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) The photochemlstry of ketene has been studxed at 31 30 3340 and 3660 A. A chemlml trappmg techmque was used to
" .determine the relative singlet methyicne quantum yields: At a pressure of =~ 120 tosr the 3130:3340:3660 & CH,('Ay) -
quantum yield ratio-is 1.0:0.16:< 0.0606. One of the major xmphcaﬁons of thls result is that the fractmn of methy!enes -

which are singiets at 3660 A is smaller :han repcrted prevxaus!y

 The photolysis of ketene in the 26060—3700 A wave- .

- Iength region yields both singlet (* A{) and triplet GBy) -
methylene radicals [1—5] . Ethylene and carbon mon-
~oxide are the principal producta and the following

" mechanism is consistent with quantum y:elds meas--.
urements of their fOImatIOH {6—8]

»CH,,CO-th—*CHzCO R 1_(‘1)7
CH,CO" > CH, +.CO, S e
CHQ*!-CH,CO-)C,H(;*PCO IR N

The species CH,CO* represents all the electromc states -

. which could participate in the photodecompomtxon of -
_ketene and CH, represents both the singlet and tnplet '

o metbylenes o

- Previous stuﬁnes of ketene photochemlstry in the -

: 2600~—3700 A region [2—8] have established that: (1)
the primary quantum yield of ketene phctochssacsatlon '

. ‘is'equal to-one half the quantum yield of carbon mon-

~ oxide formatwn, B {2) the variation of Do isde- .. ,

. the observation that CH,( A) radicals inset into both -

' 'the C—H and Si—H bonds of alky!sx}anes {14;15] while".

o 'CH9(3BI) radicals preferentially abstract the H-atoms

" from Si~H bonds [14,16] . In this study mixtures of

. pendent on both temperature and wavelength; (3) the -
- g_zero pressure d‘:}CO is found to increasé frorm 0.04 at’
" 3660 A to unity as the wavelength is decreased and
- (4) the fraction of the methylenes which are tnplets
R G Bl) mcreases as the wa.velength mcreased In addi-.
-+ tion to the above, it has been suggésted. that some of

the CHZ(I Ap) radzcals aré formed via an oxirene inter

' mediate [9]. It is also thought that photoexcitation

- in the 26003700 A wavelength region initially pro- - -
duces the first exciied singlet state-of kctene ( Az 13

: o,11].

These tesusts sugbest that the photochenustry of .

. ketené i is quite comphcated Determining the specific

electronic states involved in the photachemical mecha-
nism and their relative importance will not be an easy
task. Another complication is that no fluorescence or

_phosphorescence has been observed [12] and a meas-

- urement of the energy dependence of the non-radiative
_rate cannot be made to help deduce the photochemical -
. mechanism [13]. However, measurements of the in- -
- dividual quantum yields of CHz(l A;)and CH2(3BI)'-_ o

formation as a function of photon energy would pro- -
- vide considerable m»sxghtﬂmto the microscopic photo-
*disscciation mechanism. In this paper we describe 2n.
B ”.expenmentai techmque for measuring the CHz{1 Ay) -
, quzmtum yield as a function of ¢ enesgy anu present
* .some preliminary results. . :

"The expenmental tet‘hmqué we employ 1s based on’ N

dzmethylsx}ane (DMS} and ketene with: and w::hcut '

Toir;).rgen were’ ph)toiyzed at: 3130, 3343 and 3660 A,
‘nygan malecules are:

