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Photolysis products of dichloroacetyl chloride (DCAC) isolated in Ar matrix and in gas phase, in the absence
and presence of molecular oxygen, were studied by means of FTIR spectroscopy. The samples were exposed
to light of different energy ranges (200-800, 280-320, 350-450 and 400-800 nm). DCAC is photostable when

félotoc}:emistry irradiated with light of wavelengths above 400 nm, and gives dichloroketene after photolysis with light between
DirSnI:e: Toscopy 280-320 and 350-450 nm. Exposure of DCAC to broad-band radiation (200-800 nm) produces dichloroketene

as an intermediate photoproduct, and different 1:1 CHCl;:CO molecular complexes after further irradiation. HCI,
CO and CHCl; were detected in gas-phase DCAC photolysis. CIC(O)CCl,CCl,H molecule was also proposed, in a
mechanism that involve the insertion of:CCl, biradical into the C—C bond of DCAC. The photochemical reaction of
DCAC with O, in Ar matrix gives Cl,CO and CO,. The same photoproducts, together with HCI, were observed in
the gas-phase photochemical reaction. Additionally, the FTIR spectra of DCAC isolated in solid Ar were fully
interpreted in terms of an equilibrium between syn (the H-C bond syn with respect to the C=0 bond) and
gauche conformers. Some absorptions, which grow as the DCAC:Ar ratio increases, were attributed to dimeric
forms. The most stable dimer was predicted by DFT calculations as composed by two DCAC molecules with syn
conformations, interacting through two H-bonds in a structure with C; symmetry.

1. Introduction

Our research group have been interested in the study of photochem-
ical reactions under matrix conditions and also in gas phase, particu-
larly for small molecular compounds containing either sulphur or/and
halogen atoms (see, for example Ref. [1] and 2 and references cited
therein). Comparative analysis of the photoproducts formed both in gas
phase and in matrix isolation photochemistry may contribute to a better
understanding of the photochemical mechanisms.

In the study of the photochemical reaction of trichloroethene (TCE)
with molecular oxygen in Ar and N, matrices at cryogenic temperatures,
we observed an intermediate photoproduct, which can be assigned to
dichloroacetyl chloride (DCAC) [3]. It is known that DCAC is a relevant
intermediate in reactions of partially chlorinated ethenes, with impor-
tant environmental implications, mainly due to its high toxicity. It was
detected in the photolysis of TCE in air [4], as well as in the photocat-
alytic degradation of cis- and trans-1,2-dichloroethylene and TCE on UV
irradiated TiO, catalyst [5]. DCAC, predominantly in its gauche form,
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was also detected after the photochemical reaction of OH radical with
TCE in an Ar matrix [6].

Despite the fact that there is a matrix photochemical study of DCAC
[71, and it was also detected as an intermediate in the study of the pho-
tochemical reaction of TCE with OH radicals in Ar matrix [6], the IR
spectrum of the isolated molecule is not fully described in the literature.
A more complete study and analysis of the IR spectrum under matrix
condition is necessary to correctly interpret the photochemical matrix
reactions in which DCAC appears as a possible intermediate product.

Although several studies regarding the conformational properties of
DCAC were reported in the literature [7-15], there is still controversy as
to which conformer is the most stable. A gas electron diffraction (GED)
analysis [13] concluded that the syn conformer, with HCCO dihedral
angle of c.a. 0°, accounts for approximately 72% of the total population.
For the gauche conformer this angle can be adjusted with values be-
tween 100 and 137°. The best fit of the experimental data was achieved
for a torsional angle of 138.2 (5.1)°. Finding that the proportion of con-
formers was invariant with temperature (between 20 and 119°C), the
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authors concluded that the energy of both conformers should be ap-
proximately the same. A vibrational (IR and Raman) study of DCAC in
different aggregation states proposes a gauche/syn equilibrium in the
gas and liquid phases, with the gauche conformer being the more stable
form [11]. Other vibrational analysis, including matrix isolation experi-
ments, arrived to the conclusion that the syn form is the most stable one,
but based on an opposite assignment to the previous study [14,15]. In
a more recent work, the matrix isolation spectra of DCAC in different
host species are presented and the most intense IR absorptions of syn
and gauche rotamers were identified, in part due to their behaviour in
the presence of UV irradiation [7].

In this work we perform a new investigation of the matrix-isolation
spectra of DCAC and present a complete assignment of the spectra
in terms of the syn-gauche conformational equilibrium. Dimeric DCAC
species were also proposed to explain some features of the IR spectra, in
accordance with the prediction of theoretical calculations. Photolysis of
DCAC isolated in solid Ar and in gas phase with different energy ranges
was investigated and the photolysis mechanisms were proposed. The
photochemical reactions of DCAC with molecular oxygen under both
conditions were also studied.

2. Material and methods

A commercial sample (Aldrich) of dichloroacetyl chloride (DCAC),
CIC(O)CHCl,, was purified by several trap-to-trap condensation
in vacuo. The matrix gas (AGA) was passed through a trap
cooled to approximately -90°C to retain possible traces of im-
purities. Molecular oxygen (AGA) was used without any further
purification.

