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The Two Competitive Photodissociation Channels in Cyano Carbonyls (NCC(O)X, %=
CH3s, CH(CH3),, C(CH3)s, OCHs) at 193 nm. A Study by Photofragment Translational
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The photodissociation of a series of four cyano carbonyl compounds NCC(O)X withmethyl, isopropyl,
tert-butyl, and methoxy was studied after excitation at 193 nm using photofragment translational energy
spectroscopy. For all the fragments generated (OCCN, XCO, CO, CN, X) the kinetic energy distributions
were measured and the two radical decay channels, NCC{®)XN + OCX and NCC(O)X— OCCN +

X, were identified. Dissociation leading to CN OCX is the main decay path-85%) for acetyl cyanide (X

= methyl), but is the minor pathway for X isopropyl (30%), X= tert-butyl (17%), and X= methoxy

(<5%). The primary fragments CN OCX were found to be stable with respect to secondary dissociation

in all cases, except for acetyl cyanide which exhibits spontaneous fragmentation of the acetyl fragments to
CHs + CO with a yield of~9%. The stability of the remaining acetyl CN fragment pairs is probably due

to electronic excitation of one of the fragments. Elimination of X is the major decay path fométhoxy,

and the anisotropic recoil distribution of the fragments suggests the decay to be fast on the time scale of a
parent rotation. Within the homologous series=Xmethyl, isopropyl, andert-butyl the propensity for X
elimination, and thus OCCN production, increases with the size of the alkyl moiety. The observed trend
toward increasing fragment internal energy with increasing size of the alkyl fragment indicates a considerable
amount of randomization of the excess energy prior to bond scission. The investigation of the four compounds
proved methyl cyanoformate to be the most favorable species for an efficient photolytical production of
stableOCCN radicals, whereas acetyl cyanide is the most efficient source of CN radicals within this series.

1. Introduction present work, acetyl cyanide (GE(O)CN) has been found to
i i L dissociate at 193 nm selectively to @ED + CN!>16 despite
The ultraviolet photodissociation of many carbonyl com- 4, initio calculations predicting the bond dissociation energies

pounds following the decay path denoted as Norrish type | {5 pe Do(C—CN) = 427 kJ/mol andDo(C—CHs) = 360 kJ/
dissociation, has attracted much attention leading to numerous,, | 16

experimental and theoretical investigatidndFor photodisso- Beside the elucidation of mechanistic features of cyano

ciation taking place on asymmetrically substituted carbonyl rbonvls this work was stimulated by recent investigations of

compounds the interesting question of bond selectivity and Cﬁ to KS . SI 0 as Sf tuball eOC)(l:l\?ced' les gations o ¢

energy partitioning arises. In general, for asymmetrically photocheémical sources ot stable ; rg Icals, a Species o
potential interest in atmospheric chemistfy8As has recently

substituted ketones the weaker of the twdC-C bonds is been shown by photofragment translational energy spectroscopy
broken. This cleavage occurs on thefiriplet potential ener M . . '
! vag . PP I 9y the OCCN radical is the major product formed in gas-phase

surface which has a barrier along the reaction coordinate due . o ; 20 :
to an avoided crossing with a higher lying potential surface. photodissociation of carbonyl cyanide, CO(GR)*The uni-

The a-C—C bond with the smaller reaction barrier on the triplet moIepuIar Qecay O.f this compound to OCCN CN IS b
surface is then preferentially brokdA.Different behavior is ~ dominant dissociation channel (24 2%) after excitation at
observed for nonalkyl substituted carbonyls. Thus UV photo- 193 nm. Abqqt 18#: 6% of the nascent OCCN fragme.nts
dissociation of acetyl chloride shows cleavage exclusively of POSSESS suff_|C|enF |r_1ternal energy to overcome the b_arrler to
the C—Cl bond despite of both-bonds having a similar bond ~ S€condary dissociation producing COCN during the flight
energy?8 This a-bond selectivity was explained by the-Cl time fr_om the reaction zone to the detector. In competition Wlth
dissociation proceeding on the initially excited potential surface the Primary radical decay is the molecular decay or elimination
while that of the G-C bond occurrs only after a relatively slow reaction wht_ere the excited carbonyl cyanide d_|ssomates into CO
intersystem crossing to tHén*) surface. In the photodisso- ~ + (CN). This channel was found to have a yield of about 6
ciation of acetyl bromid®® and iodidé! a similar situation is 2%: Thus under our photod|§SOC|a§|on conditions stable OCCN
encountered. Also the decay pathway of acetic acid appears'adicals can be produced with a yield of about#%%2°
unusual in that the OH elimination is strongly favored over,CH  With the present study we investigated the photodissociation
elimination even though the-GCHz bond is weaker than the ~ mechanism of several closely related cyano carbonyl compounds
C—OH bond!2-24 Similarly and of direct relevance to the NCC(O)X (Figure 1). The recent investigations on acetyl
cyanide (X = CHjg)1516.21.22 were refined and previously

* Corresponding author. Telephone: 0041-1-6354460. Fax: 0041-1- unobserved photodissociation products identified. A homologous

6356838. E-mail: jrhuber@pci.unizh.ch. series of compounds with % alkyl were studied where acetyl
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lo) TABLE 1. Stream Velocities and Widths Determined for
" the NCC(O)X Compounds Studied in the Carrier Gas He
C Carbonvyl cvanide stagnation  stream
/ \ vicy pressure velocityss  width o
’C C\ compound [vol %] [mbar] [m/s] [m/s]
N N NCC(O)CHs 5 350 1610+ 70 138+ 4
o NCC(O)CH(CH). 2 350 1700+ 50 127+3
" 5 200 114090 170+ 6
NCC(O)C(CH)s 2 350 1315+ 65 125+ 7
C Acetyl cyanide 5 350  1300:60 96+ 4
/7 \ NCC(0)OCH 2 350 1575+ 80 103+ 6
H,C C§ 6 350  1280£100 99+ 11
N
(o) cyanides introduced above and methyl cyanoformate (Figure

|| 1) at 193 nm (619 kJ/mol). We were able to detect all fragments
C Isobutyryl cyanide (OCCN, X, XCO, and CN) generated via the radical decay
\ channels (1) and (2) and to measure their kinetic energy
(H,C),CH C\ distributions using different scattering angles. For methyl
N cyanoformate the recoil anisotropies of the OCCN and CN

fragments were also determined.

