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We have investigated the photodecomposition of propionyl chloridgCELCOCI, in an argon matrix at 10

K using FTIR absorption spectroscopy. The decomposition products formed following irradiation at 266,
254, or 248 nm are methyl ketene, ¢EH=CO, and HCI; no other photoproducts are observed. We have
carried out FTIR polarization studies to determine the relative orientation of the photoproducts and found
that the HCI molecule is situated perpendicular to the carbonyl group in the methyl ketene. The orientation
in the photoproducts and kinetic studies of the acid chloride dissociation point to a direct elimination mechanism
for propionyl chloride decomposition. This is consistent with the direct mechanism proposed for acetyl chloride,
CH;COCI, photodissociation in both an argon matrix and the solid crystalline form. We have calculated
detailed thermodynamics for GHOCI| and CHCH,COCI decomposition and found them consistent with

the proposed elimination mechanism. We also assign the fundamental vibrational frequencies for the methyl
ketene-HCI complex on the basis of ab initio calculations and polarization studies.

1. Introduction dimer complex in the solid matrix at 10 % The reaction in
d both the argon matrix and the neat solid is thodi§lt proceed

chloride, acetyl chloride (CKCOCI), has been previously through a dir'ect e]imination mechanism rather than through
studied in both the gas and solid phaes. The photoproducts C—Cl bond dissociation. ]

are found to depend on the initial phase of the reactant. In the To further understand the mechanism for the condensed-phase
gas phase, UV excitation of GBOCI at 236 nm results in photodecomposition of acid chlorides, we have used FTIR
cleavage of the €CI bond and the formation of Cland GH  @bsorption spectroscopy to probe the photodecomposition
CO as the primary products; the acetyl radical then may Products of propionyl chloride, CGi€H,COCI, in an Ar matrix
fragment further. at 10 K following irradiation at 248, 254, and 266 nm. The

observed products are methyl ketene and hydrochloric acid (4).

The UV photodissociation of the most elementary aci

CH,COCI+ Aw — CH,CO+ CI Q)
[CH,CH,COCI] + hw — [CH,CH=CO+ HCI] (4)
CH,CO—CH;+ CO (2)
) . ) These products are analogous to those observed in condensed-
The first step (1) produces a chlorine atom and a rotationally phase photodissociation of GEOCI. No other products are
vibrationally excited acetyl radical in less than 14§s.This observed, even after prolonged irradiation ofCH,COCI. We
radical decomposes to form carbon monoxide and methyl radical 5, assigned the vibrational modes for propionyl chloride in
(2) on a slower time scale. The init?al dissociation qf the@ Ar and for the product methyl ketene/HCI complex. These
bond is known to take place entirely on an excited singlet jgsignments were verified by ab initio calculations of the methy
potential surfacé:? o ketene and propionyl chloride vibrational frequencies. Polariza-
In an Ar matrix, however, irradiation of GJ£OCI at 266, tion FTIR studies were conducted to determine the orientation
254, or 248 nm leads to an elimination reaction forming ketene, s the photoproducts, and they show that the HCI is oriented
CH,CO, and HCI. perpendicular to the €C=0 structure in methyl ketene. The
presence of orientated HCI in the photoproducts of (4) suggests
that the reaction does not proceed via hydrogen abstraction by

. . - . a free chlorine atom but rather through a direct elimination
(Brackets will be used throughout this paper to indicate reactions rocess. This mechanism is supported by the thermochemistry
in the condensed phase.) These products are also the onI)P

LS . of propionyl and acetyl chloride dissociation.
products observed upon irradiation of neat crystalline and proplony Y
amorphous samples of acetyl chlorfleFollowing the HCI ) .
elimination, the CHCO and HCI molecules are trapped as a 2 Experimental Section

T University of Colorado The experimental apparatus is shown in Figure 1. Propionyl
1 Pacific ,\fé,rth\,\,est National Laboratory. chloride (98%) was purchased from Aldrich; se_v_eral free_z_e
8 National Renewable Energy Laboratory. pump-thaw cycles were conducted before the initial deposition
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Figure 1. Overview of experimental apparatus. The inset shows the arrangement allowing UV irradiation while simultaneously recording an IR
spectrum.

to purify the sample. CRCH,COCI vapor was mixed with P
argon gas in amounts ranging from 0.25% to 0.65%. These
mixtures were deposited at flow rates betweern 1076 and 3

x 1076 mol/min for about 30 min on a Csl window, which
was held at a temperature of 30 K during the deposition and
then cooled to 10 K after the deposition was completed. After
an initial IR spectrum was recorded, the matrix was irradiated 2y,
with 254-nm photons from one or two mercury vapor lamps or

248-nm photons from an excimer laser at around 10 mJ, 20

Hz. The UV irradiation was incident at a 2&ngle to the Csl

window, and the infrared radiation from the FTIR was passed

through the matrix perpendicular to the UV irradiation (Figure U
1, inset) allowing spectra to be collected while simultaneously

irradiating without moving the matrix. Spectra were collected  * 550 50 200 1500 1000 500
at regular intervals during the irradiation until the propionyl wavenumber/em’’

chloride peaks were no longer observed. A spectrum of the Figure 2. IR absorption spectrum of propionyl chloride, €:H,COCI,
products was obtained by subtracting the initial spectrum from in an argon matrix at 10 K.

the final spectrum; the product bands appear as positive features

and the precursor bands as negative features in the differenc% Results

spectrum. This spectrum was then analyzed to identify the ~
irradiation products. The intermediate spectra were used to
monitor the decay and growth kinetics of the precursor and
product features, respectively.