Gas mixtures of DCAC with argon, DCAC, O, and Ar, or DCAC and
0, in different ratios, were prepared by standard manometric methods.
Two different instruments were employed for the matrix experiments.
One of them reaches a window temperature c.a. 10 K by means of a
Displex closed-cycle refrigerator (SHI-APD Cryogenics, model DE-202).
The second one (Sumitomo Heavy Industries Ltd., model RDK-408D2)
achieves temperatures close to 4 K. In both instrument the window ma-
terial is Csl, and the matrices were formed using the pulse deposition
technique [16-18]. FTIR spectra of each matrix sample were recorded
at resolutions of 0.5 or 0.125 cm™! using a Nexus Nicolet instrument
equipped with either an MCTB or a DTGS detector (for the ranges 4000-
400 or 600-180 cm™!, respectively). Following deposition and IR anal-
ysis of the resulting matrices, the samples were exposed to broad-band
radiation in the 400—-800, 350—450, 280—320, and 200—800 nm spec-
tral ranges from a Spectra-Physics Hg-Xe arc lamp operating at 800 W,
combined with different dichroic mirrors and filters. The output from
this lamp was limited by a water filter to absorb IR radiation and so
minimize any heating effects. The FTIR spectra of the matrices were
recorded at different irradiation times in order to monitor closely any
change in the spectra. The gas-phase photochemical experiments were
monitored in situ, collecting FTIR spectra before, during and after the
irradiation.

The gas-phase UV-Vis spectrum of DCAC was obtained with the
UV/Vis Shimadzu 2600, equipped with a Lo-Ray-Ligh grade blazed holo-
graphic diffraction grating monochromator and an R-928 photomulti-
plier detector. A quartz gas cell with 10 cm optical path length was
used.

Quantum chemical calculations were performed using the Gaussian
03 program package [19]. Geometry optimizations were performed us-
ing standard gradient techniques by simultaneous relaxation of all the
geometrical parameters. The calculated vibrational properties corre-
spond in all cases to potential energy minima with no imaginary fre-
quencies. The bonding properties of the molecular complexes have been
interpreted by a natural bond orbital (NBO) analysis in terms of “donor-
acceptor” interactions [20]. The UV spectra were calculated with the
TD-B3LYP/6-311++G(d,p) approximation.
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3. Results and discussion
3.1. Ar-matrix FTIR spectra of CIC(O)CHCI,

The FTIR Ar-matrix spectra of DCAC were fully interpreted in terms
of an equilibrium between the syn and gauche conformers. Additional
IR absorptions, which grow as the DCAC:Ar ratio increases, were tenta-
tively assigned to dimeric species.

As mention in the introduction, there was a controversy in the lit-
erature regarding the relative stabilities of both stable forms of DCAD:
the syn rotamer, with the H—C bond syn with respect to the C=0 bond,
and the gauche form, with the H-C—C=0 dihedral angle close to 138°
according to Gas Electron Diffraction studies [13].

In this work we have performed theoretical calculations using dif-
ferent methods and basis sets to: i) calculate the relative free ener-
gies of the conformers, necessary to determine the expected percent-
age of each rotamer; ii) simulate the IR spectrum of each form; iii)
compare the relative stabilities and calculated spectra of the dimeric
forms with respect to the monomers. All the theoretical models used in
this work (B3LYP/6-31++G(d,p), B3LYP/6-311++G(d,p), B3LYP/aug-
cc-pVTZ, MP2/6-31+G(d)) predicted the syn rotamer as the most stable
form. The results are presented as Supplementary Information: Potential
energy curve (Fig. S1), molecular models of syn and gauche DCAC and
of both transition states syn—gauche and gauche—gauche (Fig. S2), energy
and free energy differences and relative abundances of the conformers
(Table S1).

Although the syn conformer is predicted as the most stable form,
the gauche form presents a degeneracy of 2 (see Fig. S1). The existence
of two enantiomeric structures of the gauche rotamer, in addition to
the small energy difference between syn and gauche conformers, leads
to a relative ratio between the two rotamers close to 50:50. The Ar-
matrix isolated spectra of DCAC were interpreted in terms of this quasi-
equimolar mixture of conformers, taking into account the predicted dif-
ferences in the wavenumbers and relative IR intensities of the normal
modes of each conformer.

The IR spectra of DCAC isolated in Ar matrices present additional
signals, which increase their relative intensities as the DCAC:Ar ratio
increased, suggesting the possibility of the presence of dimeric species.
For this reason, different dimers of DCAC were theoretically investi-
gated, and their IR spectra simulated and compared with that of the
monomers.

The most stable form for the dimer, according to the B3LYP/6-
311++G(d,p) approximation, is presented in Fig. 1. The structure be-
longs to the C; symmetry point group, and consists of two DCAC sub-
units, each with syn conformations, that interact through two H-bonds
formed by the hydrogen atoms of each of the subunits with the oxy-
gen atom of the other subunit. This dimer, which we will symbolized as
(DCAQ),. syn> 18 predicted 2.93 Kcal/mol more stable than the monomers.
In a second form, (DCAC),.gqche Which is also shown in Fig. 1, the
two subunits possess gauche conformation and interact through a sin-
gle O<++H hydrogen-bond. Table 1 compiles relevant theoretical data of
the two most stables structures of (DCAC),.

