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The gas-phase ion chemistry of oxalyl chloride has been studied by bombardment of dilute mixtures of oxalyl
chloride in rare gases with fast electrons followed by isolation of the decomposition products in the diluent
rare gases at 12 K. The major products observed in the matrix by FTIR absorption spectroscopy are phosgene,
carbonyl chloride radical, and carbon monoxide. Some CCl was observed when the diluent gas was argon.
No ions were identified in the matrix, and it is proposed that the initially isolated ions are neutralized by
secondary electrons impinging on the positively biased matrix. A change in the relative intensities of products
was observed when the diluent rare gas was changed from argon to krypton and when the mixture was doped
with varying concentrations of CO or N These doping experiments give direct evidence for at least two
mechanisms for formation of the carbonyl chloride cation, one of which involves secondary decomposition
of phosgene radical cation. The products obtained here are compared with those obtained by El mass
spectrometry. It is suggested that the different product intensities observed in El and CE mass spectra are
due to the fact that product decomposition is efficiently quenched in the source following CE ionization.

Introduction knowledge, received very little attention. In their attempts to

The spectroscopic characterization of molecular ions has beengenerate neutral ethyk_anedlone, Chen gnd Hd“ﬁmrt that
of all precursors studied, oxalyl chloride yields the largest

a major research objective in recent years. In the area of matrixamounts of OCCE on electron impact. The electron impact
isolation, there has been limited success in the mass-selection pact. p

and FTIR identification of simple molecular anions and cations g%s&s;?giunélff gé?l}!l ;:rr:(ljor:::alllnglr%ziit;eg;u;sogue t©
by Maier! and more recently Leroi and Allisoh.Non-mass- y ' ' ! '

+ X ; .
selective matrix isolation approaches have had more success inCZOZCI . and the molecular ioff. The glyoxal radical cation,

the characterization of molecular ions. Notable examples areWhICh is the hydrogen analogue of the oxalyl chioride radical

the eectron bombardment work of Szczeparetal.=neon  [S00 TE8, REL I D0 B TEETE SONEEE R ey
discharge work of Jacoat al,* and X-ray bombardment work P gedq

of Truttmannet al.”® all of which have resulted in isolation and which the charge may be delo.call'zed. Conversely, the sym-
. R - metry may be lowered by localization of the charge on one of
spectroscopic characterization of complex molecular ions.

The technique of electron bombardment matrix isolation was the equivalent sites. The oxalyl chloride radical cation is also

S : . . representative of this class of molecules.
originally introduced by Suzer and Andre¥®sin a matrix Inth ¢ studv. dilut et f oxalvi chlorid
isolation study of electron impact on,8. More recently, n the present study, dilute gaseous mixtures ot oxaly! chioride

however, Szczepanskit al32 have applied this technique to in argon and krypton were supmitted to electron bombardm_ent
the generation and characterization of large molecular ions and subge:quekz)nt ma.tnxdlsolzthnt (EB:\I/”)' Oxa}lyldcizjlorldﬁ IS
which do not undergo significant decomposition prior to their proposed 1o be lonizeéd and intemally: energized by charge
isolation. We have recently shown that application of this exc_hange_colllsmns with inert gas 1ons. The ox_alyl chioride
technique to smaller molecules with fewer internal degrees of radical cation then undergoes unimolecular dissociation, and the
freedom results in the isolation and characterization of a group products are trapped In & rare gas matrix. Neutralization
of products generated from one complex gas-phase precurso roducts of matrix-isolated cationic fragm_e_nts as well as the_
ion. A notable example is the generation and isolation of the heutral products of gas-phase decomposition are observe_d In
relatively unstable 1-propen-2&dby electron bombardment of the.matrlx by means of FTIR spectroscopy. Th? effect of adding
a dilute gaseous mixture of acetone in argon along with other various amounts Of_ Nas quen_che_r of product mtern_al energy
neutral fragments such as ketene, methyl radical, methane, an(fmd raré-gas Penning states s discussed along with the likely
CO. Mechanisms for the formation of these products have beenmechanlsms for formation of products. Reasons for the

elucidated from these studies, and the enol is proposed to bed|fference between gas-phase CE and El mass spectra are

formed via the corresponding enol cation that is the lowest presented and discussed in the context of the results of the

energy isomer of the cation.The isomer HCCICE has also present work.