15 vy, v
1

Vo

Va

Propionyl Chloride and Methyl Ketene Spectra. The IR
absorption spectrum of GI&H,COCI in an Ar matrix is shown
in Figure 2 with the fundamentals assigned (Table 1). Our

The polarization studies were conducted using a previously assignments are based on literature assignments in the gas and
described apparatus. A propionyl chloride/Ar gas mixture solid phasesand were checked by comparison with spectra of
(0.2-0.4%) was deposited onto a Csl window at 11 K until the  CH;CH,COCI vapor at 1.7 Torr in a 10-cm cell. IR spectra of
matrix was about 56 um thick. The irradiation was ac-  the matrix before and after irradiation at 266 nm are shown in
complished using linearly polarized 266-nm light from the fourth Figure 3. The CHCH,COCI peaks are almost totally absent
harmonic of a Nd:YAG laser at 5 mJ, 20 Hz. The sample was following 2 h irradiation with 5 mJ, 20 Hz at 266 nm. The
irradiated until approximately 20% of the precursor was duration of the irradiation in these experiments varied from
decomposed, producing a suitable amount of photoorientedseveral hours to overnight, depending on the initial matrix, but
product for detection. Polarization FTIR spectra of the products in all cases near complete decomposition could be achieved.
were collected at various angles with respect to the polarization Longer irradiation (including up to several days at 254 nm)
of the UV irradiation. resulted in no further change.
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TABLE 1: Vibrational Modes of Propionyl Chloride

CH ;CH,COCY¢ H

(unscaled) ab initio harmonic frequencies and
intensities DFT calc: B3LYP/cc-pvDZ

species mode gas phése Ar matrixthis work wlcm™? A/km mol! local mode

a V1 2981 3003 3127 13.7 sym GHtretch
V2 2941 2947 3050 4.5 sym CH stretch “in phase”
V3 2930 2966 3049 18.6 sym CH stretch “out of phase”
V4 1830 1808 1900 285.7 €-0 stretch
Vs 1472 1465 1474 7.4 Cébcissors
Ve 1421 1416 1423 14.6 Grscissors
V7 1385 1389 1401 5.1 CHumbrella
Vg 1339 1334 1348 8.7 CHvag
vy 1084 1090 1099 26.4 GHvag
V10 1016 1018 1018 29.4 asym~HC—C stretch
Y11 926 923 926 174.7 sym-&C—C stretch
V12 697 696 693 98.0 €C—C—0 bend
V13 441 437 423 18.4 €Cl stretch
V14 359 353 27.2 €C—Cl bend
V1s 229 225 2.3 CHrock

a’ V16 2999 3007 3130 14.9 asym Ghiretch
V17 2930 3081 0.6 asym Clistretch
Vig 1456 1454 1464 7.3 Cibending
V19 1261 1262 1265 0.1 CHock
V20 1088 1085 1085 0.1 CHock
Va1 788 791 790 8.2
V22 505 494 497 0.7
Va3 196 212 0.7 CHtorsional
Vag 719 77 0.9 CH—CH; torsion

2Value for vz Fermi resonance with12. The other resonance peak is at 2889.2 trivalue for v4 Fermi resonance withi2;. The other
resonance peak is at 1851.9 ¢ Value determined from Raman absorption in the condensed pheatue determined from IR combination
tone.
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ix before irradiati 4 (by th d ix following irradiati Figure 4. Difference spectrum showing the product features as positive
matrix before irradiation and (b) the product matrix following irradiation  heaks and precursor features as negative peaks. The main features for

at 266 nm. methyl ketene, CECHCO, are labeled, along with the feature attributed
All of the trials showed the strongest product peak at 2130 to the [HCH-CH;CHCO] complex.

cm1, close to the value of 2125 crh reported®!! for the

carbonyl stretch of CECHC=0 in an Ar matrix. All of the

trials also contained a broad doublet at 2597 and 2619'.cm

We attribute this feature to HCI in a [GBH=C=0, HCI]

complex; an analogous [GHC=0, HCI] complex was ob-

served3at 2679 cm! in the acetyl chloride photoproducts, red- ~ structure calculations.

shifted from the isolated HCI monomer in an Ar matrix at 2860 A B3LYP/cc-pVDZ electronic structure calculation was

cm~L. Numerous other features were also consistently evident carried out using the Gaussian 94 Suite of cétiesdetermine

in the product spectrum. The difference spectrum following the geometry and identify the harmonic frequencies of methyl

e

Figure 3. IR absorption spectra of (a) propionyl chloride in an Ar

254 nm irradiation of CRCH,COCI is shown in Figure 4. The
fundamental bands for methyl ketene have been assigned on
the basis of the partial assignments of Harrison and'Ffei
methyl ketene in an Ar matrix and our ab initio electronic
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TABLE 2: Vibrational Modes of Methyl Ketene