To aid in the interpretation of the experimental IR matrix spectra
of DCAC, an IR spectrum composed by contributions of the conforma-
tional mixture in the predicted ratio (49% syn and 51% gauche) to-
gether with arbitrary quantities (2%) of each dimer, (DCAC)Z_W, and
(DCAC) 2 gayches Was simulated (Fig. S3—S9). As will be discussed later
in this paper, inspection of these Figures was very helpful in assigning
the experimental spectra. A complete list of the vibrational calculated
wavenumbers for (DCAC), species is presented as Supplementary Infor-
mation (Table S2). The calculated values for syn- and gauche-DCAC are
also included in Table S2.

Table 2 summarizes the wavenumbers and tentative assignment of
the FTIR absorptions observed for DCAC isolated in Ar matrices. The
gas-phase IR wavenumbers are also included in the Table for compari-
son purposes. The matrix spectra were interpreted in terms of two con-
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Fig. 1. Top: Molecular models of the optimized dimers of DCAC calculated with the B3LYP/6-311++G(d,p) approximation; left: (DCAC),_y,; right: (DCAC),. gyche-
Bottom: Schematic representation of the most relevant orbital interactions obtained with the NBO analysis.

Table 1

AESCH | AECP| BSSE and GEOM corrections (in kcal.mol~1), transferred charge
(q), orbital stabilization energy (AE® in kcal.mol~1), He++O interaction distance
(in 10\) and penetration distance (in 10\) for the dimers of DCAC calculated using
the B3LYP/6-311++G(d,p) approximation.

(DCAC)z.syn (DCAC)Z»gauche

AE(SCF) @ -4.00 -2.53

AECP b -2.93 -1.68

BSSE © -1.14 -0.90

GEOM ¢ 0.07 0.05

q (e) 0 0.00531
AE@) ¢ 2x(-141)=-282"1 -1.92

r Hee:O 2.3028 2.2942

dp ¢ 0.42 0.43

2 Uncorrected binding energy, AESCH) = E48 (AB)- E4 (A)— EJ (B),
where the subscripts refer to the geometry and the superscript refer to the bases
set used to calculate the energy at the geometry defined by the subscript.

b Counterpoise corrected binding energy, AE" = E45 (AB)- E45 (4)-
1 B)

¢ Basis set superposition error correction, BSSE = E41F (A)— E4, (A)+
A% (B)~ Effy (B)

4 Geometry correction, GEOM = E4, (A)—E{ (A + E5, (B)- EE(B)

¢ AE, . (DCAC - DCAC) = —2—tolfl%en

€or_, = o)
f For (DCACQ),.gy, the orbital stabilLization energy is duplicated because each
monomer acts simultaneously as electron density donor and acceptor.
8 Calculated van der Waals penetration distance, d, = (Zr,4y — r(He-0)).
Sty = 2.72 A [Ref. 21]

formers described above, syn and gauche, and by small amounts of at
least one dimeric structure.

The carbonylic spectral region is one of the most relevant for the
identification of each of the rotamers and the dimeric forms. The band
around 1783 cm~! was attributed to the syn form, while the signal close
to 1816 cm™! was assigned to the gauche conformer. The proposed as-
signment is in agreement with previous reports [7,11], but opposed to
others [14,15]. These two bands present distinctive behaviour as a func-
tion of irradiation. At the beginning of the irradiation, the intensity of
the gauche signal increases at the expense of the intensity of the syn

band, as can be seen in Fig. 2. This light-induced interconversion pro-
cess between conformers was frequently observed in matrices (see, for
example, Ref. [23]). In the present study, this phenomenon was used to
correctly identify the bands corresponding to each of the rotamers.

Besides the absorptions of syn and gauche conformers, the
V(C=0) pyt-of phase Of the (DCAC),_,,, was associated with a group of bands
appearing red-shifted with respect to the monomer, around 1773 cm~!.
For this structure, belonging to Ci symmetry point group, only one of
the two carbonylic vibrational modes is IR active. The second form,
(DCAC);.gquches Presents two vibrational modes in this region; one of
them is predicted very close to the monomer, and the second one is
red-shifted with respect to the monomer, according with the theoretical
calculation. The band at 1814 cm~!, which exhibits characteristic dimer
behaviour, was tentatively assigned to (DCAC),.gqyche- In fact, the assign-
ment of this broad-band to a multimer species cannot be completely dis-
carded. Fig. 3 shows the FTIR spectra in the carbonylic stretching region
of two different matrices with 1:1000 and 2:1000 DCAC:Ar ratios. The
absorptions tentatively assigned to dimeric forms enhance with respect
to bands of the monomers as the DCAC proportion in the matrix in-
creases. This relative enhancement was also observed for a matrix hold
at ~ 30 K, corroborating the tentative assignment.

A complete list of the IR absorptions observed in the Ar-matrix spec-
tra, together with their tentative assignment, is compiled in Table 2.
Selected regions of the Ar-matrix spectra of DCAC are presented in Fig.
$10 and S11.