been observed by FTIR spectroscopy in the matrix following ) .

electron bombardment of GBI,/Ar mixtures, and a similar  EXPerimental Section

mechanism for its formation has been proposed. The apparatus employed in electron bombardment matrix
The chemistry of the oxalyl chloride cation has, to our jsplation studies is depicted in Figure 1 and is similar to that

used by Szczepanski al2 in the production, isolation, and

characterization of the naphthalene radical cation. The electron

* Authors to whom all correspondence should be addressed, at Trent

University. A '
" Adjunct Associate Professor at Queen’s University. beam is accelerated between the filament and the anode (D),
€ Abstract published ilAdvance ACS Abstractdune 15, 1997. which doubles as a Faraday plate to monitor the electron current.
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Figure 1. View from above of the electron impact matrix isolation

Fridgen and Parnis

undoubtedly due to an increase in electron flux as a byproduct
of cation formation. However, there is an absence of bands
assignable to ions or displaying the behavior of ions (such as a
reduction of intensity on annealing or irradiation with low-
energy visible light) which can be explained as follows. In the
process of ionization, a great number of lower-energy secondary
electrons are produced along with charged species. It is
expected that a portion of these newly formed electrons would
be attracted to the positively charged matrix or to cations in
the gas phase. In the gas phaseelectron vertical recom-
bination would impart enough internal energy into the newly
formed neutral to ensure rapid decomposition. It would be
improbable, then, to observe the neutralized counterpart of a
cation if neutralization were to occur in the gas phase. However,
if the energetic electrons produced in these experiments were
to impact the growing matrix, they should have enough mobility
to find and neutralize any cations embedded tRére&ince
neutralized primary decomposition products are observed in
abundance (Table 1), we conclude that neutralization occurs in
the matrix or during cation condensation in the growing matrix,
where the energy of neutralization is efficiently quenched.
The process of ionization has been discussed briefly by
Szczepansket al3 The rare-gas atom, being the most dominant

apparatus. Shown here is the path of the electron beam and the path ofPECI€S in the gas mixtures used, is believed to be ionized
the gaseous sample. The schematic below shows the electric potentialglirectly by electron impact (eq 1). Since collisions with other

applied on each of the electrodes, as discussed in the text.

noble gas atoms can only result in charge exchange, the cation
produced exists until it captures an electron or collides with a

Electrons are produced by passing a 3.5 A current through anmolecular species, M, of lower ionization potential (IP). When

0.008 in. diameter tungsten filament biased-dt75 V (Va).

the latter takes place, an electron can be transferred from M to

Electrons are accelerated through 325 V by biasing the anodethe rare gas in a process known as charge exchange,

at 150 V {/p). This high potential drop may not be best suited
to give the optimum ionization cross sectidhut does increase
ionization by virtue of the number of electrons drawn in front

of the cold window, as measured at the Faraday plate. At this

high potential the maximum destruction of the precursor is
observed. The electron extractor plate is biased at 204. (
The Ar/oxalyl chloride (OxCl) mixture, typically a 400/1

CE (eq 2).
Ar+e —Art +2e (1)
(2)

Since the electron transfer is known to be rapid, ionization of

Art +M—Ar 4+ M

mixture by partial pressure, crosses perpendicular to the electronM is @ vertical process from the point of view of the nuclear

beam directly above the cold Csl window. The gas flow is
kept at 0.80 sccm and is monitored by an MKS mass flow
controller. The entire apparatus is kept at 10orr using a
diffusion pump charged with a Si-based oil. The window is
kept a 12 K with a closed-cycle helium refrigeration unit (APD
Cryogenics Displex Model 202). Three hours of deposition time
was found to be sufficient to yield spectra of all products
mentioned unless otherwise noted. Afgeh ofionization and
deposition, infrared spectra were recorded at I'crasolution
with a Bomem MB 102 FTIR spectrometer. Irradiation of
samples was done with a Kratos LH150 mercury arc lamp
powered by a 250 W Kratos Universal Arc Lamp Supply. For

coordinates. If the product of the CE reaction is a noble gas
atom in its ground electronic state, the molecular catiori M
will have excess internal energy (*) equal to the difference
between the electron affinity (EA) of the noble gas and the
adiabatic IP of M8 This excess internal energy can result in
varying degrees of intramolecular rearrangement and unimo-
lecular decompositions, depending on the agent used for
ionization and the difference between its EA and the IP of the
molecular species of interest.