CH,4
CH3CH=C=0 C——Cc—0
H /
(unscaled) ab initio harmonic frequencies and
intensities DFT calc: B3LYP/cc-pvVDZ
mode Ar matrixis work Ar matrix!! wlcm™? A/km molt local mode
a 21 3069 3182 6.3 C—H stretch
2 2916 3117 16.4 sym CH stretch “out of phase”
V3 2878 2912.1 302 42.2 sym CH stretch “in phase”
Va 2130 2125.2 2216 619.3 =6C=0 stretch
Vs 1471 1470.7 1484 3.6
Ve 1388 139% 16.4 CH, umbrella
V7 1376 1408 2.4
Vg 1155 1145 0.6 CCH bend
) 1063 1075.5 1076 9.3
V10 886 902 3.2 Chwag
2 634 645 5.8 CCO bend
V12 209 1.8 CCC bend
a' Vi3 2966 3077 23.1 asym CHistretch
Via 1447 1447.3 1453 51
Vis 1043 1042 0.1 Chlrock
V16 551 540 46.5 ©C—C—H bend
V17 523 521 517 135 CH bend
Vig 149 0.1 CH torsional motion

21n the IR spectrum of the partially deuterated {OBCO, the feature at 3069 crhis completely absent; for this reason, it is assigned;as
The features at 2916 and 2878 thare found to be'anodes by the polarization analysis, so they are assigneglaasvsz. This leaves the feature
at 2966 cm! aswv;3 owing to overlap withvs of the precursor propionyl chloride, it was not possible to verify the symmetry of this Moede.
shows no shift upon deuteration, as expected for the @hbrella mode, while/; shifts by approximately 2 cm upon deuteration.

TABLE 3: Vibrational Modes of Ketene, H,C=C=0

(unscaled) ab initio harmonic frequencies and
intensities DFT calc: B3LYP/cc-pvDZ

mode gas phase Ar matrix* wlcm™ A/km molt local mode

a 21 3070 3062 3182 28.5 €H sym str.

2 2153 2142 2229 564.7 =€0 (asym). str.

V3 1387 1381 1389 141 Ctécissors

Va 1116 1115 1165 9.0 €C (sym) str.
by Vs 587 5901 582 25.8 Chwvag

Ve 528 525 528 101.4 €C=0 linear bend
b, V7 3159 3155 3288 10.0 €H asym str.

Vg 978 974 975 6.5 Chirock

2 439 438 439 2.2 €C=0 linear bend

ketene (Table 2). A calculation of the same type was performed tion/abstraction). Figure 6 shows a comparison of the product
for ketene for the purposes of evaluating the accuracy of the spectrum with matrices of ethylene in argon and CO in argon.
methyl ketene calculation (Table 3). Our unscaled harmonic The strongest IR mode for ethyléfién an argon matrix i/
frequencies are within a few percent of the experimental values at 946 cnt? (949 cnr! in the gas phase); there are also strong
for both the methyl ketene and the ketene. On the basis of features at 1440 and 2995 citn None of the product spectra
these calculations, a symmetry was assigned for each modecontain features at these frequencies; therefore;=€3H, is
(CHsCH=C=0 hasCs symmetry). The polarization data and not a photoproduct. Carbon monoxide absorbs at 2143'cm
product spectra from the irradiation of @ED,COCI were used in an argon matrix. While this peak is close to the strong ketene
to confirm the assignments for these modes. C=C=0 absorption, the two features are resolvable. None of

The UV absorption spectra of gas-phase acetyl and propionyl the trials show any trace of CO produced during the photode-
chloride are given in Figure 5. The gas-phase UV spectra of composition. Ethyl chloride has strong gas-phase absorptions
the two species are nearly identical in shape and intensity; bothat 3014, 2986, 1289, 974, and 677 Tinthere are no features
have a maximum at about 242 nm (5.1 eV). The UV spectra in the product spectrum that match these bands. The channels
of the Ar matrix-isolated species are not significantly different that lead to these products are not active despite being
from those in the gas phase. thermodynamically accessible.

Absence of Other Products. Thermodynamically, there are Photolysis of the selectively deuterated species@COCI
several available channels for propionyl chloride decomposition was studied to search for HCI produced bys-limination/
following excitation at 248 nm (115.3 kcal md). The most abstraction process. Irradiation at 254 nm produced only DCI
stable channel leads to the formation of {CH1,Cl and CO; as a product with no trace of either free HCI or the [cH
other allowed channels lead to gHCH,, CO, and HCI - CH=C=0, HCI] complex, thus confirming that only an
elimination/abstraction) or G€H=C=0 and HCI @-elimina- o-elimination/abstraction channel is active.
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Figure 5. Gas-phase UV absorption spectra of (a) acetyl chloride; CH
COCI, and (b) propionyl chloride, Gi&H,COCI.
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Figure 6. Comparison of the product spectrum with possible decom-
position products. (a) shows CO in an Ar matrix at 2143 toompared
with the product spectrum, in which theC=0 stretching mode is
seen at 2130 cm. (b) shows a spectrum of ethylene in an Ar matrix,
with a pair of peaks at 947 and 958 cincompared with the product
spectrum.