3.2. Electronic spectra of CIC(O)CHCl,

To the best of our knowledge, there are no reports in the literature on
the UV-visible spectrum of DCAC. For this reason, the UV-visible spec-
trum of the vapour of DCAC, between 190 and 900 nm, was measured
using a gas cell with 10 cm optical path. The cell was charged with the
vapour pressure of the compound at 22 °C (approximately 30.5 mbar).
The spectrum is shown in Fig. S12 of the Supplementary Information. It
presents two peaks, one broad absorption at 258.5 nm (A = 0.12) and a
second one at 195.5 nm (A = 0.61). The electronic spectra of both con-
formers were simulated with the TD-B3LYP/6-311++G(d,p) approxima-
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Table 2
Experimental IR wavenumbers (in cm™!) observed in the Ar matrix and gas phase FTIR spectra of dichloroacetyl chloride and calculated (B3LYP/6-311++G(d,p))
wavenumbers and IR intensities (in Km.mol~!, between parentheses).

B3LYP/6-
Wavenumbers reported 311++G(d,p)
Ar-Matrix Gas-Phase previously a Tentative Assignment "
3035 3074.3 (57) v C-H (DCAC),-gauche
3064.4 (106) v C=H (DCAC),-syn
3014
3023.6 3010 3010 ¢ 3062.8 (3) v C—H gauche
3010.2 3006 3057.3 (2) v C=H syn
1826
{1818'1 Alc L8 AlC {1826 <1816 ¢ 1832.1 (272) v C=0 gauche
1815.8 1822
1817
1814.0 1814.9 (378) v C=0 (DCAC),-gauche
i;zgg 1795 1795
17 s A {1789 Ajc L1788 < 1784 ¢ 1791.1 (314) v C=0 syn
1782.4 1781 1781
1773.6
{17720 1772.8 (871) v C=0 (DCAC),-syn
1265.6 1264 1265
{1259'6 A {1259 A {1260 © 1242.4 (7) Sin-plane HCC gauche
: 1255 1256
1229.8 1234 C1234°¢ 1225.6 (12) Sin-plane HCC syn
1226 1245.0 (5) & HCC (DCAC),-gauche
1228
1223.8 1228 C {1224 c 1216.7 (18) Sout-of-plane HCC sy11
1220.7 1213 B 1217 12013 (17) Sout-of-piane HCC gauche
1086.2 1080
1082.6 B {1076 Q.C (?)¢ 1077 © 1026.4 (144) v C=C syn
1071.9
1078 1028.5 (336) v C—C (DCAC),-syn
995 945.1 (110) v C—C (DCAC),-gauche
941.6 (96) v C—C (DCAC),-gauche
996
{992'7 992 A {998 ¢ 9382 (106) v C-C gauche
989.7 990
987
816
797.6 808 802 ¢ 756.0 (55) vgs CCl, gauche
808
755.3 (58) v, CCl, syn
796.5 754.9 vgs CCI37Cl gauche
754.6 vgs C7Cl, gauche
795.1 754.4 vy CC37Cl syn
753.0 vy C37Cl, syn
786.5 810 750.2 (105) ves CCl, syn
785.1 749.2 ves CCIB7Cl syn
783.8 748.5 vae C7Cl, syn
{;‘3‘;; 758 759 ¢ 728.7 (79) (v C=Cl; v, CCl,) gauche
740.2 P —
{738.3 727.6 (v C=CI; vy C37CICI) gauche
735 703.0 (171) (v C=Cl; v, CCl,)
(DCAC),-gauche
7336 {;g 740 ¢ 697.8 (214) (v C=Cl; v, CCl,) gauche
732.1 697.0 (v C=37Cl; vg CCly) gauche
695.7 (v C=37Cl; v C¥7CICI) gauche
730.9 695.1 (v C=37Cl; vg C¥7CL,) gauche
635 605.0 (88) 8 CICO gyr-plane (DCAC),-syn
631.2 640 Q. C639°¢ 600.0 (49) 8 CICO gyp-of plane SYT
619.0 577.2 (33) 8 CICO g0 piane Eatiche
585.4 556.1 (250) v C=Cl gyp-ofiphase (DCAC)p-syn
583.5 {2:; Q C587°¢ 553.9 (101) v C=Cl syn
580.5 551.4 v C=37Cl syn
508 508
{gggz A ds03 Ads03 ¢ 482.7 (7) 5 CICO syn
’ 497 497
498.5 .
{497.8 479.7 5 37CICO syn

(continued on next page)
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Table 2 (continued)
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Ar-Matrix Gas-Phase Wavenumbers reported B3LYP/6- Tentative Assignment °
previously 311++G(d,p)
a
459 463
461.2 {455 A {460 © 435.7 (15) & CICO gauche
454
458 430.7 & 37CICO gauche

a scaled by the 0.967 factor [22].

by stretching, v, symmetric stretching, v,, antisymmetric stretching, § deformation.

¢ gas-phase data from reference [11].
d Ar-matrix data from reference [7].
¢ the question mark is transcribed from reference [11].

3.01 syn-DCAC

254

2.0+ (DCAC)z—syn
(DCAC)Z-gauche

gauche-DCAC

Absorbance
-_—
o

1.0+ DCAC:Ar 2:1000
0.5+

DCAC:Ar 1:1000
0.04 . , . L
1900 1850 1800 1750 1700

-1
Wavenumbers cm

Fig. 3. FTIR spectra of an Ar matrix containing DCAC in 1:1000 (bottom, red-
trace) and 2:1000 (top, blue-trace) DCAC:Ar proportions between 1900 and
1680 cm~!. The spectra were taken after 26 and 20 pulse-deposits for the 1:1000
and 2:1000, respectively, with 0.5 cm™! resolution and 64 scans.

tion. The results are in very good agreement with the experimental spec-
trum. Fig. S13 depicts the calculated UV spectrum of each conformer, as
well as the weighted sum of the spectra, taken into account the predicted
proportion of the rotamers. The calculated HOMO-LUMO transitions are
predicted at 263.9 nm for the syn form and at 260.2 nm for the gauche
conformer. They were assigned to the zc_y — 7*¢_o transitions. The
second and third peaks are around 220 nm, and arise from npg—>7*c—g
transitions. The experimental and calculated data of the UV spectra are
collected in Table S3. A schematic representation of the molecular or-
bital involved in the electronic transitions discussed is placed as Supple-
mentary Information (Fig. S14).