Szczepanskiet al3 also note the possibility of Penning
ionization processes taking place. We can argue on thermo-
dynamic ground¥ that Penning ionization is not likely to be

annealing of the matrices, the temperature was raised and couldesponsible for the observed reactions. The metastable levels
be held at an elevated [emperature for any period of time using of Ar that are responSIble for Pennlng |0n|Zat|O|t] lie 115, 116,
a Scientific Instruments Inc. 9600-1 Silicon Diode Temperature 11.7, and 11.8 eV above the ground stéteEven if the higher

Controller.
Oxalyl chloride (99+%) was purchased from Aldrich and
purified by a series of freezgoump—thaw cycles. Prepurified

argon, research-grade krypton, prepurified nitrogen and CP-

level is effecting ionization, CC cleavage of OxCivould be

endothermic. Extrusion of CO is slightly exothermic, but there
is insufficient energy to overcome any significant barrier.
Penning ionization of OxCl with Kr metastables is quite

grade carbon monoxide were all purchased from Matheson of endothermic (1.43 eV with lower lying metastable), yet a similar

Canada and were used without further purification.

Results and Discussion

lonization and Neutralization Processes.We are confident

increase in current at the anode and similar decomposition
products are observed in EBMI experiments with Kr/OxCl as
with Ar/OxCI solutions. In light of these points, we conclude
that Penning ionization does not contribute significant to the
chemistry observed on EBMI of OxCl. The ionization process

that the chemistry occurring in these experiments results from is therefore most likely to be via charge exchange.

gas-phase ion processes. A large increase in currentl(®)

EBMI of Oxalyl Chloride in Argon and Krypton.  Electron

when gas flow begins, as measured at the Faraday plate, ilbbombardment of Ar and Kr gas mixtures containing 1 part in
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TABLE 1: New Absorptions Observed after 20 h of
lonization and Subsequent Deposition ba 1 in 400 Mixture
of Oxalyl Chloride in Argon

observed band lit.b value
(cm™) intensity? (cm™) assignment
2869.6 m 2870. hydrogen chloride
2814.6 m
2802.3 sh
2662.8 VW
2482.0 VW 2483. r1 HCO
2259.0 sh
2248.5 m
22215 VW
2178.3 sh
2153.3 sh
2148.8 sh 2148.8 carbon monoxides
2138.4 Vs 2138.0 carbon monoxidé;
2105.7 vw 2101.4 carbon monoxidéC
2090.7 m 2091.7 carbon monoxidéC
2049.4 VW
2039.2 VW
1876.4 S 1876.7 wv3CICO
1863.0 sh 1863. 3 HCO
1839.2 sh 1840.61 vy + vs + v63°Cl,.CO
1833.7 sh 1834.71 v, + vs+ v 3CRCICO
1829.1 sh 1829.51 vy + vs+ v63'Cl,.CO
1814.4 'S 1814. v1 Cl,CO
1787.4 m 1784. v, HCOCI
1650.9 m 1650.98 12 CI,CO
1398.0 1399.12 v, + v5 3CI,CO
1393.6 sh 1394.63 v, + v53'CICICO
1388.7 sh 1390.02 v, + v5%'Cl,CO
1305.0 VW 1307. v3 HCOCI
1240.0 vwWw
1160.2 VW 1160.65 1 Cl,CO
1185.7 w 1087. v, HCO
1059.8 vww
1041.8 VW
1023.0 sh
1018.0 vWw
1009.7 w 1010.08 v, + v 3Cl,CO
1003.5 VW 1004.02 v, + v 3'CIPCICO
997.7 vww 997.97 v+ v63'Cl,CO
955.4 VW
898.0 VW
878.7 vWw
869.7 vWw
837.3 VVS 837.36 v5Cl,CO
810.2 w 809.81 wv3+ v Cl,CO
736.6 VW 739. v4 HCOCI
721.1 VW
696.0 m
658.6 sh
588.4 w
580.6 m 580. v4 Cl,CO
569.9 S 570.1 v, CICO
568.29 v, 3CI,CO
564.8 sh 564.75 v, 3CI;CICO
561.4 sh 561.12 v,3Cl,CO
527.1 VW
468.2 VW
460.5 VW 458. vs HCOCI
334.5 m 334.6 v, 35CICO
331.4 sh 330.9 »,%CICO