clent scavengers fO: tnplet




- Voldme 335, ni:mbezl

. methylene and any ‘doublet radicals [14—16]. The rel-
- -ative quantum yield of CH,(1 A|) formation was deter-
* mined by measuring the quantum yield of methylethyl-
. silane. (MES).
.. ‘Ketene was preparu‘ by acetic anhydride pymlysxs
at 540°C and purified by trap to trap distillation.
, 'D1metnylsﬂane (DMS) was prepared in vacuo by the
. reacticn of dimethyldichlorosilane with LiAlH, in
- dibutyl ether. The photolysis system consisted of a
200-W super pressure mercury arc lamp {HBO-200,
Osram) and a 0.25 meter Jarrell—Ash monochromator
* with 2000 i dlits (66 A resolution). In addition to the
monochromator, Corning filters = 7380 and # 5860
were used for the 3660 A photolyses to ensure the ex-
clusion of the 3130 A and 3340 A mercury lines since
the ketene photodissociation rates [6—8] and extinc-
‘tion coefficients are larger at 3130 A and 3340 A than
3660 A™. For the 3660 A photolyses no emission was
‘observed at 3130 A, and the emission intensity at 3340
- A was four orders of magnitude smaller than that at
3660 A. The emission intensity at 3600 A and 3700 &
was more than three orders of magnitude smaller than
that at 3660 A. A 20.1 cm3 cylindrical quartz vessel
with two flat suprasil end windows of 2.5 cm o.d. was
used for all photolyses. Relative light intensity was
measured with a 1P28 photomultiplier tube, The pro-
- ducts methylethylsilanc (MES) and trimethylsilane
(TMS) were analyzed by glpc onan 11 ft., 1/4" o.d.
column packed with 30% di-rz-butylphthalate on chro-
mosorb P {60/80) operated at room temperature. The
relative amounts of TMS and MES were measured in
terms of their retention times and peak heights. The
TMS/MES relative sensitivity was determined by fitting
a previous measurement of TMS/MES [15]. The photo-
lysis of ketene was less than 19 for all experiments. -
All experiments were performed at room temperature
~.23°C.
Methylene radicals produced by ketene photolyszs
can undergo the following important reactxons with
dimethylsilane and ketene: :

CH,(*A,) +DMS > TMS, @
cH,lA)+DMS>MES, ()
* The ketene extinction coefficients were measured on a Cary-

. 14 ipectsophotometer. They are 11.1, 11.7 and.2.89 € mole™!
© em™! at'3130, 3340 dnd 3660 A, respectively..
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CH,('A,) + CH,CO ~ C,H, + CO, (6)
CH, (3B, )+ DMS > CH, + SiH(CH,),. @
CH,(*B,) + CH,CO - C,H, + CO. ®)

The measurements of TMS/MES and relative MES
quantum yields (®ypg X constant) are given in table
1. At 120 torr both TMS and EMS are collisionaily
stabilized [16]. No attempt was made to measure CO,
C,H, or other possible products. The values of Tprg
are insensitive to variations in the DMS/CH, CO ratio,
which is in agreement with previous measurements of
singlet methylene relative reactives [17,18]. A very
important result is the absence of any MES formation
at 3660 A. The limiting values given at 3660 A are
based upon the sensitivity of the gas chromatograph.

The ratio of TMS/MES resulting from singlet meth-
ylene reaction is 2.3 £ 0.1 [15]. Ratios higher than
this are evidence for triplet methylenes, since recom-
bination of CHy and SiH(CHj), radicals from reaction
(7) yield TMS. At 3130 A the TMS/MES ratio is inde-
pendent of the amount of O, added. This result is in-
dicative of a small CH,(3B, ) quantum yield at 3130
A. In contrast, at 3340 and 3660 A the TMS/MES ratio
is dependent upon the amount of O added, which in-
dicates the presence of trxplet methylenes at these wave-
lengths.

As shown in table 1, varying the per cent O5 may
effect the MES quantum yield. No effect is seen at

3130 or 3660 A. However, at 3340 A the MES quan-
. tum yield increases as the percentage of O, is decreased..

The result at 3660 A is understandable since no MES

is formed. Oxygen can quench the excited singlet state
of ketene by intermolecular singlet energy transfer [19].
That oxygen effects the 3340 A but not the 3130 A

- MES quantum yield, agrees with the longer lifetime

for ketene relative to photodissociation at 3340 A
compared to 3130 A [7].