3.3. Photolysis of CIC(O)CHCl, in Ar matrix and in gas phase

The photolysis of DCAC isolated in Ar with light of different wave-
length ranges was studied and the results compared with a previous

Absorbance

time (s)

Fig. 2. Plot of the integrated intensities of the IR absorptions centred at
1783 ¢cm™! (syn form, squares, blue-trace) and 1816 cm™! (gauche form, circles,
red-trace) in the Ar-matrix spectra of DCAC (DCAC:Ar 1:1000) as a function of
the time of irradiation with broad-band UV-visible light (200 < 4 < 800 nm).
Relative intensity gauche/syn is also plotted (triangles, black-trace).

Table 3

Wavenumbers and assignments of the IR absorptions appearing after
photolysis of DCAC isolated in Ar matrix assigned to dichloroketene,
Cl,C=C=0

v(em™')  Assignment Wavenumbers reported previously (cm™)
iizig} v (C=0) (v;) 2158 [24] 2155/2151 [25]

1292.8 v (C=C) (v,) 1291 [24] 1293/1287 [25]

934.3 vgs (CCLy) (vs) 936 [24] 936/934 [25]

932.6 vgs (CCI37CI) -

930.9 vgs (C37CLy) -

618 i (C=C=0) (vg) 605 [24]

526.0 vs (CCly) (vs3) 529/520 [24]

418 So0p (C=C=0) (vg) 441 [24]

report [7]. Exposure to visible light (4 > 400 nm) produces no changes
in the FTIR matrix spectra. This is consistent with the absence of bands
in the UV-visible spectrum of DCAC in this spectral region. Photoly-
sis with radiation in the 350—450 nm wavelength range conducts to
the formation of dichloroketene (Cl,C=C=0) as the only photoproduct.
Dichloroketene was identified by comparison of the appearing IR ab-
sorptions with literature values [24], as presented in Table 3. A selected
IR spectrum is presented in Fig. S15. The irradiation of the matrix with
light between 280 and 320 nm wavelengths conducts to the same sin-
gle product. There are no signals in the irradiated matrix spectra at-
tributable to either free or complexed HCI.
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0121

-

0.08+

Absorbance
w]

0.06+

0.04

0.02

0.00

2150

2140 2130

Wavenumbers (Cm’1)

2160

Fig. 4. FTIR spectra of an Ar matrix initially containing DCAC in 1:1000 pro-
portion between 2160 and 2130 cm~! immediately after deposition (bottom,
green-trace) and after 2 (middle, red-trace) and 12 min (top, blue-trace) of
broad-band UV-visible photolysis. The spectra were taken with 0.5 cm™! resolu-
tion and 64 scans. The photoproducts are indicated in the Figure: A) Cl,C=C=0;
B) Cl3CHe++CO; C) Cl3CH+++OC; D) Cl,HCCle++CO.

Photolysis with UV-visible broad-band radiation gives rise to differ-
ent photoproducts, with different kinetic behaviours (see Fig. S16—S18
in the Supplementary Material). As presented above in this paper, there
is a randomization process between the two conformers, the most stable
syn form being partially transformed in the gauche rotamer (see Fig. 2).
Dichloroketene behaves like an intermediate photoproduct that is first
formed and then consumed after further photolysis (see Fig. 4). The
rest of the IR absorptions that appear as a consequence of UV-visible
broad-band irradiation can be attributed to CO and CHCl3, and were
tentatively interpreted in terms of different molecular complexes be-
tween these two molecules. Ito has studied mixtures of chloroform and
carbon monoxide in Ar matrices, and has identified the v (C—H) and
v (C=0) IR absorptions of the Cl;CHe+*+CO stable molecular complex.
Moreover, he has assigned another v (C—H) IR feature to a metastable
Cl;CHe++OC isomer. In this paper, more information about these two
forms and also other possible complexes between CO and CHCl; could
be obtained mainly due to: i) DCAC photolysis produces only complexed
CO while in the experiment of Ito the v (C=0) IR absorptions of the
complexes (not shown in the paper) are probably obscured by the free
CO absorption; ii) photolysis of a matrix-isolated species can give rise
to unstable products, whereas in Ito’s experience only thermodynami-
cally stable structures can be formed (see for example Ref [26] in where
different complexes were prepared by these two different ways). The as-
signment of the IR absorptions to the different complexes was performed
taking into consideration their distinctive behaviour against irradiation
times and also by comparison with theoretical calculations. Not only
the two complexes proposed by Ito, but also those formed by the in-
teraction of one of the chloroform chlorine atoms with the carbon or