" 2. Experimental Section

C Pivaloyl cyanide
/ yiey The experiments were carried out with a photofragment

(H,C),C C translational energy spectrometer which has been described in
N detail elsewheré® It consists of a rotatable, pulsed molecular
fo) beam source, a 34.5-cm long drift tube, and a quadrupole mass
" spectrometer for mass filtering and detection. The experiments
c Methyl cyanoformate were performed at 193 nm with an ArF excimer laser (Lambda
/ \ Physik Compex 102) operated at 20 Hz providing a laser fluence
H,CO C\ between 60 and 600 mJ/énThe photolysis laser beam crossed
N the molecular beam at a distance of 65 mm from the piezo-
electric pulsed nozzle. The laser beam was slightly focused to

Figure 1. Investigated NCC(O)X compounds. a spot size of 6< 2 mn? at the intersection with the molecular

cyanide constitutes the simplest member. Of particular interestPeam. . o
is the identification of changes in the selectivity or propensity ~ The time-of-flight (TOF) distributions were recorded at
of the 0-C—C bond rupture as X= methyl is replaced by ~ Scattering angle® = 9°, 30°, and 18 or 45, where ©
isopropyl andtert-butyl, and thus to find the compound with ~ represents t.he angle between the moleqular beam and the
the highest yield of stable OCCN radicals. In this context we detection axis. Fo® = 9° the background signal from parent
have included in our study the methoxy compound=)OCHy). molecules was substz_antlal and had to be subtracted on a shot-
This promises to be another species which favors scission oft0-shot basis by leaving every second molecular beam pulse
the stronger €OCH; bond as expected from findings with ~ unphotolyzed. The TOF distributions shown below were cor-
acetic acidi2-14 rected for the ion flight time through the mass filter. The
After excitation the NCC(O)X molecules given in Figure 1 anisotropy measurements were carried out at six different
(X = methyl, isopropyltert-butyl, or methoxy) are subject to poIanz_ann_angIes betvv_een the _electnc f|elc_1I vector a_nd _the
the following primary dissociation steps: detection axis. The laser light was linearly polarized (polarization
degree of 92+ 1%) by directing the laser beam through a

NCC(O)X+ hv — OCX+ CN (1) stacked-plates polarizer followed by a zeroth-order half-wave
retarder. A measurement was repeated several times to minimize
NCC(O)X+ hv — NCCO+ X 2 the influence of long-term drifts and the runs were corrected

) o L for the laser power fluctuations.
. If the dissociation process channels sufficient internal energy Acetyl cyanide, pivaloyl cyanide, and methyl cyanoformate
into the fragments, reactions 1 and 2 may be fo_llowed by (see Figure 1) were purchased from Fluka with purities of 98.5,
secondary decays. Alternative pathways to the radical decay597, and 95%, respectively. Isobutyryl cyanide was obtained by
(1) and (2) are the molecular channel (3): the reaction of isobutyryl chloride with sodium iodide in
acetonitrile at 25°C, followed by the reaction of the product
NCC(O)X + hw = CO+ NCX (or CNX) ) isobutyryl iodide with copper cyanide in GBI, at 90°C.26:27
Expansions of the premixed gas samples 862 NCC(O)X
seeded in helium carrier gas at a total stagnation pressure of
NCC(O)X+ hv — CO+ CN + X (4) 200—350 mbar were used throughout this study. The molecular
beam velocity distributiorf(z) ~ 2 exp[-(v — vs)¥a?] was
In this dissociation process the excited molecule decays to threedetermined before and after each measurement, using a chopper
final fragments with the cleavage of two bonds occurring in a wheel synchronized with the pulsed valve. The stream velocity
single kinetic stepg324 vs and the widtha for all mixtures are given in Table 1. To
Using photofragment translational energy spectroscopy (PTS) check and avoid cluster formation of NCC(O)X in the molecular
we have investigated the photochemical decay of the three acylbeam and multiphoton processes, we recorded TOF spectra with

and the concerted three-body decay (4):
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Figure 2. Gas-phase absorption spectra of NCC(O)X&>CHs, CH-
(CHs)2, C(CHs)s, and OCH in the wavelength region 190410 nm.
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Figure 3. Unpolarized TOF distributions of the photofragments of
methyl cyanoformate after excitation at 193 nm for OCQH), CH*

(b), CO" (c), and CN (d). The dotted lines were calculated from the
translational energy distributioR(Er) shown in Figure 4a for decay
channel (2). The dashed lines were obtained fiR(r) for channel

(1) displayed in Figure 6a. The solid lines represent the best fit by
weighting both decay channels.

193 nm absorption of acetyl cyanide involving the promotion
of an electron from ther orbital on CN to thex* orbital
localized on CCG! Since the different alkyl substituents have

The spectra were recorded at room temperature, using a vapor pressurgnly a weak effect on the electronic transition localized on the

of 2 mbar and a resolution of about 0.2 nm (fwhm).

partially conjugated OCCN moiety, we expect the assignment
of the 193 nm absorption (either (n,3s) o)) to be the same

varying NCC(O)X concentrations between 0.5 and 10% and o g three alkyl compounds with % methyl, isopropyl, or

with the laser power changing from 60 to 600 mJ/pulse.

3. Results

A. UV Spectra. The alkylated cyano carbonyl compounds
with X = CHs, CH(CH)2, and C(CH)3z exhibit very similar
UV absorption spectra in the range 19010 nm as shown in

tert-butyl.

The absorption spectrum of methyl cyanoformate (Figure 2,
bottom) exhibits a strongly blue-shiftedrhband centered at
230 nm. This blue shift, also expected for the* and Rydberg
states at higher energies, is typical for esters and even larger
for carboxy acids, as discussed by Ro¥irHowever, in a

Figure 2. The weak bands centered at 310 nm are attributed tophotodissociation study of acetic acid, Hunnicutt eargued

the § — S (nz*) transition localized on the CO grodd2°

that the absorption at 200 nm is still part of #fer*) transition.