- The most striking result in table 1 is the dramatic
change in the MES quantum yield as a function of -
wavelength. The 3130:3340:3660 MES quantum yield
ratio without O, added is 1.0:0.16:< 0.0006. We may
equate the MES quantum yield to the CH>(1 A;) quan-

~ tum yield, 1, if DMS only traps singlet methylenes

and therefore does not induce intersystem crossing,
CH,(1A,) + DMS -~ CH,(3B,) + DMS. - (©)
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Table 1
Relative quantum yields of trimethylsilane and methylethylsilane
hotalysis® b) ‘ ™ :
e (o) Fetzco foa HiES TS
3130 A photolyses

0.25 104 20 17 2.34 1.04

0.25 102 22 11 2.35 0.98

0.50 101 20 1 225 0.99 |

0.5 100 23 0 2.30 098

’ average 1.00
3340 A photolyses

1.3 95 27, 22 2.30 0.132

2.0 99 22 18 2.30 0.134

1.0 106 18 18 2.25 0.141

3.0 105 13 15 234 0.128

1.5 102 14 14 2.26 0.130

2.0 99 12 12 2.34 0.131

3.0 99 20 9 2.2 0.140

) average 0.134

35 98 22 1 2.56 0.154

4.5 101 21 -0 2.88 0.160

2.0 102 20 a 299 0.163

3660 A photolyses®) '

4.0 102 26 36 - < 0.0030
25.0 98 35 17 - - < 0.00036
24.0 96 20 1 >37 < 0.00066
24.0 959 22 1] > 85 < 0.00060

- a) The quantum yields at a particular wavelength are accurate to within = 10%.

b) Pressures are expressed in torr.

No MES was formed during any of the 3660 & photolyses. TMS/MES and ®yyrg X constant values are limits determined by the
sensitivity of the gas chromatograph, For experimenis with TMS/MES given by ~ neither TMS or MES were formed.

However, in relating relative MES quantum yields to
relative CHz(lAl) quantum yields all that is required
is that the ratio of the rate of reaction (9) to reaction
(3) is the same at all wavelengths. Previous measure-
ments of relative rates of collision induced CHz(1 A))
- CH, (3B, ) intersystem crossing [20,21] and relative
rates of CHy(' A} ) insertion [18,22,23] indicate that
there is no wavelength dependency for the relative
rates of reactions (5) and (9}. Therefore, it seems valid
- to equate the relative CH,(! A;) quantum yields to
the relative MES quantum yields. It should be noted
that the independence of the TMS/MES ratio at 3130
A with per cent O, indicates that the concentration
“of CH, (3B, ) radicals is small and that reaction (9)

may be unimportant relative to (5). .

in contrast to the relative CH,(! A,) quantum yizlds
measured here, the absolute quantum yields for ketene
dissociation at 120 torr are 0.70, 0.36 and 0.006 for
photolysis at 3130, 3340 and 3660 A, respectively [7].
Qualitatively, this shows that the CH2(3B1) photodis-
sociation quantum yield, ®3, is not as energy dependent
as that for CH,(*A ). If we make the approximate as-
sumption that 120 torr of our DMS—CH, CQO mixture
is equivalent to 120 torr of CH,CO we can use the
ketene dissociation quantum yields to calculate the rel-
ative fraction of the methylenes formed by photodis-

 seciation which are singlets, @ /(®, + ®3). Thus, we

find the 3130:3340:3660 ratio for the relative values

59
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of@,/(@l +¢;3)15 1.0: O 30:<0.07.

Previous determinations of the fraction of smg}eL
methylene versus wavelength havé involved measure- -
ments of both singlet and triplet methylene products
without doing relative quantum yield studies [1-5].

- These earlier results ar2 in general agreement with ours; .