4. Discussion

There are several conceptually different pathways by which

an acid chloride could photodissociate in an Ar matrix: (I) a

Winter et al.

first step identical to the gas-phase fragmentation, followed by
a radicat-radical reaction, (ll) a direct HCI elimination fol-
lowing the initial photoexcitation, or (lll) fragmentation into
an ion pair, followed by iorion chemistry. For ChLCOCI,

all three of these mechanisms lead to HCI and,C#H, the
observed photodecomposition products; only the radical-pair
mechanism has a possible product channel other than that
observed. CHCH,COCI, on the other hand, has several
different possible product channels for each proposed mecha-
nism.

In the gas phase, propionyl chloride dissocititas give
chlorine atom and the propionyl radical, gEH,CO, following
excitation at 248 nm. Subsequent dissociation of the propionyl
radical may be expected (#11).

CH,CH,COCI+ hw— CH,CH,CO+Cl  (10)

CH,CH,CO— CH,CH, + CO (11)

In a radicat-radical process, I, if we assume the same initial

fragmentation step as observed in the gas-phase following
photoexcitation, the chlorine atom fragment will be trapped by

the surrounding matrix (12).

[CH,CH,COCI] + hw — [CH,CH,CO+ Cl]  (12)

The resulting radicatradical chemistry could proceed along
three lines: abstraction, recombination/elimination, or decar-
bonylation. The chlorine atom could abstract hydrogen from
the propionyl radical at either the- or §-sites (13-14).
[CH,CH,CO + CI] — [CH,CH=CO + HCI]

a-abstraction (13)

[CH,CH,CO + CI] — [HCI + CH,~CH, + CO]
pB-abstraction (14)
Alternatively, the chlorine atom could recombine with the

propionyl radical and eliminate HCI on the electronic ground
state (15, 16).

[CH,CH,CO + CI] — [CH,CH,COCI]' —

[CH,CH=CO + HCI] o-elim. (15)

[CH,CH,CO+ CI] — [CH3CH2COCI]Jr —[CH,CH, +

CO+ HCI] p-elim. (16)
(We will use t to designate a rotationally/vibrationally excited,
or “hot”, ground-state species.) Finally, the chlorine atom could

react with the propionyl radical and produce carbon monoxide
and ethyl chloride (17).

[CH,CH,CO + CI] — [CH,CH,CI + CO]decarbonyIa(ltio?
17
A direct elimination mechanism, 11, will produce HCI and other
products through an- or S-elimination (18-19).

[CH,CH,COCI] + fiw — [CH,CH,COCI]* —

[CH,CH=CO + HCI] o-elim. (18)

[CH,CH,COCI] + fiw — [CH,CH,COCI]* — [CH,CH, +
CO+ HCI] p-elim. (19)

The first step of a reaction proceeding through an ion pair, 11,

multistep process proceeding through a radical pair, with the would be fragmentation into Cland CHCH,CO" ions. As
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TABLE 4: Heats of Formation of Relevant Species

species AfHo/kcal molt  AfHaegkcal molt  ref
CHCOCI —55.9+ 0.2 —58.0+ 0.2 19, 20
CH;CO -0.9+0.3 —2.44+0.3 45
Cl 28.590+ 0.002 28.992+ 0.002 46
CHs 35.8+0.1 35.0+£0.1 46
COClI —-5.6+0.7 —5.2+0.6 47
CHy=C=0 —10.6+ 0.4 —11.44+0.4 48
HCI —22.02+ 0.02 —22.06+ 0.02 46
CHsCI —17.673+0.01 —19.57+0.01 46
coO —27.201+ 0.04 —26.424+0.04 46, 49
CH3;CO" 156.5+ 2.0 157.0+ 0.4 50
Cl- —54.751+ 0.05 —55.85+0.05 46
CH;CH,COCI —59.8+ 1.4 —63.0+ 1.0 18,51
CH3CH,CO —-5.3+0.5 —-7.7+04 52
CHsCH; 31.5+0.5 28.9+ 0.4 53, 54
CH3;CH=C=0 —20.4+ 35 —22.7+1.2 55, 56
CH;CH.CI —23.33£0.19 —26.81+0.19 57
CH;=CH, 14.56+ 0.12 12.52+ 0.12 46
CH3;CH,CO" 141.5+ 3.3 141.3+ 0.3 58
CH;CHO —37.2+£0.1 —39.7+ 0.1 19, 20
H 51.6344+ 0.001 52.103t 0.001 46
CH;COCH; —48.0+£ 0.2 —51.94+0.2 19, 20
CH3;COOH —100.0+ 0.4 —103.3+ 0.4 19, 20
OH 9.35+ 0.05 9.404+ 0.05 46
CH3CH,CHO —42.8+ 1.6 —45.09+ 0.18 59, 60
CH3CH,COCH; —50.0+ 2.4 —57.1+0.2 20, 61
CH3;CH,COCHCH; —53.3+35 —61.6+0.2 20, 62
CH3CH3 —16.34+ 0.10 —20.08+ 0.10 46

with the radical pair, this would be followed by caging and
recombination producing a “hot” ground-state molecule (20).

[CH,CH,COCI] + hw — [CH,CH,CO" + CI'] —
[CH,CH,COCI]" (20)

The “hot” ground-state system will undergo thermal decomposi-
tion as with the radical pair (15, 16). We believe the-idon
process is unlikely based on thermochemical grounds (vide
infra); formation of the ion pair requires more energy (148.5
1.0 kcal mot?) than is available from the excitation.