The coarse structure of a vibronic progression, which in the Based on these available data it is presently not possible to give

spectra of the compounds with % CH(CHg), and C(CH)3
peaks at the fourth member of the progressior: (1260 cnt?l),
in the spectrum of X= CHjs at the fifth member ¥ ~ 1360
cm™Y), is assigned to the €0 stretching vibration in the ;S

a conclusive assignment to the 193 nm absorption of methyl
cyanoformate.

B. TOF Spectra of NCC(O)OCH;. We start with the
photodissociation results of methyl cyanoformate since it turned

state as guided by the fully assigned progressions in relatedout to be the suitable reference species to determine the

carbonyl compounds such as acetéhBeside the weak at

contributions of the CN and CO products to the overall TOF

transition the spectra exhibit a steep onset of the absorptionspectra. After excitation at 193 nm, the photofragment time-
below 220 nm with an absorption cross section at 193 nm of of-flight data were found ain/e = 54 (OCCN), 28 (CO"), 26

200—-400 dn? mol~! cm™L. In acetyl cyanide, North et &
tentatively assigned this strong absorption to'{he3s) transition

(CN™), 15 (CH;™), and 59 (HCOCOQO"). It is noted that no signal
was detected atve = 31 (H;CO"). The TOF spectra of the

in analogy with the absorption of acetone in this wavelength four fragment species generated, OCCNCO', CN*, and
region, which involves the promotion of a lone-pair electron of CHs™, are displayed in Figure 3.

oxygen to the 3s Rydberg state. Very recently Owrutsky and

Baronavski proposedzar* transition to be responsible for the

As OCCN can only originate from the primary dissociation
step (2), the unambiguous TOF data for the OCCN fragments
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Figure 4. Center-of-mass translational energy distributi®(&r) for

the decay NCC(O)X— OCCN + X (2) of methyl cyanoformate (a),
pivaloyl cyanide (b), isobutyryl cyanide (c), and acetyl cyanide (d).
The arrows markg,, of the fragment pairs as calculated with the ab
initio dissociation energies given in Table 2.

were analyzed first using the forward convolufof the center-
of-mass kinetic energy distributid®(Et) shown in Figure 4a.
This best fit of the spectra is represented by the solid line in
Figure 3a. In the following thisP(Er) was checked by
comparison with the TOF spectra of the counterfragmesnt H
CO which, although not observed, manifests itself by the
cracking fragments Cgand O formed in the ionizer. In previous
studies the HCO radical was also found to be completely
cracked in the ionizet®3%> Based on the strict momentum-
correlation of the fragment pairs OCCN andG®, the latter
distribution represented by GHat mass 15, provided an
excellent fit to the TOF data Figure 3b. This result also implies
that the primary product $€O is completely fragmented in the
ionizer to CH + O. The spectrum Figure 3c recordedae =

28 (CO") could be fitted by a single COcomponent which
stems from cracking of OCCNto CO" + CN in the detector.
Furthermore the experiments carried out at scattering adgle
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Figure 5. Unpolarized TOF spectra of the OCX fragments from methyl
cyanoformate (a), pivaloyl cyanide (b), and isobutyryl cyanide (c) after
excitation at 193 nm for BCOCO" (a), HCsCO* (b), and HC;CO"
(c). The solid lines were calculated froR{Er) shown in Figure 6.

> 30°. At smaller scattering angles the CN channel (1)
contribution overlaps strongly with the CN signal from OCCN
cracking.

The counterfragment of these fast CN radicals from channel
(1) should appear atve = 59 (H;COCOQO"). An appreciable
signal was however detected only under relatively high parent
molecule concentrations (i.e., 10% methyl cyanoformate at 350
mbar stagnation pressure) and is shown in Figure 5 as curve a.
With the P(Er) for the fast CN radicals (dashed line in Figure
3d) we obtained after momentum-matching &@ddaption the
distribution of its counterfragment3@OCO (solid line in Figure
5a) which fits the rising edge of the TOF spectranfe = 59
very well. This distribution provided thie(Er) shown in Figure
6a. The overall fit including both CN contributions is represented

= 9° allowing sensitive detection of very slow fragments showed py the solid line in Figure 3d. To estimate the relative
no discernible deviation between the momentum matched gfficiencies of the reaction channels (1) and (2) from the

OCCN and CHsignals which indicates that all emerging OCCN

respective CN yields it is necessary to know the cracking pattern

photoproducts are stable with respect to spontaneous dissociatiof the OCCN fragments in the ionizer. This is obtained from

to CN + CO.
If methyl cyanoformate dissociates exclusively tg® and

the present methyl cyanoformate data where the signals of the
fragment massesve = 26 (CN) andm/e = 28 (CO"), after

OCCN according to reaction 2, the TOF spectra shown in Figure correction for the clearly separated channel (1) contribution,

3 should be fitted by a singlB(Ey) distribution. While this is

originate exclusively from OCCN cracking in the ionizer.

the case for the spectra a, b, and c, the spectrum d recorded aComparison of the relative intensities of the CO, CN, and OCCN

m/e = 26(CN") revealed a small additional contribution between
75 and 150us prior to the fast rising edge. Since this

fragment signals shows that 55 10% of the ionized OCCN
are detected atVe = 54 and the rest is cracked, 3010% to

contribution persisted after decreasing the laser power by a factorCN* + CO and 154+ 10% to CN+ CO*. (The velocity and
of 10, it could not stem from a two-photon absorption process mass dependence of the ionization efficiency were taken into

but rather from reaction channel (1). Thus to fit the CN
spectrum two components were required: first, the CN from
cracking of OCCN in the detector (main contribution above
150us in Figure 3d), and second, CN from the dissociation of
the parent molecule to €£0CO and CN (1). This latter CN
signal could only be clearly observed in the TOF spectr@ at

account.) From the TOF spectrum Figure 3d the relative weights
of the two CN' contributions are found to be 6:1. Since in the
case of channel (2) only 30% of OCCN appear as*Cie
finally obtain a branching ratio of channel (2)/channel 1)