a Intensity refers to peak height as follows: wsabove 1.75, vs=
1-1.74, s= 0.5-0.99, m= 0.1-0.49, w= 0.05-0.09, vw= 0.01—
0.049, and vww= less than 0.01 absorbance unit&ee text for
references.

200, 400, or 800 oxalyl chloride (OxClI) all resulted in efficient
decomposition of OxCl as is evident by comparison of the
infrared spectrum of OxCl in AP to spectra taken after EBMI.
The first part of the spectrum in Figure 2 shows the carbonyl
stretching region, and it is obvious that very little OxCl is left
after EBMI of 1 part in 400 OxCl in Ar. As well, after EBMI
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many new bands appeared compared with the spectrum of the
same gas mixture without electron bombardment. Table 1
summarizes the new features appearing after 20 h of EBMI of
the 400/1 Ar/OxCl gas mixture.

The bands corresponding to the three isotopomers of
phosgen®¥2(Cl,CO) were stable to irradiation with visible and
ultraviolet light as well as annealing. Features assigned to the
carbonyl chloride radicé&? (CICC) were stable to irradiation
but slowly decreased in intensity on annealing at 35 K. The
Cl,CO and CO band intensity increased slightly during this
annealing. The same effects were observed in solid krypton. It
was observed that 6 min of annealing at 45 K was more than
sufficient to eliminate all absorptions corresponding to CICO
in Kr and CbCO bands did increase significantly. This effect
of annealing on CIC©absorptions has been observed befdre.

A very weak feature assignaBtdéo CCl was observed only
in the Ar system. Nothing assignaPl¢o CCh was observed,
possibly due to spectral interference by the OxCI features in
that area of the spectrum. An enormous increase in CO was
observed, so much so that after EBMI of OxCI the spectral
features due to th¥C isotopomer of C& were observed with
significant intensity.

The products observed for the decomposition of the oxalyl
chloride radical cation are not totally unexpected; nevertheless,
the mechanisms for their generation require some discussion.
The simplest and most likely mechanism for CiICi@rmation
is the CC cleavage of Ox€lto form CICO and the carbonyl
chloride cation (CICQ). Thermodynamically, this is not the
most favored proces<$;however, the barrier for cleavage of an
extremely weak & C bond* may be low enough to make this
process the one with the lowest activation energy requirement.
CC cleavage of OxCt* still leaves the products with much
energy, and since the barrier for CIC@ecomposition is very
low,?5 29 kJ mot? (0.30 eV), the neutral is not as likely to
survive long enough to reach the growing matrix as the cation,
which is known to have a high barrier to decompositibithe
large amount of CICOobserved after EBMI of OxCI/Ar and
OXxCI/Kr mixtures therefore provides further indirect evidence
that ion chemistry is being observed. Furthermore, this is
confirmation that neutralization occurs near or in the matrix
since gas-phase neutralization of CIC®@ould likely result in
its rapid decompasition.

In the electron impact mass spectrum of O*Cthe most
prominent feature is atvz 63 corresponding to CICO There
is only a very small signal due to the phosgene radical cation
(CI,COt) at m/z 98. In our experiments employing charge
exchange ionization with Ar, one of the major products
observed in the matrix is @€O. ChLCO can be formed directly
as a neutral by extrusion of COfrom OxCF" (eq 3), but
extrusion of neutral CO is much more thermodynamically
favored (eq 4). The product that retains the positive charge in
unimolecular decompositions of cations is the product with the
lower 1P26 and since IP(GICO) < IP(CQO)2728 the more
favorable process will be the one producing@D* and neutral
CoO.