In the radical-radical mechanism, the role of the Ar matrix
is passive; its only function is to trap the radical pair, allowing
the subsequent radicatadical chemistry to occur. In the other

two cases, the Ar matrix has changed the nature of the electronic
surfaces accessed by the photoexcitation and altered the reactio

outcome by either inhibiting the gas-phase channel or making
a new channel accessible.
Thermochemistry. The thermochemistry of acetyl chloride

dissociation in the gas phase can be determined from the

experimental heats of formation for the various species involved

(Table 4). Using these values, we determine the bond energy

of the C—CI bond in CHCOCI to beDHag(CHsCO—Cl) =
84.64+ 0.4 kcal mot?; this value has been previou¥lyeported

as 83.2+ 0.4 kcal mot!. The C-C bond energy is computed
to be DH,9g(CH3—COCI) = 87.8 4 0.6 kcal motl. Thus the
initial CH3COCI fragmentation in the gas phase occurs at the
weaker of the twoa-bonds, consistent with the findings of
Arunan?’ Reaction enthalpies for various reaction channels of
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TABLE 5: Heats of Reactions for Acid Chloride

Dissociation
AranO/ AranZQd
reaction kcal mol?  kcal mol?

CH3COCI— CH3CO + ClI 83.6+ 0.4 84.6+ 0.4
CH3COCI— CH3 + COCI 86.1+ 0.7 87.8+ 0.6
CH3COCI— CH,CO + HCI 23.3+0.4 245+ 0.4
CH3COCI— CH3CI + CO 11.0+0.2 12.0+:0.2
CH3COCI— CH3+ CO+ ClI 93.1+ 0.2 95.6+ 0.2
CH3;CO— CH3z; + CO 9.5+ 0.3 11.0+:0.3
COCI—Cl+CO 7.0+£0.7 7.8+ 0.6
CH3CO + Cl — CH,CO + HCI —60.3+ 0.5 —60.1+0.5
CH3CO+ Cl— CH3CI + CO —72.6+0.3 —72.6+0.3
CH3z + COCIl— CH,CO+ HCI —62.84+ 0.8 —63.3+ 0.7
CHs3; + COCI— CH3CI + CO —75.1+0.7 —75.84+0.6
CHs + Cl— CH3CI —82.1+ 0.1 —83.6+0.1
CH3COCI— CH3CO" + CI- 157.6+£2.1 159.2+0.4
CH3CH,COCI— CH3CH,CO+ ClI 83.1+1.5 843+ 1.1
CH3CH,COCI— CH3CH; + COCI 85.7+ 1.7 86.7+ 1.2
CH3CH,COCI— CH3CH, + CO+ Cl 92.7+1.5 945+ 1.1
CH3CH,COCI— CHz + CH,CO + ClI 113.6+15 1156+1.1
CH3CH,COCI— CH3;CHCO+ HCI 17.5+ 3.8 18.2+-1.6
CH3CH,COCI— CH,CH,; + CO+ HCI 252+ 14 27.0+£ 1.0
CH3CH,COCI— CH3CH.CI + CO 9.3+15 9.8+ 1.0
CH3CH,COCI— CH3CI + CH,CO 31.6+ 1.5 320+ 1.1
CH3CH,CO— CH3CH, + CO 9.6+ 0.7 10.2+ 0.6
CH3CH,CO + Cl — CH3CHCO+ HCI —65.7£ 3.6 —66.0+1.3
CH3CH,CO+ Cl— CH,CH, + CO+ HCI —57.94+ 0.6 —57.2+0.5
CH3CH,CO + Cl— CH3CH.CI + CO —73.84+0.6 —74.5+0.5
CH,CH, + HCIl — CH3CH,CI —-159+0.2 —-17.3+£0.2
CH3CH,COCI— CH3zCH,CO" + CI~ 146.5+£ 3.6 148.5+1.0

equivalents method, we calculatdgH,9g CH3;COCI) = —58.0

kcal molt, which is identical to the published experimental
valuel®20 Using the values from Table 4, we compute
DH.9gCHsCH,CO—ClI) as 84.3+ 1.1 kcal mot? andDHaog CHs-
CH,—COCI) as 86. 7 1.2 kcal mofL. Other reaction energies
for propionyl chloride dissociation are given in Table 5. A 266-
nm photon (107.5 kcal mo}) will have enough energy to break
the C-CI bond in CHCH,COCI and should deposit enough
extra energy in the fragments to drive subsequent reaction(s).

Fragmentation into an ion pair, RCG+ CI~, requires 159.2
=+ 0.4 kcal mot? for CHsCOCI and 148.5+ 1.0 kcal mot?
for CH3CH,COCI at 298 K (Table 5). None of the wavelengths,
266 nm (107.5 kcal mol), 254 nm (112.6 kcal mok), or 248
nm (115.3 kcal moi?), used in these experiments provide that
uch energy. For ion pairs to be formed, the stabilization by
the Ar matrix will be decisive. Even though the polarizabfity
of Ar (1.6 A3) is about/, that of CHCN (4.4 A3), it seems
that the formation of a carbonyl ion and chloride ion, [RGO
ClI7], is unlikely on energetic grounds. Thus we believe that
fragmentation into an ion pair is not a likely mechanism for
the decomposition of acid chlorides in the argon matrix.
“Kinetics” of Decomposition. Spectra collected during the
irradiation track the progress of the photodecomposition. The
change in the integrated area for any IR feature as the
decomposition proceeds can be used to calculate a growth or
decay profile for that feature. The area of an absorption feture
can be related to the number of molecules of a particular species,
n/cm~3, by the integrated absorption cross secti@km mol.

acetyl chloride are collected in Table 5. There may be enough OUr FTIR spectrometer records the optical density, Sbg-

internal energy remaining in the GEIO to exceed the threshold,
DHj99(CH3—CO) = 10.2 &+ 0.3 kcal mot?, for further dis-
sociation.