20. Thus, about 95% of the excited parent molecules decay along
channel (2) and about 5% along channel (1). We should note
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Figure 6. Center-of-mass translational energy distributi®(&r) for

the decay NCC(O)X— CN + OCX (1) of methyl cyanoformate (a),
pivaloyl cyanide (b), isobutyryl cyanide (c), and acetyl cyanide (d).
The dashed line in Figure 6d represents the prinfaflr) of the
unstable acetyl radicals. The arrows mék of the fragment pairs. Flight time (pus)

Figure 7. Unpolarized TOF spectra of the photofragments of pivaloyl
that in Figure 3b,c the fit indicated by the strong line was cyanide after excitation at 193 nm for OCCK&), GHg" (b), and CN-
obtained without consideration of the small channel (1) con- (). The solid line in (a) and the dotted lines in (b) and (c) were obtained
tribution. This is expected to appear at long flight times where, With the P(Ey) from Figure 4b and the dashed lines in (b) and (c) with

h the si Unoi tio i | fficient to di those from Figure 6b. The solid lines in (b) and (c) represent the sum
owever, the signal/noise ratio is no longer sufficient to discern ¢ vion<trom both decay channels.

0 200 400 600

the effect.
The fragment recoil anisotropy was determined from the The CN spectrum of Figure 7c exhibits two clearly
polarization dependence of the TOF signal measure@ at distinguishable contributions with maxima at about 135 and 250

30°, m/e = 54 (OCCN), andve = 26 (CN'). The signals at s flight time. The slower contribution stems from OCEN
the other masses were not strong enough for polarized measurecracking and is represented by the dotted line, while the fast

ments. For both masses the analysis yielfed 0.8 & 0.1, one indicated by the dashed line originates directly from channel
which implies the dissociation to occur on a time scale shorter (1) dissociation. To examine this decay channel we also
than one rotational period of the parent molecile. collected data atm/e = 70 (HsCsCO") which corresponds to

C. TOF Spectra of NCC(O)C(CHs)3 and NCC(O)CH- the HC4,CO" fragments cracked in the ionizer. This heavy
(CH3)2. The results of these two compounds are similar. We fragment could, however, only be detected at small scattering
first consider those of pivaloyl cyanide (> C(CH)s). After angles @ = 9°) as shown in Figure 5b. The spectrum consists

excitation at 193 nm, time-of-flight signals of photofragments of two peaks at 17@s and around 240s where the latter turned
were found atm/e = 54 (OCCN), 26 (CN"), 42 (GHg"), and out to be from clusters which disappeared after reduction of
70 (HsC3CO™); the TOF spectra of the OCCN, CN, angHs the parent molecule concentration. The first peak was found to
fragments are displayed in Figure 7. The analysis procedurecorrelate to the fast peak in the CNpectrum of Figure 7c as
was identical to that described for the methyl cyanoformate demonstrated by the strong line in Figure 5b. ThusR{r)
above. First we analyzed the spectrum consisting of only one shown in Figure 6b isafter momentum-matchingthe same
component, namely OCCN(Figure 7a), and obtained the for CN* from channel (1) and (§€,CO").

center-of-mas$P(Er) distribution (Figure 5b) using forward To calculate the fit for the overall spectrum indicated by the
convolution3? This P(Et) was then inspected by comparison solid lines in Figure 7, the branching ratio between the decay
with the TOF spectrum of the momentum-correlated-butyl channels (1) and (2) has to be known. This was estimated from
counterfragment. Because of extensive cracking of this alkyl the two CN contributions in the TOF spectrum Figure 7c¢ taking
fragment in the ionizer, the mass filter settingrafe = 42 into account the OCCN cracking pattern determined above. We
(CsHg™) instead at 57 (gHo™) yielded a better signal-to-noise  calculated the ratio channel (2)/channel §)5. Thus about
ratio for its detection (The different flight times of the ions 83% of the excited parent molecules decay along channel (2)
through the detector were taken into account.). Although the and about 17% along channel (1). This estimation rests on the
distributions of OCCN and of the alkyl rest provide a good fit assumption that NCC(O)OGHnd NCC(O)C(CH)s have the

to the spectra Figure 7a,b, the latter is actually composed of same cracking patterns with respect to OCCN. The second
two components as revealed by the TNOF spectrum uncertainty is due to a possible spontaneous decay of the OCCN
described below. The correct best fit of the spectrum Figure 7b and the HC4,CO fragments during the flight from the reaction
including the contribution of channel (2) is represented by the zone to the detector. As we could not find any deviations
solid line. between the spectra of the OCCN and alkyl fragments,
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Figure 8. Unpolarized TOF spectra of the photofragments of isobutyryl - rr-r Tt T T
cyanide after excitation at 193 nm for OCCK&), GHs" (b), and CNf 0 200 400 600
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were calculated with th&(Er) from Figure 4c and the dashed lines in  Figure 9. Unpolarized TOF spectra of the photofragments of acetyl
(b) and (c) with those from Figure 6¢. The solid lines in (b) and (¢) cyanide after excitation at 193 nm for OCCIh), CH* (b), CN* (c),
display the sum of the contributions from both decay channels. and CHCO' (d). The solid line in (a) and the dotted lines in (b) and

. (c) were calculated with thB(Er) from Figure 4d. The dashed line in
especially for the slower fragments, we assume that the amoun ¢) and the solid line in (d) were obtained with tREEr) from Figure