Journal of Photochemistry and Photobiology 6 (2021) 100019

Table 4

Wavenumbers and tentative assignment of the IR absorptions appearing after
photolysis of DCAC isolated in Ar matrix assigned to 1:1 molecular complexes
between CHCl; and CO

v Assignment Wavenumbers reported
(em~1)® Vibrational mode Complex previously [27] (cm™)
3059.5 v (C-H) Cl3CH.--CO 3059
3053.7 v (C-H) Cl3CH.--0C 3063
2152.0

2149.4} v (C=0) Cl3CH.--CO 2149
2145

2]42} v (C=0) Cl,HCCl---CO -
2137.6 v (C=0) Cl3CH.--0C -
2101.8 v (13C=0) Cl3CH.--CO -
2090.5 v (13C=0) Cl3CHe-0OC -
1233.8 5 (C-H) Cl3CH.--CO 1236
1223.2 5 (C-H) Cl3CH.--0C -
769.2

764.0 ves (CCly) Cl3CH.--CO -
763.0

767.0 ves (CCly) Cl3CH.--0C -
673.5

672.0¢ ° vs (CCly) Cl;CHe+-0C -
670.7

672.3

670.8 ¢ vs (CCly) Cl;CHe+CO -
668.4

2 IR wavenumbers of CHCl; and CO in Ar matrices measured in the same
experimental conditions. CHCl;: 3052.9; 1223.4; 1215.9; 766.1/764.9/763.6;
673.1/671.6/669.9 cm™!. CO: 2138.2 cm™!.

b Relative 3:3:1 intensity characteristic of a vibrational mode involving 3 chlo-
rine atoms.

oxygen atom of carbon monoxide, were considered. Table 4 lists the
IR wavenumbers tentatively assigned to 1:1 CHCl;/CO molecular com-
plexes, and Fig. 4 depicts selected regions of the IR spectra after different
irradiation times.

Results of calculated properties of 1:1 CHCl;:CO molecular com-
plexes are placed as Supplementary Information (Table S4 compiles en-
ergetic and structural properties, Table S5 lists the calculated vibrational
wavenumbers and Fig. S19 presents calculated molecular models of the
complexes).

According to the photoproducts detected in the FTIR spectra, the
DCAC photolysis mechanisms in Ar matrix can be described by Eq.
(1-3). First both, the chlorine atom bonded to the carbonyl group
and the hydrogen atom, are released leading to the formation of
dichloroketene (Eq. 1). The absence in the FTIR spectra of signal at-
tributed to HCI or complexed HCI is consistent with the idea that H
and Cl atoms are probably associated with dichloroketene molecule
through weak interactions. This is the only photolysis mechanism in
the 350—450 and 280—-320 nm spectral range. This process can be asso-
ciated with zc_q — 7% transitions of both conformers. Although the
absorption maximum of the gas-phase UV-visible spectrum of DCAC is
above the photolysis energy ranges, the peak is very broad. Also, It is
very important to note that the Ar matrix cage effect can slightly shift the
UV absorption maxima. This effect is responsible for the wavenumbers
shifts of the IR absorptions in the Ar matrix IR spectrum with respect to
the gas-phase spectrum (see Table 2).

For UV-visible broad-band photolysis (200 < A < 800 nm),
dichloroketene is an intermediate. The experimental finding were in-
terpreted through Eq (2-3). Dichloroketene decomposes into carbon
monoxide and the biradical dichlorocarbene (Eq.2). Subsequently, Cl,C:
reacts with the Cl and H atoms previously produced by Eq. 1 to give
chloroform, which forms different molecular complexes with CO, also
present in the same matrix cage (Eq. 3).

o
HC1,CC(0)Cl—— CL,C =C =0 +H- +Cl- (1)
matrix
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hv
ClL,C=C=0——s C=0+CLC: @)
matrix
h
C=0+CLC : +H +Cl-—— Cl,CH -~ C = O 3)
matrix

The photolysis mechanisms using a broad-band light can be explained
by considering the simulated UV spectrum of dichloroketene, calculated
also with the TD-B3LYP/6-311++G(d,p) approximation, which predicts
a peak around 228 nm. This explains that dichloroketene remains sta-
ble for irradiation in the 350-450 and 280-320 nm energy ranges, but
photolyzes with light between 200 and 800 nm.

The photolysis of DCAC was also studied in gas phase, with in-situ
detection of the changes occurred in the FTIR spectra. The first pho-
toproducts clearly observed in the spectra after irradiation with UV-
visible Broad-band photolysis were HCl and CO. As the precursor DCAC
was consumed, several new IR bands became noticeable. The absorp-
tions at ~772 and 1220 cm™!, with characteristic band-shapes, were
associated with the chloroform molecule by comparison with gas-phase
FTIR spectra of a CHCl; taken with the same instrumental conditions.
However, the bands at 1805, 1027, 780/777/774 (A-type) and 742/747
(B-type) cm~! could not be assigned to any product with known IR
spectrum. Taking into account the Ar-matrix photolysis mechanisms,
and also that in the gas phase the mechanisms are not necessarily re-
stricted to unimolecular processes, the insertion of a dichlorocarbene
biradical in the C—C single bond of DCAC was tentatively proposed.
Although the CIC(O)CCI,CCl,H molecule was previously reported [28—
30], no IR spectrum could be found in the literature. Eq. 4—6 describe
the proposed photolysis mechanisms of DCAC in gas phase. An alter-
native photochemical channel is presented in Eq. 7, and corresponds
to the extrusion of the CO molecule, with the concomitant formation
of chloroform, in a unimolecular mechanism. The relative importance
of the concerted unimolecular mechanism was increased when selected
spectral ranges were used for the photolysis, particularly for the irradi-
ation of the gaseous sample with light in the range of 280 to 320 nm
wavelengths.