OxCI"™— CO™ + CI,CO AH=298kImol" (3)

OxCI" — CcO+ CLCcOo™ AH=47kImol* (4)

Reactions 3 and 4 are both endothermic; however, the 4.85 eV
(468 kJ mot?) transferred to OXCT by ionizing with Ar*
makes both processes quite exothermic. Intuitively, one would
expect a significant barrier for the concerted extrusion of CO
from OxCF*, forming CLCO*. Using Ar™ as the charge
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Figure 2. FTIR spectra of product region aft8 h of electron bombardment and subsequent matrix isolatfom b in 400 mixture of oxalyl
chloride in Ar (top spectrum) and simple deposition of the same mixtur8 to (bottom spectrum).

exchange agent seems to facilitate overcoming this barrier. Webands increased only slightly on going to higher concentrations

conclude that by using charge exchange with"ACI,CO'* is of oxalyl chloride in the starting gas mixture. It is assumed
formed by concerted extrusion of CO. This cation can then be that these products are formed by some recombination mech-
isolated in the matrix where it is neutralized. anism with H or H" and the corresponding non-hydrogenated

Both CLCO and CICOcan also be produced as neutrals in species. Mand H" are likely products of EBMI of water
the matrix or in the gas phase by recombination of chlorine impurities and are known to have mobility in the Ar matfix.
atom with CICO and CO respectively. The latter process is In the Kr system, Kr" is the charge exchange agent and only
known to be exothermic and barrierl@32> These mechanisms transfers 14.00 eV into OxCl, of which 10.91 eV are used in
are unlikely in our experiments due to the very low concentration ionizing oxalyl chloride®2 leaving 3.09 eV (298 kJ mot) for
of non-rare-gas species that would be present in the gas phaseunimolecular reaction. There is less energy available, therefore,
Recombination in the matrix is unlikely on the basis of for decomposition compared to the Ar system. The products
concentration of reactants and extremely limited diffusion of of decomposition are similar to that observed in the Ar system,
Cl atoms in an Ar matri$é at 12 K. Further evidence of this  but their relative yields differ and there is no CCl observed. It
comes from the fact that in the experiments where the OxCl should also be mentioned that extrusion off€® form neutral
concentration was varied there was no difference in relative Cl,CO is thermoneutral for the Kr system. Therefore;GID
intensities of the various products, as might be expected with could only be produced as a radical cation from OXQising
an increase in the concentrations of Cl, CICO, and CO. This Kr** as charge exchange agent as in eq 4 above if there was an
suggests that recombination is not a mechanism by which theenergy barrier. That @CO is observed in the Kr experiments
observed products are formed in this system. again supports the conclusion that it is initially formed as a

No features assignable to ethylened®ngOCCO) were cation, as proposed for the Ar system.
observed, and its absence is expected considering the energetics The intensity of the/; band of CICO dropped by a factor of
of its formation. On charge exchange with*Arthe energy 2 while thev; band of C4CO saw a 6-fold decrease in intensity
available for ionization and reaction of OxCl is 15.76 eV. This on going from the Ar to the Kr system (compare Figures 2 and
energy lies on the threshold of the appearance energy of3). This may be explained by considering that the barrier for
OCCO from OxCl, found by Chen and Holmes to be 157 concerted extrusion of CO by Ox€| forming CLCO't, is the
0.1 eV? It should, however, be possible under other conditions process with the higher activation energy requirement. Since
to generate OCCO since its lowest spin-allowed dissociation OxCI* is formed with less internal energy in the charge
limit is 310 kJ above the minimum corresponding to OCCO in exchange reaction of OxCl with Kr than with Art, it is
its triplet state’® Changing the matrix gas, and therefore the expected that much less €O would be produced.
charge-exchange agent, to neon €P21.56 eV) would more N, and CO Doping Experiments3® When N and CO were
than satisfy the energetics of formation of OCCOThis ion used in place of the noble gas it was found that little product
could then be trapped in the matrix and neutralized for was observed and features corresponding to the precursor, OxCl,
spectroscopic characterization. A complication may be that were most abundant. In fact, the straight deposition spectrum
OCCO™ would be formed from OxCl and Ne having too and the spectrum taken after EBMI were virtually identical using
much internal energy to survive the time between formation pure N or CO as the matrix support gas. This observation
and isolation in the matrix. This problem may be solved by suggested that the diatomic molecules were acting as quenchers,
doping the gas mixture with a quenching gas (effects of which removing the excess internal energy deposited into GxCl
are discussed in detail below) to remove the excess energy fromduring the ionization process and stabilizing it with respect to
OCCO™ in the gas-phase. unimolecular dissociation. It was therefore decided to explore