of OCCN having enough internal energy to decay spontaneouslyed. The solid lines in (b) and (c) display the sum of the contributions
to CN and CO is less than 5%. The uncertainty for the€H from both decay channels. The thin solid lines in (b) and (c) represent
CO is probably larger as the slower CN radicals, corresponding the contribution from the secondary dissociation of internally hot acetyl
to internally hot HC,CO, may overlap with CN from frag-  fragments.
mented OCCN in the TOF spectrum Figure 7c (region-185
275us) and therefore difficult to discern. the TOF spectra 8b,c is represented by dashed lines. Finally,
For isobutyryl cyanide (¥= CH(CHs),) we expect a similar the sum of the channel (1) and (2) contributions provided the
photochemistry. Time-of-flight data of the photofragments were overall fit (solid line) as displayed in the spectra of Figure 8.
found atm/e = 54 (OCCN), 26 (CN"), 42 (GHg"), and 70 Using the same assumptions as for pivaloyl cyanide above, we
(HsCsCO"). Figure 8 shows the TOF spectra of the OCCN, estimated that about 70% of the excited parent molecules decay
CN, and GH; fragments. The data analysis was essentially the along channel (2) to OCCN- C3H and the remaining 30%
same as for pivaloyl cyanide (X C(CHs)s). The P(Ey) along channel (1) to CN- H,C3CO. The excellent fit of all the
distribution of decay channel (2) leading tgHG and OCCNis ~ TOF spectra based on only these two decays supports our
displayed in Figure 4c. The corresponding fit to the spectra €Xpectation that the nascent OCCN andCO fragments are
Figure 8b,c is represented by dotted lines and as a solid line inStable and do not undergo spontaneous decay.
Figure 8a. Due to a 2-3 times smaller absorption cross section of
The agreement between the TOF spectra of OCCN and its pivaloyl and isobutyryl cyanide relative to methyl cyanoformate
alkyl counterfragment after momentum-matching was not at 193 nm, the signal at the mass filter setting = 28 (CO")
satisfactory, implying that decay channel (1) and/or secondary was insufficient for an accurate measurement and also polarized
dissociation of OCCN has to be taken into account. In contrast measurements were qualitatively not satisfactory enough to
to the spectra of the methyl cyanoformate and pivaloyl cyanide determine recoil anisotropies.
where the small contribution of decay channel (1) overlapped D. TOF Spectra of NCC(O)CHs. Acetyl cyanide (X= CHzg)
with that from channel (2), the contribution of channel (1) is is the only one of the four species which has been studied
now evident in the TOF spectrum of the alkyl resiHg. The beforel®16.21.22Recently it has been investigated by North et
H-C3CO product was found to be partly cracked tgdslin the al'® using high-resolution transient frequency modulation
ionizer. We recorded the spectrum of theddCO fragments spectroscopy and photofragment translational energy spectros-
as shown in Figure 5c and analyzed these data in combinationcopy. While in these experiments only th&e = 26 (CN")
with those of CN from channel (1) in Figure 8c (first peak), could be recorded at a sufficient signal-to-noise ratio, we here
according to the procedure described above. Figure 6¢ displaysreport PTS spectra at/e = 54 (OCCN"), m/e = 26 (CN"),
the resultingP(Er) distribution for channel (1), and its fit to  m/e = 15 (CH™"), andm/e = 43 (H;CCO"). Cluster contribu-
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tions to the signal could be neglected, as supported by the sameannot be determined unambiguously from our data set since
TOF profiles obtained with and without a heated exit tubing the CN" spectrum is unstructured and the primary @
(70°C) attached to the piezoelectric valve. Figure 9 shows the formed in reaction 1a is believed to decay before reaching the

TOF spectra (_Jf the detected fragments. detector. However, it is reasonable to assume that the average
~ The unambiguous TOF spectrum of OCCMas analyzed  kinetic energy(Erof the fragment pair from channel (1a) is
first. The center-of-mass kinetic energy distributi®i{Er) larger than in (1b) and (1c) owing to the substantially higher

obtained for the fragment pair from dissociation channel (2) is available energy. Therefore the upper end of the prinP4Er)
displayed in Figure 4d. The TOF spectrum of the counterfrag- of channel (1a) was adjusted to fit the rising edge of the"CN
ment HC* given in Figure 9b shows clearly two separate gpectrym, while the width of the distribution was varied
components, a faster contribution with a maximum around 110 iteratively together with the secondaB(Eq) of the unstable
us and a slower one around 138. The first component (dotted CH:CO until a good agreement with the slow gHsignal
line in Figure 9b) arises from primary methyl fragments since component was achieved (thin solid lines in Figure 9b,c). The
it is strictly momentum-correlated with stable OCCN represented final primary P(Er) for reaction 1a is shown as a dasheoi line in
by specirum Fi?u_lfeoga. De(t:ay chzrggloal)(li:s. mani;%s)te_lqhby the Figure 6d, and the CN counterfragment contribution is repre-
one-componen spectrum o igure . The ' X D,
center-of-mass kinetic energy distributiB({Er) obtained from sente(z as 3 thin S?“d Im? In Figure ?f' TEe hspontanedous
these HCCO data and shown in Figure 6d as a solid line was secondary decay o ace_ty was tr_eate wit .t € procedure
then applied to find the TOF spectrum of the counterfragment described in ref; 3941 using a kinetic energy distribution of
CN represented by the dashed line in Figure 9c. The agreemenil® HC + CO pairs symmetrically centered at 60 kJ/mol (fwhm
between the BCCO and CN data is apparently quite good, — 20 kJ/mol) and a forwarebackward symmetric angular
although two additional sources contribute to the'@ectrum,  distribution. The difficulty in determining the primafy(Er) of
namely fragmentation of OCCNin the ionizer and CN as (1a) does not justify a refined fit of the secondary decay process.
counterfragment of unstable acetyl. Before considering this we The CN' spectrum in Figure 9c was used to inspect the results
note that theP(Er) obtained by fitting the CECO" spectrum from the other three species (OCCN;GCO, and HC). The
peaks at very low kinetic energy which is compatible only with  CN signal might contain contributions of primary CN from
the formation of CHCO or CN in one of the energetically  decay channel (1) correlating to stable and unstable acetyl, CN
accessible excited electronic states. To extend the analysisfrom OCCN cracked in the detector, and CN from spontaneous
accordingly, we must therefore distinguish between the forma- decay of internally hot OCCN. Since the OCCN fragments can
tion of CN + CH3CO with both fragments being in the ground  he regarded as an essentially stable species with respect to
states (1a), or with CN in the excitedAl state (110 kJ/mol/ secondary decay, we are left with three contributions constituting
1b), or with CHCO in the excited AA" state (145 kJ/mot? the CN spectrum of Figure 9c. The cracking contribution from
10). OCCN (dotted line) was found by appropriate scaling of the
. OCCNT' signal corrected for the OCCN cracking ratio. The ratio
NCC(O)CH, + hw = CN (X) + OCCH, (X) of the contributions from CN coincident with stable gD
AH® = 457 kJ/mol (1a) (dashed line) and CN coincident with unstable £C& (thin
solid line), which together constitute the rest of the'Gignal,
NCC(O)CH, + hv — CN (A) + OCCH, (X) was evaluated by comparison of the signal strengthe/at=
AH°=567 kJ/mol (1b) 43 (CHCO") and the slow contribution in theve = 15 (CH;™)
spectrum. Considering the ratio of the ionization efficiencies
NCC(O)CH; + hvr — CN (X) + OCCH,; (A) CH3;CO/CH; ~ 1.6 we find that about 9% of the acetyl
AH® = 602 kJ/mol (1c) fragments are unstable, while 91% arg stable and must _be formed
by channel (1b) or (1c) (see Discussion). The overall fits of the
Since the CN spectrum (Figure 9c) exhibits no structure that spectra in Figure 9b,c, indicated by a solid line, represent the
would allow a clear distinction of two different CN contribu- sum of all these contributions.
tions, we first analyzed the indirectly relatecs® spectrum A rough estimate of the branching ratio channel (1)/channel
Figure 9b which shows a bimodal TOF profile. The fast signal (2) was obtained by comparison of the relative signal intensities
contribution (dotted line) was assigned above teCHas  of the two primary dissociation products @EO (representing
counterfragment to stable OCCN. The slower contribution at channel (1)) and OCCN (representing channel (2)). If all
around 13%s may arise from channel (2) (counterfragment to gacondary decay processes are neglected and a ratio of ionization
unstable OCCN), from fragmentation of ace_tyl in the detector, qfficiencies for CHCO to OCCN of~1.1 is used as calculated
or from the spontaneous decay of acetyl radicals40 H CO. from the sum of the atomic polarizabilitié3we find a ratio
Acetyl fragmentation in the detector can easily be dismissed channel (1)/channel (2)~ 5. This ratio was inspected by