The thermochemistry of C#€H,COCI dissociation has not

been experimentally determined, but we can reasonably estimate

it. The heat of formation of propionyl chloride is estimated to
be AfHy9CH3;CH,COCI) = —63 kcal moi! by Benson's
method® of group equivalents. As a check of the group

(1/1), and we use the optical path length through the matrix,
Zicm1,

Az
n—

In(10) (21)

ﬁRbandOD(V) dv =

The path lengthg, is fixed when the matrix is deposited and
does not change during the experiment, and the cross section is
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TABLE 6: Dichroic Ratio and Orientation Fatcors

1.2
(a) Decay profile for CH,CH,COCI features mode  1(0)/1(90) K 1(180)1(270) K
1.0
"‘\ a 21 1.20 0.375 1.24 0.382
08 " V2 1.10 0.354 1.07 0.349
- '\. V3 1.10 0.355 1.13 0.360
2 06+ ‘n Va 1.12 0.360 1.13 0.360
“ Vs 1.10 0.356 1.34 0.403
0.47 L Vo 1.08 0.350 0.911 0.313
024 ‘\\ V10 1.08 0.350 1.10 0.355
’ V11 1.00 0.333 0.979 0.328
0.0, T T T \“h. """"" e a’ V14 0.738 0.270 0.756 0.275
0 200 400 600 800 1000 1200 V16 0.825 0.292 0.821 0.291
time /mia V17 0.957 0.324 0.827 0.293
1.2
(b) Growth profile for major product features HCl 0.766 0.277 0.766 0.277
g 107 T R absorption spectra of the matrix were recorded using IR light
g\ 0.8 polarized at various angle8, with respect to the polarization
E et axis of the initial irradiation. When IR light polarized along
S 067 ,{’-' ® v42130cm’ theZ-axis is passed through the samge 0°), the integrated
S 0.4 4° * v 3069cm’ X intensity for a given mode will be proportional to the projection
T ,:'t A HCE 262072595 em of the transition dipole on thg-axis?23.24
— 0.2+ " -- Experimental fit
b0é 1(0°) = Atog (0y)] (23)
T T T T T T 1
0 200 400 600 800 1000 1200 . . . .
time /min A is related to the absorption cross section of the mogés

Figure 7. Kinetics curves for the photodissociation of propionyl —the angle between the transition moment for ithemolecule
chloride in an Ar matrix during irradiation at 254 nm. The decay of and theZ-axis, and the pointed brackets indicate averaging over

several precursor features is tracked in (a) while the growth of several all molecules in the sample. The integrated intensity for IR
major product features is tracked in (b). The decay data for ts® C light polarized at? = 90° will be given similarily.
stretching mode of CK¥CH,COCI at 1803 cm* was fit to an exponential
curve, and that fit was reversed and plotted in (b).

1(90°) = /,A[1 — Bo(a,)(] (24)
a constant of the molecule. The peak area at any time during
the irradiation is thus directly proportional to the number of
molecules at that time. The normalized fraction of molecules
present at any timéd(t), is found by taking the area, subtracting
the area over the same range in the initial spectrum, and 1(0°)/1(90°)
normalizing that difference by the difference between the areas K = [tog (o) = m

in the final ¢ — ) and initial ¢ = 0) spectra.
The ratio1(0°)/1(90°) is called the dichroic ratiogd. For an
(22) isotropically distributed sampldS = Y/3; in the limit where all
transition moments are oriented along #hexis,K = 1, and
in the other limit,K = 0. In a molecule with three or more
Expression 22 gives a fraction between 0 and 1 that indicatessymmetry axes, the transition moment for any absorption will
the extent of the decomposition of the precursor or the growth be directed along one of three mutually perpendicular axes in
of the product at each point in time from the initial spectrum to the molecular frame, and there will be three unique values for
the final spectrum (chosen at a time when most of the precursorthe dichroic ratio in an anisotropic sample. For an anisotropic
is dissociated). All features belonging to the same species will sample of a molecule wit@s symmetry, such as methyl ketene,
have the same profile. Features due to product molecules fromall of the modes whose dipole transition moment is perpen-
the same reaction channel should grow in at the same rate; ifdicular to the plane (&amodes) will have the same dichroic
there is only one active decomposition channel, the precursorratio. (Since the dipoles will all be directed along the same
peaks should decay at that same rate. Figure 7 shows the curveaxis in the molecular frame, they will have the same average
resulting from this analysis for some of the stronger precursor angle to theZ-axis over the ensemble.) Table 6 gives the
and product features during irradiation at 254 nm. A first-order dichroic ratio and orientation factors for some of the modes in
decay fit for the experimental data of the strongest precursor methyl ketene, as well as for the HCI stretch. The dichroic
peak is also shown. The main features assigned to the precursoratio was calculated using bokt0°)/1(90°) andI(18C°)/I(27C);
and those of the products all display the same first-order the two values should be the same for a given mode. The HCI
behavior, suggesting that only one reaction channel is active stretch has the same dichroic ratio as all of tHenaodes,
for propionyl chloride photodecomposition in an Ar matrix at consistent with a [CBCH=C=0, HCI] complex in which the
254 nm. 1t is clear from the photoproducts that this is an HCI is situated perpendicular to the plane of the methyl ketene.
a-abstraction or elimination channel (13, 15, 18). The normalized integrated peak area for an IR feature plotted
Orientation of Products. Polarization studies were con- as a function of the IR polarization angle can also tell us about
ducted to determine the relative orientation of the product methyl the orientation of the dipole moment for that absorption relative
ketene and HCI molecules in the Ar matrix. Linearly polarized to the initial polarization axis. Figure 8 shows these curves for
UV 266-nm light was used to irradiate the sample; the axis of several of the stronger product absorptions, including the methyl
polarization defines a unique axig, in the lab frame. IR ketenev, C=C=O0 stretching mode (@ymmetry) at 2130 cri