h 5
HCL,CC(0)Cl—— CL,C = C =0 +H~Cl 4)
matrix
h
ClLC=C=0——— C=0+CLC : )
gas—phase
h
HCL,CC(0)Cl + Cl,C ——— HCL,CCL,CC(0)Cl (©)
gas—phase
h
HCL,CC(0)Cl——— C = 0 + CI,CH 0]
gas—phase

Fig. 5 depicts the integrated absorbance of the vibrorotational bands
of the HCl and CO molecules as a function of broad-band UV-visible
irradiation time in the DCAC gas-phase FTIR spectra. As can be observed
in the Figure, small amounts of HCl are present in the sample as impurity
from before irradiation. After 68 min. of photolysis approximately 75 %
of DCAC was consumed.

3.4. Photochemical reaction of CIC(O)CHCL, with molecular oxygen in Ar
matrix and in gas phase

The main products of the photochemical reaction of DCAC and O, in
Ar matrix are phosgene, Cl,CO, and carbon dioxide, as can be observed
in Fig. 6. No IR features assignable to HCl or complexed HCI were ob-
served in the IR spectra after photolysis. The main mechanism can be
schematized by Eq. 8.

h
HC12CC(O)C1+02+> ClL,C = 0 + CO,+H - +CI- ®)
matrix

The IR spectra of isolated two-component mixtures in a rigid matrix
should be interpreted as consisting of signals arising from different ma-
trix cages, some of which house each of the components individually
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Fig. 5. Plot of the integrated intensities of the IR absorptions of HCI (circles,
red-trace) and CO (triangles, blue-trace) as a function of the photolysis time of
a gaseous DCAC sample with broad-band UV-visible light (200 < 4 < 800 nm).

A
A C

0.4+ A
(0]
[$)
T
o B
5 A
[72]
o)
< A

0.2+ N

D
0.0¢ t { ; }
900 800 700 600

-1
Wavenumbers cm

Fig. 6. FTIR spectra of an Ar matrix initially containing DCAC an O, in a
DCAC:0,:Ar 1:20:1000 proportion immediately after deposition (blue-trace)
and after 50 min (red-trace) of broad-band UV-visible photolysis. The spectra
were taken with 0.5 cm™! resolution and 64 scans. The species are indicated in
the Figure: A) DCAC; B) CHCl;:CO; C) CO, D) ClI,CO.

and others containing two molecules (either the two components or
dimers) in the same cage. On irradiation, the content of each type of
cage will evolve independently. For this reason, some of the products,
formed in cages housing only DCAC, are expected to match those al-
ready described for Ar-matrix isolated DCAC. Consistent with this as-
sumption, dichloroketene was detected as intermediate and 1:1 com-
plexes between CO and CHCl; were also formed (see Fig. 6). As the
0,:DCAC ratio in the matrix increases, the relative intensity of the CO,
and Cl,CO absorptions with respect to the Cl,CCO and CHCl;:CO bands
also increases. This fact confirms the mechanism described by Eq. 8 for
the DCAC/O, photochemical reaction, and that the rest of the photo-
products correspond to the photolysis of isolated DCAC.
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Fig. 7. FTIR spectra of 1:1 DCAC:0O, gaseous
mixture (1 mbar each) before (bottom, green-
trace), and after 3 (middle, green-trace) and
14 min (top, blue-trace) of broad-band UV-
visible photolysis. The spectra were taken with
1 cm™! resolution and 4 scans. The photoprod-
ucts are indicated in the Figure: A) HCl; B) CO;
C) CO, D) Cl,CO.
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Fig. 8. Plot of the integrated intensities of the IR absorptions of (v,+v;) and
(2vy+v3) combination modes of CO, (squares, green-trace) and of HCl funda-
mental (circles, red-trace) in a 1:1 DCAC:0, gaseous mixture (1 mbar each) as
a function of the time of irradiation with broad-band UV-visible light (200 < 4
< 800 nm).

In the photochemical gas-phase reaction between DCAC and O, in
an equimolar proportion (1 mbar of each of the reactants) using broad-
band UV-visible radiation, DCAC is completely consumed after ~10 min.
of irradiation. The strongest absorptions appearing in the FTIR spec-
tra after the mixture was exposed to the radiation were attributed to
phosgene, carbon dioxide, hydrogen chloride and carbon monoxide (see
Fig. 7). The features tentatively assigned to CIC(O)CCl,CCl,H molecule
in the gas-phase photolysis of DCAC were also observed, and even be-
came clearer after total DCAC consumption due to the partial overlap
of the absorptions of both compounds. To help in the interpretation of
the photochemical mechanisms, the integrated intensities of the vibro-
rotational bands of HCl and CO molecule and selected bands of CO, and
Cl,CO were plotted against irradiation time (Fig. 8 and 9). It was not
possible to measure the intensity of any CIC(O)CCl,CCl,H band due to
the partial overlap with absorptions of DCAC and phosgene.