since the flight time of the observed signal contributions given comparing the signal strengths of OCQIN = 54) and primary

as gthln solid line is too short. The possibility of sloweyGH NCN (dashed+ thin solid lines inme = 26 spectrum). After
radicals as counterfragment to unstable and not-detected OCC . . ;
consideration of the known OCCN cracking pattern and the

was also dismissed on the basis of the internal energy estimate” ©. " """ L X .
of the OCCN fragment (see discussion) which reveals OCCN relative ionization efficiencies, a pranchmg ratio chann'el 2y
to be essentially stable. We conclude therefore that the slowerchannel (2~ 5.7 was calculated, in good agreement with the
HsC* component (thin solid line in Figure 9b) is due to value obtained above.

formation of CN+ CHsCO in their ground states (1a), followed In summary, about 15% of the excited acetyl cyanide
by a secondary decay of acetyl radicals tgCH+ CO. The molecules decay along channel (2) to OCENCHs, and about
primary P(Ey) of the ground-state channel (1a) is expected to 85% along channel (1) to G&O + CN. Roughly 9% of the

be different from that of channel (1b) and (1c) where the latter nascent acetyl radicals from channel (1) are unstable and subject
was found by fitting the stable G@O" signal. The former to secondary dissociation to GH CO.
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those from the ab initio calculations are substantial. While in
the former decay the fastest fragments are indicated to be
internally cold, this is not the case for the other decays. For

TABLE 2: Fragment Energy Partitioning for Decay
Channel NCC(O)X — OCCN + X (2) of the
Photodissociation of NCC(O)X at 193 nm and Dissociation

Energies isobutyryl and pivaloyl cyanide even the fastest fragment pairs
E X= = X= X = X= = X= OCCN + X, X = isopropyl andtert-butyl possess internal
[kd/mol] CN CHs  CH(CHy). C(CHy)s OCHs excitation of 147 and 206 kJ/mol, respectively. The fraction of
Er max 139+8 265+ 10 97+5  77+5 10542 Ea partitioned into internal energy of X apparently increases
hw — Er max a 480+ 8 354£10 522+5 542+5 514+2 with the number of vibrational degrees of freedom of X (6, 24,
Do(NCC(0)-X)* 410 817 375 336 436 and 33 for X= methyl, isopropyl, andert-butyl, respectively).
%DD]E& 40+£5 80+£6 50+4 32+£2 67+1 The average internal energies were obtained with the relation-
experiment 081  0.67 0.80 089  0.63 ship
prior distribution 0.86 0.91 0.96 0.97 0.92

[E, 0= hv — Dy— [E,[

int

(6)

using the ab initio dissociation energitsn Table 2. The
fractions of the internal excitation of the fragments to the

Our study shows that the photodissociation of the investigated available energy(Ein(/E,,, are given in Table 2. These values
NCC(O)X molecules at 193 nm proceeds via two decay pathsl are Compared to the internal energy release obtained with the
(1) to XCO+ CN and (2) to OCCNt X. The branching ratio prior model?> which assumes equipartitioning &, over all
between the two decay channels varies depending on the naturénternal degrees of freedom for barrierless dissociation on the
of the X substituent. No evidence was found for a molecular ground-state potential energy surface. All compounds show the
channel (3). Furthermore, from the poor agreement between ouréXperimentally determined average internal excitation to be
experimental PTS data and fits assuming a simultaneous scissiorsmaller than predicted by this statistical model. The smallest
of both G-C bonds, we conclude a synchronous three-body difference between experimental and prior values is found for

aCBS-4,+ 15 kJ/mol#

4. Discussion

decay to be unimportant.
Channel (2): NCC(O)X — NCCO + X. The P(Ey)

X = C(CHg); and taken as evidence for the statistical character
of the decay process. The largest discrepancy appears for the

distributions of channel (2) shown in Figure 4 can be character- X = OCH; compound, where only 63% df,, is channeled

ized by the maximum kinetic enerdst max(indicated by arrows)
and the average kinetic ener@gof the fragment pairs X+
OCCN. TheEr maxand Erlvalues of the investigated NCC-
(O)X compounds are summarized in Table 2. Previously
obtained values for the related carbonyl cyaffidee also given
for comparison. We start with a consideration of the bond

into internal excitation, compared to 92% for a purely statistical
decay. However, the results for methyl cyanoformate are not
directly comparable with those of the cyano acyl compounds
as the methoxy species is an ester, whereas the alkyl species
investigated are ketones. Additional evidence for a nonstatistical
decay of the ester compound is the anisotropic recoil distribution

energies of the investigated molecules followed by a discussion ©f the fragments OCCN- OCH; with § = 0.8 + 0.1 which

of the average kinetic energies arifl available—the recoil

implies a fast separation of the fragmentsl(ps) on the time

anisotropies with respect to a possible dissociation mechanism.scale of parent rotation (for details see ref 46). Within the

