kcal/mole. This value is de- 
ducedby associating Qt and @a to measurements of singet 
and triplet methylene products and assumin% the dissocia- 
tion of excited ketene to form CHZ(~AI) end CHZ(~BI) 
can be dezciibed by Arrhenius equations with similar A-fac- 
tors for singJet and tiiplet methylene formation. 

References 

ii1 

121 

I31 

[4i 

is1 

161 

[‘I 

LlOl 

Ill1 

[I21 

1131 

1151 

t151 

[I61 

[I71 
[lgl 

1191 

1201 

[211 
[221 

1231 

t241 

t251 

J.W. Simons 2nd B.S. Rabinovitch, J. Phys. Chem. 68 
(1964) 1322. 
R.W. Carr Jr. and G.B. Kistikowsky, 5. Phys. Chem. 70 
(1966) 118. 
B.A. DeCraff and G.B. ICistiakowsky, J. Ph_vs. Chem. 71 
(1967) 3984. 
S. Ho and W.A. Noyes Jr., J. Am. Chem. Sot. 89 (1967) 
5091. 
T.W. Eder 2nd R.W. Carr Jr., J. Phys. Chem. 73 (1969) 
2074. 

A.N. Sttachan and W.X. Noyes Jr., J. Am. Chem. Sot. 
76 (1954) 3x3. 
B.T. Connelly and C.S. Por:er, Can. J. Chem. 36 (1958) 
1640; 
C.B. Porter and B.T. ConneUy, J. Chem. Phys. 33 (1960) 
81; 
G.A. Taylor and G.B. Porter, J. Chem. Phys. 36 (1962) 
3353. 
A.N. Strachan and D.E. Thornton, Can. J. Chem. 46 
(1968) 2353. 
DC. Montsgue and F.S. Rowland, J. Am. Chem. Sot. 93 
(1971) 5381; 
R.L. Russell and F.S. Rowland. J. Am. Chcm. Sot. 92 
(1970) 7508. 
J.W. Rabalais, J.M. McDonald, V. Scherr and S.P. %fCcb’M, 

Chem. Rev. 71 (1371) 73. 
A.H. lzufer and R.A. Keller, J. Am. Chem. Sot. 93 

(1971) 61. 
G.B. Kistiakowsky and B.H. hlahan, J. Am. Chem. Sot. 
79 (1957) 2412. 
S.F. Fischer, A.L. Stanford and E.C. Lim, J. Chem. Phys. 
61 (1974) 582; 
J.C. Hsieh, C. Husng and EC. Lim, J. Chem. Phys. 60 
(1974) 4345. 
C.J. hlazac and J.W. Simons, J. Am. C%=m. Sac. 90 (1968) 

2484. 
W.L. Hose, W.G. Brieland and J.W. Simons. J. Phys. Chem. 

73 (1969) 4401. 
W.L. Hase, W.G. Brielsnd, P.W. SlLGrath and J.W. Simons, 

J. Phys. Chem. 76 (1972) 459. 

K. Dces and D.W. Setser, J. Phys. Chem. 75 (1971) 2240. 
W.L. Hase and J.W. Simons, J. Chhem. Phys. 54 (1971) 
1277. 
E.K.C. Lee, X1.W. Schmidt, R.G. Shortridge Jr. and GA. 
Haninger Jr., J. Phys. Chem. 73 (1969) 1805. 
T.W. Eder and R.W. Carr Jr., J. Chem. Phys. 53 (1970) 

2258. 

R.A. Cox and K.p:. Reston, Csn. J. Chem. 47 (1969) 3340. 
AX. Dhingra and R.D. Koob, J. Phys. Chen. 74 (1970) 
4490. 
P.M. Kelley, W.L. Hase and J.W. Simons, J. Phys. Chem., 
to be published. 
R.W. Car Jr., T.W. Eder end hI.G. Topor, J. Cbem. Phys. 

53 (1970) 471ti, 
J.A. Bell, J. Phys. Chern. 75 (1971) 1537. 



VolG~e 35, number I CHEMICAL PHYSICS LETTERS 1.5 August 1975 -. 

[%j PJ:W~y, W.J. I&-it azd W.iGoddard III; &em, phys. R.J. Phillips, MS. T&&i, New ,Mexico State U~i~eisity, 

[271 

[ZS) 

f29! 

Letiers 13 (1972) 30. bs Cruce~, New Mexico. 
C.F. Bender, HT. Schaefer, D‘.R. F~ncesch~ttj and L.C. [3tl] M.L. ~aIberstadt and J.R. h&Se&y, J. Am. Chem. Sot. 

AIM, J. Am. Chem. Sot. 34 11972) 6888. 84 (19Cif) 4317. 
M.J.S. Dewa, R.C. Haddon and P.J. Weiner. 1. Am. [;I] W.L. Hare, J. Cfiem. Phys. 5’7 (1972) 730; 
Chem. SOC. 96 (1974) 253. F.B. Crowcock, W.L. Hase and J.W. Simor.s, Intern. J. 
W.L. ?&se. R-J. Phillips and J-W_ Simcns, Chtm. Phys. Chem. Kinetics 5 (1953) 77. 
Letters 12 (197lf 1151: 

: 
:,. 

‘62.‘. 