Fig. 8. Plot of the integrated intensities of the IR absorptions of
(v; + v3) and (2v, + v3) combination modes of CO, (squares, green-
trace) and of HCl fundamental (circles, red-trace) in a 1:1 DCAC:O,
gaseous mixture (1 mbar each) as a function of the time of irradiation
with broad-band UV-visible light (200 < 4 < 800 nm).

The behaviour against irradiation time of CO, and HCI suggests that
both photoproducts can be form simultaneously (Fig. 8). On the other

1
Wavenumbers cm
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Fig. 9. Plot of the integrated intensities of the IR absorptions of 2v5 overtone of
phosgene (triangles-down, orange-trace) and of CO fundamental (triangles-up,
blue-trace) in a 1:1 DCAC:0, gaseous mixture (1 mbar each) as a function of the
time of irradiation with broad-band UV-visible light (200 < 4 < 800 nm).

hand, phosgene photolysis is known to give CO and chlorine atoms [31],
which may explain the intermediate behaviour of this photoproduct
(Fig. 9). Based on these findings, Eq. 9 can describe the main photochem-
ical reaction mechanism for the reaction between DCAC and molecular
oxygen, followed by the photolysis of phosgene (Eq. 10) [31].

ho
HCL,CC(0)Cl4+0, ——— CL,C = 0 + CO,+H - Cl ©)
gas—phase
hv
CLC = 0— C=0+2Cl (10)

The particular behaviour of CO absorption with irradiation time
is consistent with more than one mechanism for its production and
consumption. Considering that the absorptions tentatively assigned to
CIC(0O)CCl,CCl,H were also observed in the IR spectra, we proposed
that the photochannels described by Eq. 4-6, which correspond to DCAC
photolysis, also contribute to complete the mechanism scheme. Increas-
ing the proportion of molecular oxygen in the mixtures favours the chan-
nel described by Eq. 9 over the DCAC photolysis products and results in
an increased reaction rate.

4. Conclusions

The FTIR spectra of dichloroacetyl chloride (DCAC) were fully in-
terpreted in terms of two conformers, syn (with the H—C bond syn with
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respect to the C=0 bond) and gauche form, and at least one, or probably
two, dimeric forms. The complete assignment of the IR absorptions of
each of the rotamers was performed based on their behaviour against
the UV-visible broad-band irradiation, since the relative intensities of
the bands of the gauche form increase at the expense of the absorp-
tions of the syn form, and the comparison with the simulated IR spectra.
The IR bands of the dimeric forms were recognized by their enhance-
ment as the DCAC:Ar proportion increases. The most stable dimeric
form, (DCAC)y_yn, is composed by two DCAC molecules with syn confor-
mations, which interact through two H-bonds formed by the hydrogen
atoms of each of the subunit with the oxygen atom of the other subunit,
forming a structure with C; symmetry.

Photolysis of DCAC isolated in Ar matrix leads to dichloroketene,
probably coordinated to H and Cl atoms, as an intermediate photo-
product, which subsequently evolves into the formation of different 1:1
CHCl;:CO molecular complexes with further photolysis. The absence of
HCl in the irradiated matrix constitutes a difference with the study pre-
viously reported, as well as the lack of CICO radical in the spectra [7].
Cl3CH+++CO and Cl;CH+++OC molecular complexes were previously de-
scribed, isolated from a chloroform and carbon monoxide mixture in Ar.
In this work, we also proposed the formation of a third less stable struc-
ture, Cl,HCCl+++CO, which was not previously reported. This is in accor-
dance with the theoretical relative stability of this form that prevents its
formation in a mixture of the two components. If the wavelength radia-
tion range is limited either to 350—450 or 280—320 nm, dichloroketene
is the only photoproduct. On the other hand, DCAC isolated in solid Ar
is stable to visible light.

To the best of our knowledge, the products of the photolysis
of DCAC in gas phase were not previously described. In this work,
HCl, CO and CHCl; were detected. Additionally, an unknown com-
pound were tentatively assigned to CIC(O)CCl,CCl,H molecule based
on the IR signals appearing in the IR spectra during photolysis. The
proposed mechanism begins with the formation of hydrogen chlo-
ride and dichloroketene. Cl,C=C=0 immediately decomposes into CO
and dichlorocarben biradical. A subsequent insertion of this biradi-
cal into the C—C bond of DCAC gives CIC(O)CCI,CCl,H. A second
and less important concerted mechanism forms chloroform and carbon
monoxide.

The differences in the photolysis mechanisms of DCAC in Ar matrix
and in gas phase can be easily explained. On one hand, the matrix pho-
tolysis experiments on highly diluted samples are mainly restricted to
unimolecular mechanisms; additionally, it is possible to isolate unstable
molecules or high-energy forms. On the other hand, gas-phase photoly-
sis experiments allow mechanisms with higher molecularity, such as in
the case of the formation of CIC(O)CCl,CCI,H.

The photochemical reaction of DCAC with molecular oxygen gives
phosgene and carbon dioxide, either in Ar matrix or in gas phase.
The main difference is the formation of HCl in gas phase, and the
lack of this photoproduct in matrix. The formation of CO in gas phase
was mainly attributed to the known photochemical decomposition of
phosgene.
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