The high-energy threshold of the translational energy distri-
bution provides an upper limit for the dissociation enefyy

®)

D0 =hv— ET,max

homologous series X methyl, isopropyl, andert-butyl the
trend toward increasing internal energy with increasing size of
the alkyl fragment is in qualitative agreement with the expecta-
tion for a statistical decay. (It is noted that even for fully
statistical processes the simple prior model gives only an upper

where the equality sign applies when the coldest fragments arelimit t_o Eint Since it oyeres_timates the vibrational excitation of
formed in the rovibrational ground state. From the fastest TOF the high-frequency vibrational modé3.

fragments it is therefore often feasible to deterniidgeln Table

2, the thus determined, values are given together with results
from recent CBS-4 ab initio calculatioi¥** Horwitz et all®
also calculated dissociation energies fors@HAd CN elimination

The spontaneous secondary dissociation of OCCN totCN
CO fragments was found to be unimportartsdo) for all the
present NCC(O)X compounds. In our previous study on CO-
(CN), about 18% of the primary OCCN radicals were shown

from acetyl cyanide and obtained values of 359 and 427 kJ/ to undergo such a dec&The smaller internal energy and hence

mol, respectively, roughly 5% lower than Suter’s valé€Ehe

the higher stability of OCCN formed from NCC(O)X, *

comparison supports the estimated absolute accuracy of themethyl, isopropyl,tert-butyl, is attributed to the larger “heat

calculated values te-20 kJ/mol. However, the error between
differencesn the bond energies using one particular ab initio

bath” provided by the X moiety in accordance to a statistical
decay. From the prior model the upper limit to the internal

basis set is expected to be smaller than about 5 kd/mol for the€Xcitation of OCCN formed from carbonyl cyanide is estimated

related molecules presented in this study.

According to the CBS-4 calculations the energy required to
break the C-X bond is smallest for X= tert-butyl consistent
with the common rule used in chemistry thatt-butyl is a
“good leaving group”. The larger dissociation energies for X
elimination from NCC(O)X, X= CN and X= CH30, compared
to those for X elimination from NCC(O)X, X= alkyl, reflect
the partial conjugation with the system of the carbonyl moiety
(Table 2). With the exception of acetyl cyanide to £H
OCCN, where the experimental value@f = 354 kJ/mol and
calculated values dbg = 359 kJ/mot® and 377 kJ/mdt are
close, the deviations between the valuesDgifrom eq 5 and

to be El"(OCCN) = 142 kJ/mol thus lying above the
dissociation energpo(OC—CN) = 126 kJ/moF® while for all
the other compound<€l*(OCCN) < D¢(OC—CN). This
confirms our experimental results of stable OCCN fragments
produced by elimination of X= methyl, isopropyltert-butyl
and of the decay of a fraction of the OCCN fragments from
CO(CN). The OCCN fragments emerging from methyl cyano-
formate are additionally stabilized by the comparatively large
amount of excess energy channeled into fragment régoil
Channel (1): NCC(O)X — NC + XCO. The P(Ey)
distributions of the CN elimination channel (1) are displayed
in Figure 6 and their characteristi&rJand Er max values are
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TABLE 3: Fragment Energy Partitioning for Decay TABLE 4: Branching of the Decay Channels (1) and (2) to
Channel NCC(O)X — XCO + CN (1) of the _ o the Photodissociation of NCC(O)X at 193 nm
Engﬁodlssomatlon of NCC(O)X at 193 nm and Dissociation X OCCN + X CN + OCX
gies
_ _ _ _ _ CHs 154+ 10% 85+ 10%
E X= X= X = X= X =
CH(CHg): 70+ 10% 30+ 10%
[k3/mol] CN CH; CH(CHs), C(CHs); OCHs C(CHy)s 834 10% 17+ 10%
Er max 13948 43+5 170+14 211410 215+ 23 OCHs 95+ 2% 54+ 2%
hv — Er max 4804+ 8 576+ 5 449+ 14 408+ 10 404+ 23
Do(NC—C(O)X)* 410 457 463 423 483

In contrast to acetyl cyanide, the secondary decay of the acyl
;2 40+5 10£2 56+2 792 67+2 fragments GH,CO and GHyCO was found to be insignificant.

[ OE 2+ Thg “higher” stability of these fragment§ compared to acetyl is
exmpterirarlw/lent 0.81 0.94 0.64 0.60 0.51 attributed to a greater release of translational energy and a higher
0.86 potential to accommodate the internal excitation on the many
prior distribution 0.86 0.91 0.96 0.97 0.92 vibrational degrees of freedom. Although electronic excitation
Dy(X—CO¥ 131 50 43 44 of the GH,CO + CN and GHyCO + CN fragment pairs is

. “ b also possible, such channels would be at most of minor
CBS-4,% 15 kd/mol* »Ground-state channel (12). importance because only the slowest fragment pairs which

listed in Table 3 together with calculated dissociation energies constitute a minor fraction of the totaP(Ey) would be
for primary and secondary decays. compatible with electronically excited fragment species.