By taking the ratio of these two equations, we can solve for the
average of the square of the cosines, a value defined as the
orientation factorK.

(25)

Al — A(Q) _ n(t) — n(0)
A(e) = A0)  n() —n(0)

f(t) =
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Figure 8. Angular dependence for GBHCO and HCI modes
following irradiation with linear polarized UV light. An angle o0
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CH3CH,CHO possess weak, featureless absorptions peaking at
roughly 285 nm. Internal conversigtfrom thel(nz*) A A"

state to XA’ produces an excited (“hot”) ground state, which
spontaneously undergoesbond cleavage. Alternatively, in-

corresponds to the IR polarizer set along the axis of the UV laser tersystem crossing leads to thé(ar*), 3A" state, which has

polarization.

and the HCI stretch around 2600 cin These data is fitted
with the functional form

1(0) = Alcos (0 + ¢) + cos(0 — ¢)] (26)

a barrier to fragmentation that (qualitatively) arises from the
crossing of the3(nz*) and 3(co*) states. If the system
surmounts the barrier, dissociation occurs via'tRga*), A"
state. The result of a Norrish type | cleavage is a radical pair.
In contrast to the “conventional” Norrish type | cleavage, gas-
phase photofragmentation in acid chlorides has recently been

whereA gives information about the degree of orientation and shown to be a rapid, excited-state procks%. Excitation to
¢ gives the average angle of the transition dipole about the the lowest electronic state of GBOCI occurs at about 240

polarization axis of the UV irradiation. It is found that all

methyl ketene IR modes assigned withsgmmetry have a

similar angle dependence as themode, while HCI behaves

nm (119 kcal motl). The photoelectron spectrdfnof CHs-
COCI provides the ionization potential of IP(@EIOCI)= 11.03
+ 0.02 eV, and the ground state of the §OCI ion is

like the & methyl ketene modes. This again suggests that the assigned as XA’. The ionization spectrum of GJEOCI is
HCI molecule is oriented perpendicular to the plane of the quite similar to that of CHO and CHCHO, and the vibronic

methyl ketene.

structure clearly identifies the frontier orbital of @EIOCI as

It is reasonable to expect that HCI formed in an abstraction 16d, a nonbonding orbital centered on both O and CI. For these

reaction would be aligned perpendicular to the=C=0

reasons, one is confident that the 242-nm band seen i CH

structure; following the abstraction, the hydrogen atom could COCI and also in CBCH,COCI in Figure 5 belongs to ¥z*

swing toward the ketene to hydrogen bond with thre@=0O

< n) transition. The transition dipole moment for this absorp-

m-electrons. The result would be a complex with the hydrogen tion is oriented consistent with this assignment.

in the HCI situated between the chlorine atom and the3S-0O

When CHCOCI is excited®in a supersonic molecular beam

of the methyl ketene. However, in this case we would not with an excimer laser at 248 nm and the photofragments
expect the HCI to be specifically oriented with respect to the collected, the initial event is described by (1), fragmentation to
plane of the methyl ketene but rather distributed around the the acetyl radical and atomic chlorine. The photofragments are
C=C=0 axis. That the HCl is oriented preferentially perpen- Cl and CHCO, and the angular distribution of the CI species
dicular to the plane of the methyl ketene suggests that theis strongly peaked with an anisotropy factor/bf 1.0+ 0.2.
reaction proceeds via an elimination pathway (15, 18) as Such a distribution of photofragments clearly shows that the
opposed to hydrogen abstraction (13), and that no free chlorineCl atom is ejected ir<1 ps, and it may even occur within 200
atom is generated during the photolysis. fs4 Consequently the photodissociation of L£HDCI is not a
The Mechanism of Acid Chloride Photolysis. The photo- conventional Norrish type | process (27) but procéédsa a
chemical cleavage of the-bond in ketones and aldehydes is rapid curve crossing from ¥x* < n) state to a(o* < np)
titted a Norrish type | mechanism. The accepted gas-phasecurve. This cleaves only the-€Cl in the primary dissociation,
mechanis#?~27 for this complicated fragmentation is sum- producing a “hot” acetyl radical; the -@C bond is never
marized in (27) (Scheme 1). Optical excitation of the carbonyl fractured in the primary dissociation. Studies of the photof-
group® produces an A(nz*), A" state. In aC,, molecule ragmentation of acetyl chloride at 236 nm (121 kcal mépl
such as ChO or (CH),CO, this is a dipole-forbidden AA; have shown that the G&O is formed with a mean 19 kcal
«— X 1A, transition, which occuf® between 333 and 285 nm  mol~! internal energy following photodissociatiéfi. The
(86—100 kcal mot?). TheCsmolecules such as GBHO and barrier to dissociation of the acetyl radical into €&hd CO
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has been measur@d® at around 17 kcal mol, so a significant
fraction of these CECO radicals will have enough energy for
further fragmentation to produce CO and £tddicals.