Bands were assigned to three hydrogen-containing speciesthe effect of adding varying amounts ot r CO to the gas
HCO31aHCI,22and HCOCE!P The relative intensities of these  mixture, keeping the concentration of OxCl fixed.
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Figure 3. FTIR spectra in the region of<€0 stretching modes taken  (eq 5). The fact that the amount of CICl@vels off and starts
after 3 h of electron bombardment and subsequent matrix isolation of tg decrease at about 18% ¢ a result of the two separate

1 in 400 oxalyl chloride to M+ Kr at different concentrations (mol rocesses for its production being suppressed bguénchin
%) of Nz (a) 0%, (b) 17.3%, (c) 30.5%, (d) 50.4%, (e) 71.7% and (f) ?eqs 6 and 7) P g supp by 9

100% N.

For the Kr system, values dhcico, Aci,co, and Aoxc are Cl,CO™** + N,— CLCO™" + N,* (6)
plotted against % Min Figure 4 and spectra in the carbonyl
stretch region are shown for various values of %iNFigure OXCI"™™* + N, — OxCI'™™ + N,* @)

3. As is evident from Figures 3 and 4, bands corresponding to

OxCl, CLCO, and CICOall initially increase with % N at N, The amount of GICO observed increases due to eq 6, until
levels below about 18%. Features due to CiGi@&en begin higher levels of M are attained, and then eq 7 becomes more
decreasing in intensity, while amounts of,CO continue to important, also cutting off the source of CIO"*.

increase until the level of Nreaches between 60 and 70%. OxClI Doping in the Ar system was not performed sincedd CO
features continuously increase in intensity with increased N would be ionized in a collision with At due to their lower IP

It should also be noted that the area under the CO feature dropgsee ref 33). It is expected that if a quenching agent could be
continuously with increasedAomposition, such that its area  found with a higher IP than Ar similar results would be attained
in pure N> is only about 12% of the area found in pure Kr. as just described for Kr.

It.is proposed that blefficigntly quenchea!l the internally It should be noted that adding a small amount ef{25%)
excited primary decomposmqn perUCtS in the gas phase: to the gas mixtures (OxCI/Ar and OxCI/Kr) and subjecting the
Cl,CC*, CICO*, and CICO. ltis obvious as well that Nalso mixture to EBMI resulted in no observable difference in the

quenches the newly formed OxCl. The quenched species EBMI infrared spectrum compared to when, Mas absent.
are then isolated in the matrix where the ions are subsequentlyKenty342and much earlier Worthing and Ruéfp,observed that
neutralized. when small amounts of Nwere present<0.2%) in a gaseous
From these results it is evident that morg@D+ is produced  mixture of Ar or Kr that was passed through a discharge, the
with N2 present than is observed as neutral3@ in the matrix emissions due to Ar or Kr were quenched. They concluded
when no N is present. Energetic &2O* formed as in eq 4a  that the lower metastable levels of Ar and Kr were efficiently
must decompose further before being trapped in the matrix. Thequenched in the presence of these small amounts.offithese

products for this secondary decomposition are CiCand metastable states of the rare gas were causing Penning ionization
chlorine atom (eq 5). of OxCl, a difference in the ratios afomeproducts would be
expected due to a lower amount of internal energy being
OxCI™* — CO+ CI,CO™* (4a) deposited into OxCI compared to charge exchange. This is
further evidence that Penning ionization is not an important
Cl,CO™ —CI'+ CICO" (5) process in these experiments.

Comments on the Mass Spectra of OxCl.These quenching
These results suggest that a second mechanism for formatiorstudies, using various diluent as well as dopant gases, answer
of CICO" in the gas phase exists besides simple CC cleavagesome questions pertaining to the mass spectrum of OxCl. Why,
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