i.e., they show a decrease in the singlet methylene frac-
tion with increase in 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 indicated that a significant -
fraction of the methylenes were singlets at 3660 A.
For example, DeGraff and Kistiakowsky {3] report
the per cent methylenes which are singlets at 2900,
3160, 3340 and 3660 A as 67, 59, 39 and less than
4C%, respectively. Carr and Kistiakowsky {21 found-
the per cent singlet methylenes to be 85, 85, 70 and
60% at 2800, 3130, 3340 and 3660 A. Using propane
to monitor singlet and triplet methylene products, Ho
and Noyes {4] found the percentages of singlet meth-
ylenes to be 80% at 2800 A and 23% at 3800 A. With
traris-2-butene as a methylene monitor, Ho and Noyes
{4] find the singlet ' methylene percentages to be 87%
at 2800 A and 42% at 3800 A. In the most recent
study of this type, Edes and Carr [5,24] find that 13%
and 7!% of the methylenes are singlets at 3500 and
11304, respectively. Gur results are in considerable
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 val-
ues of ®;/(P) + P4) and the earlier measurements of
per cent singlet methylene versus wavelength. As has
been pointed out previcusly [25], CH,(1A;) -
CH;(3 B, ) collision induced intersystem crossing may
be important in studies of ketene photochemistry. If
this is the case, yields of triplet and singlet methylene
products would not reflect the singlet 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 exciude the 3130 and 3340 A radiation if meaning-
ful measurements are to be obtained at 3660 A. The .
previous reports of high fractions of singlet methylenes
at 3660 A may have been due to the lack of mono-
chromaticity in the photolysis sy stermn” As discussed
above, near monochromatic radiation was achieved for
our 3660 .E\ photolyses Fmaﬂy, a comparison of our

o
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Fig. 1. Energetics for CH5CO photodissociation.

study with the previous ones is inherently difficult due
to the different pressures and bath gases used. Inelastic
collisions with the excited ketene molecules will lower
their average energy from that when they are formed
initially. Therefore, measurements of ®; and ®4 at
pressures greater than zero will not represent the quan-
tum yields for the initially 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 tc de-ener-
gize the excited ketene molecules.

An explanation for the wavelength dependency of
@, /(@ + ®4) is given by the energetics of ketene pho-
tochemistry, as shown in fig. 1. The 1 A, state of ketene,
;. is though to be < 61 kecal/mole above the ground
state, Sq [11]. If the 1 A, and 3 A, separation in ketene
is close to that of similar molecules, the Ty -8 separa-
tion is <<'55 kcal/mole [11]. Using measured values for
heats of formation, the separation between
Sy [CH2CO(1A1)I and ca;(%sl) and CO is 79 keal/

¥ The dxfﬁculty in achieving morxc-chromatnc r:dlatlon at 3660
. & isalso d.scus&d in ref {20] :
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mole {11,17]. The CH,(! Al)—CH2(3Bl) separation
is placed at 9 kcal/mole. This agrees with both quan-
tum mechanical [26—28] and photochemical [29]
determinations of this separation. As shown in fig. 1,
a vibrationally excited S, state is formed at each of
the wavelengths. However, the probability that the ex-
cited state contains sufficient energy, including ther-
‘mal energies, to ultimately form CH,(1 A, ) radicals
decreases as the wavelength is izicreased. Therefore,
the decrease in @, /(®; + ®;) with increasing wave-
length seems to reflect the CH; singlet—triplet split-
ting. However, a complete understanding of our ob-
served increase in @, /(¥ + ®,) 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 initially excited S; molecules.

We are currently extending this study to different
pressures and wavelengihs to determine the exact shape
of the singlet methylene quantum yield as a function
of energy, the rates of singlet methylene formation,

and the zero pressure singlet 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 .
Patroleum 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 stimulating discussions.

*In ref. [30) CH,CO was photolyzed at 3130 A, and the dis-
sociation rate of CoHg, formed by CH-.’ A,) + CHy4 inser-
tion, was measured. The rate constant was analyzed using
the RRXM theory and a value of 2.5 kcal/mole deduced for
the CH,(* A1 )—CH, (3 B)) splitting. However, the critical
configuration used by Halberstadt and McNesby in their
RRKM calculation will not fit the thermal rate of CoHg dis-
sociation. A re-analysis of the rate constant measurcd by
Halberstadt and McNesby using a critical configuration which
fits the thermal rate of ethane dxssocmtlon shows their data
is consistent with a CH-( Ay)— CH-.( B, ) splitting of9
kca.l/mole [31]. Carretal. [24], suggest a lower cH.('A))
—CHZ( By ) splitting of 1—2 kcal/mole. This value is de-

~ duced by associating ®; and @3 to measurements of singlet
and triplet methylene products and assumma the dlSSOCl“'
tion of excited ketene to form C‘iz( Ay)and CI—[Z( B1)
can be described by Arrhenius equations with similar A-fac-"
tors for singlet and triplet methylene formation.
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