According to the ab initio calculatior$, CN elimination The efficiency of the CN elimination channel (1) was found
requires more energy than elimination of the X group, the to decrease from about 85% for acetyl cyanide to 13% for the
difference between the €X and C-CN bond dissociation  pivaloyl cyanide (Table 4). Thus increasing the size of the alkyl
energies being~85 kJ/mol for X = methyl, isopropyl tert- group not only stabilizes the nascent OCCN radical, but also
butyl, and~47 kJ/mol for X= methoxy (cf. Tables 2 and 3).  shifts the branching ratio of the two competitive reactions in
The fraction of available energy deposited into internal excitation favor of channel (2). This shift might be explained by a larger
of CN + OCX is relatively low for isobutyryl cyanide (64%),  decrease of the dissociation barrier height of channel (2) relative
pivaloyl cyanide (60%), and methyl cyanoformate (51%) as to channel (1) with increasing size of the alkyl group. Itis clearly
compared to translational motion which indicates that in these not due to changes in the dissociation energies as for all three
dissociation processes the excess energy is not randomizedeompounds the €X bond is weaker than the-6CN bond by
However, a surprising result is the high internal energy of 152 the same, constant amounte80 kJ/mol. From the dissociation
kJ/mol for CN fragments formed in coincidence witable energies we therefore should expect that channel (2) is the major
acetyl radicals which corresponds to 94% of the available decay channel in all compounds presented in this study,
energy. (This even exceeds the predicted 91% for a prior including methyl cyanoformate which exhibits the strongest
distribution.) Previous measurements have shown that acetylpropensity for this decay route, in this case the Q@kmina-
decomposes to CH+ CO when the internal energy exceeds tion.
the barrier of 71 kJ/ mdl#” Since [En0~152 kJ/mol is far
above this barrier and the CN fragments should acquire only a5 conclusions
minor fraction of the total internal energy, we have to consider
the formation of one of the fragments in an electronically excited  In this study the photodissociation of four cyano carbonyl
state in order to explain the stability of the acetyl fragments. compounds NCC(O)X at 193 nm was investigated. Triggered
As mentioned in section 3, energetically feasible excitations are by recent reports according to which the strongerGhond
(1b), with CN in the AT state (110 kJ/m@l), or (1c), with in acetyl cyanide (X= CHy) is selectively brokef?® we
acetyl in the A2A" state (145 kJ/mol above the 24’ ground focused on changes in this selectivity as the group X is replaced
staté®). by isopropyl,tert-butyl, and methoxy. Table 4 summarizes the

The P(Ey) curve determined for CN in combination with ~ results. Acetyl cyanide is the only compound in which the
unstable CHCO (dashed line in Figure 6) exhibits an average energetically less favorable CN elimination reaction (channel
recoil energy of about 22 kJ/mol, somewhat lower than the value 1) dominates over the alkyl elimination. With increasing size
[Er0= 30.5 kJ/mol measured by North et!&lwho used of the alkyl group the propensity for CN elimination is lost and
transient frequency modulation spectroscopy to probe the OCCN + alkyl are the major photoproducts. This change in
nascent CN radicals in the electronic ground state. The dis- propensity is not evident from the energetics, siboth the
crepancy may be due to our difficulty, and in turn to the C—CN and the G-X bond are weakened as the alkyl group
uncertainty, in determining the individual distributions for the increases in size. We speculate that the formation of electroni-
primary and secondary decays of unstable acetyl from the TOF cally excited CN or acyl, which was only found to be a major
data. According to our estimates approximately 9% of the acetyl channel for acetyl cyanide [channels (1b) and (1c)], may be
fragments are unstable and undergo secondary dissociation tgelated to the preferred CN bond breaking in this compound.
CHs + CO, while 91% remain stable. These fractions also reflect The photodissociation of methyl cyanoformate showed a strong
the branching between the ground-state channel (1a) and thepreference for elimination of the methoxy group although both
excited-state channels (1b) and (1c), since in the ground-statebonds have comparable dissociation energies. This strong
channel the larg&n; of 119-162 kJ/mol (based oDy = 457 propensity is consistent with similar results of the chemically
kJ/mof) should result in complete secondary decay ofyCH  related acetic acid.
CO while in the excited states no secondary decay is expected. Spontaneous secondary decay has only be found for acetyl
(The available energies in the excited states (1b) and (1c) arecyanide, where part of the primary GEIO fragments possess
calculated to be 52 and 17 kJ/mol, respectively, if the dissocia- sufficient internal energy to pass the barrier to {CH CO.
tion energyDo = 457 kJ/mot*is used, and 82 and 47 kJ/mol, Provided that the excess energy is at least partially randomized
respectively, foDy = 427 kJ/mot9). among all internal degrees of freedom, it is clear that with
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increasing size of the X group the stability of nascent COX §5(112)13Smith, D.; Adams, N. GJ. Chem. So¢Faraday Trans. 21989

increases_. In addition, those decay processes which release (18) Seibert, J. W. G.. Winnewisser, M. Winnewisser, BJPMol
large fraction of excess energy as fragment recoil, such as methylg,ecirosc1996 180, 26. o t '
cyanoformate, are also expected to form cold and stable (19) Furlan, A.; Scheld, H. A.; Huber, J. Rhem. Phys. Lett1998
fragments. 282 1.

With respect to our initial goal of maximizing the yield of ~(20) Seheld, H. A Furlan, A Huber, J. B. Chem. Phys1999 111
stableOCCN radicals, we were successful with two approaches.
(i) The larger the alkyl group X, the more internal degrees of
freedom are supplied, thus preventing a large fractiof;gf
from being deposited on OCCN. (ii) The preferred deposition
of available energy into translational motion of the fragments
as in methyl cyanoformate provided an almost clean source of
OCCN + OCHs. The strong propensity here may also be
attributed to a decay mechanism similar to that found for acetic

(21) Sumathi, R.; Nguyen, M. T. Phys. Chem. A998 102 412.

(22) So, S. PChem. Phys. Lett1997, 270, 363.

(23) Maul, C.; Gericke, K.-HInt. Rev. Phys. Chem1997, 16, 1.

(24) Strauss, C. E. M.; Houston, P. L. Phys. Chem199Q 94, 8751.

(25) Felder, PChem. Phys199Q 143 141.

(26) Hoffmann, H. M. R.; Haase, KSynthesidl981, 715.

(27) Haase, K.; Hoffmann, H. M. RAngew. Chem1982 94, 80.

(28) Robin, M. B.Higher Excited States of Polyatomic Molecuyles
Academic: New York, 1975; Vol. 2.

acid, where the scission of the stronger@ bond is enhanced

by an adiabatic decay pathway, while dissociation of theCC
bond requires a slow intersystem crossing.
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