Experiments that probed for a free chlorine atom in the matrix
showed* that no atomic chlorine is produced during the
photolysis of acetyl chloride at 266 nm in the condensed phase.
Thus the mechanism for GBOCI dissociation in the condensed
phase is known to be an elimination mechanism, I, and not a
radical pair process, I. We believe propionyl chloride, and all
alkyl acid chlorides, will photodecompose this way in the
condensed phase; GEH,COCI decomposes through the direct
elimination of HCI (18).

Since atomic chlorine is not produced in condensed-phase
acid chloride photodecomposition, the gas-phase curve crossin
from al(z* < n) state to d(c* < np) state must be altered by
the presence of the surrounding matrix. With this channel
inhibited, the system relaxes through internal conversion on a
singlet surface to form a “hot” ground-state molectldhe
“hot” acid chloride ground state, [GI&H,COCI]f, undergoes
an electrocyclic eliminatiof¥-3¢to produce CHCHCO and HCI.
This process has been observed in acid chlorides;CCHI
is known to thermally decompose at 820 K in the injection port
of a photoionization spectromet&rCH;COCI + A — CHy-
CO + HCI. The barrier for HCI elimination in acetyl chloride
has been comput&by ab initio electronic structure calculations
to be 48 kcal moil, which is lower than the activation energy
reported® for thermal elimination of HCI from trimethyl acetyl
chloride, (CH)3CCOCI, 55.2 kcal mol.

(CH,);CCOCI+ A — (CH,),C=CH, + CO+ HCI (28)

The latter is a (1, 5)-eliminatiorB(elimination) process, while
the former is a (1, 4)-eliminationaelimination). (For com-
parison, a barrier of 58.43@& 1.500 kcal moi! has been
reported® for HCI elimination from CHCHCI, and a barrier
of 53.97 & 1.19 kcal mof! has been reportéH for HCI
elimination from CDHCD,CI.) In propionyl chloride, the
o-elimination channel requireS;,Hz9s = 18.2+ 1.6 kcal mot?
while 8-elimination require®\xyH29s = 27.0+ 1.0 kcal mot?,
soa-elimination is energetically preferred. However, given the
photon energies used- {00 kcal mof?l), one might expect
enough energy in the system to overcome the barrier for either
elimination in the thermal ground state.

Why are there no products from tifeelimination channel
(19) for propionyl chloride? This is likely a second matrix
effect. In the gas-phase propionyl fluoride, §HH,COF, exists
in two rotational conformers;is and skew?42 the barrier for
rotation from the more stablgs to theskewconformer is 2.400
+ 0.060 kcal motl. The analogous acid chloride, GEH,-
COCl is also thought to have these two conformers in the gas
phasé In thecis conformer, the dihedral angle for the CCCO
skeleton is 0, while in the skewstructure it is 120 In the
condensed phase only the more stalis conformer is
observed. With rotation about the €C bond restricted by the
matrix, we see photodecomposition products from a (1, 4)-
elimination, which is more likely from theis conformation.
Thus the condensed-phase decomposition for propionyl chloride

gmay be pictured as in Scheme 2.

The [CHCH=C=0, HCI] pair from the electrocyclic elimi-
nation in the matrix forms a complex that is roughly T-shaped.
Note that in order for a (1, 5)-elimination to occur in the matrix,
the methyl group must rotate 18@round the €& C bond from
the cis conformer. Given the constraints in the matrix, this is
not likely.

5. Conclusions

We have found that propionyl chloride, GEH,COCI,
photodissociates to form exclusively methyl ketene, sCH
CH=CO, and HCIl in an Ar matrix following excitation of the
I(z* — n) transition around 242 nm. We believe the decom-
position occurs on the ground state following internal conversion
on a singlet surface from the initially excited state. This
decomposition process is completely different than the gas-phase
process, which involves a rapid cleavage of theGT bond
following excitation of the same transition. This difference is
also seen between gas- and condensed-phase acetyl chloride and
will likely be the case for all alkyl acid chlorides. The major
effect of the matrix is to shift the electronic states involved in
the rapid curve crossing from %7* < n) state to a(c* —
np) state, which occurs in the gas-phase dissociation. In the
condensed phase, the molecule instead proceeds along a
conventional Norrish type | pathway (27), with internal conver-
sion on a singlet surface to the ground state, followed by thermal
ground-state chemistry. We are currently investigating the
photodecomposition of (CCCOCI and GHsCOCI to deter-
mine the behavior of acid chlorides in the absenae-bfydrogen
atoms.
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