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An ab initio study on the structures and energetics of the carbonyl chloride radical and its dimer, oxalyl
chloride, along with their cations, was carried out using the Gaussian-2 (G2) and Gaussian-3 (G3) models of
theory. The structural results obtained include optimized geometries of CICO,CIK&6 anti, syn, and
gauche conformers of (CIC@and the transition structure (TS) connecting the anti and gauche conformers,
and (CICO)". The energetic results reported include the heats of formation for CICO, various (CICO)
conformers and transition structures, CIG@nd (CICO)*, as well as the adiabatic and vertical ionization
energies of CICO and (CIC@)The G3 results obtained are in very good agreement with the available
experimental data. In some cases, where the experimental data are unavailable or imprecise, the G3 results
should be reliable estimates. Among the three experimeéxiidhqs values for CICO found in the literature,

the one most recently reporteet21.84 2.5 kJ mot?) has the best agreement with the G3 result9.4 kJ

mol~1). For oxalyl chloride, we located a gauche conformer and a TS linking the anti and gauche conformers
at the MP2(Full)/6-311G(3df,2p) level, in qualitative agreement with the experimental findings. Also, both
experimental and computational results agree that both the anti and gauche conformers lie in very flat potential
minima. Based on the limited number of systems studied in this work, the G3 model yields results which are
in better agreement with the experimental data than the G2 method.

Introduction the C-C bond. Experimentally, in addition to the anti conformer
d (with the dihedral angle CICCCI equal to I80there appears

to be a gauche conformer with this dihedral angle being about
80°.89 On the other hand, a number of theoretical attempts to
locate this gauche conformer failed. In 1995, Hedberg and co-
worker$ finally located this conformer at the MP2(Full)/TZ2P
level. At this level of theory, the gauche conformer has a
CICCCI dihedral angle of 89?8and the gauche-anti barrier is
only about 0.13 kJ mokt. Hence, while theory and experiment
agree qualitatively on the existence of the gauche conformer,
the theoretical evidence for this existence is very tenuous indeed.
Here, we performed calculations at higher levels with the hope
of establishing the existence of the gauche conformer on a firmer
basis.

To sum up, in this work, we carried out an ab initio structural
and energetic studies on carbonyl chloride and oxalyl chloride,
as well as their cations. The computational models we employed
were the Gaussian-2 (G2)and the more recently developed
Gaussian-3 (G3} methods. In this paper, we report the
optimized structures and theH% values for all these species,
along with the adiabatic and vertical IEs for CICO and anti

The carbonyl chloride free radical, CICO, was first postulate
to be an intermediate in the reaction of,@ith CO to form
phosgene about 70 years dgd-owever, the CICO radical was
not directly observed until 1965. When Cl atoms were produced
by the photolysis of HCI, G| Cl,CO, and (CICO) (oxalyl
chloride) in a matrix at 14 K, the Cl atoms reacted with CO to
form CICO, with no activation energy requirédn the same
experiment, the infrared spectrum of CICO was also recorded.
More recently, in a photodissociation dynamics study of oxalyl
chloride, the upper bound of the ionization energy (IE) of CICO
was estimated to be 115 0.3 eV. Also, since the Franek
Condon factors are not known, the true IE “could be somewhat
lower.™ In addition, there is a significant discrepancy between
the heats of formation at 298 K\H%,gg) for this radical reported
in the literature:—16.7 4 12.6 kJ mot! 5> and—62.8+ 42 kJ
mol~1.5 More recently, Wine and co-workéreave measured
the AH%, and AH%9g values for CICO to be-23.4+ 2.9 and
—21.84 2.5 kJ mot?, respectively. In this work, among other
things, we wish to resolve the difference among the measured

experimental data. - .
'FI)'he dimer of the CICO radical, oxalyl chloride, is an (CICO.)Z‘ Where appllcablle_, we compare these results with
’ , experimental data. In addition, we will also use the calculated

interesting molecule by its own right. Fo_r the past 4.5 years, results to assess the relative merits of the G2 and G3 models.
there have been numerous studies on the internal rotation around

:Authors to whom correspondence should be addressed. Computational Methods and Results

Ames Laboratory is operated for the U.S. Department of Energy by ; ;

lowa State University under Contract W-7405-Eng-82. This article was All calculations were carried OUt. on DEC 500al.1,. IBM
supported by the Division of Chemical Sciences, Office of Basic Energy RS6000/390, and SGI 10000 workstations, and SGI Origin 2000

Sciences. High Performance Server, using the Gaussian 94 package of

10.1021/jp992123f CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/15/1999



Carbonyl Chloride Radical, Its Dimer, and Their Cations

the programg? All structures were optimized at the second-
order Mpller—Plesset theory (MP2) using the 6-31G(d) basis
set with all electrons included, i.e., at the MP2(Full)/6-31G(d)
level. The G2 theoretical procedure is an approximation to the
ab initio level of QCISD(T)/6-313G(3df,2p). It requires single-
point energy calculations at the QCISD(T)/6-311G(d,p), MP4/
6-311G(d,p), MP4/6-31tG(d,p), MP4/6-311G(2df,p), and
MP2/6-311G(3df,2p) levels based on the optimized geometry
at MP2(Full)/6-31G(d). A small empirical correction is added
to include higher level correction (HLC) effects in the calcula-
tion of the total electronic energieBd. The MP2(Full)/6-31G-

(d) harmonic vibrational frequencies, scaled by 0.9646, are
applied for the zero-point vibrational energy (ZPVE) correction
at 0 K (Ep = Ee + ZPVE).

In the G3 model, geometry optimization and ZPVE correction
are also done at the MP2(Full)/6-31G(d) level. On the other
hand, the G3 model requires single-point calculations at QCISD-
(T)/6-31G(d), MP4/6-31G(d), MP4/6-31G(d), MP4/6-31G-
(2df,p), and MP2(Full)/G3large levels, where G3large is a
triple-¢ basis proposed by Curtiss et'aln addition, this model
also includes HLC as well as spiorbit coupling correction
(the latter only for monatomic species). The average absolute
deviation from experiment for the 148 calculated G3 enthalpies
of formation is 3.9 kJ mol!, compared to the G2 average
absolute deviation of 6.5 kJ mdl1!

As mentioned earlier, the gauche conformer of oxalyl chloride
and the transition structure (TS) linking the gauche and anti
conformers of this compound could not be located at many
levels of theory, including MP2(Full)/6-31G(d). In this work,

we optimized the geometries of these three structures (anti, TS,

and gauche) at the MP2(Full)/6-3tG(3df,2p) level. Addition-
ally, we characterized these stationary points as minimum and
first-order saddle point by vibrational frequency calculations.
Then we carried out G2 and G3 calculations with geometries
optimized at this level. Also, for the temperature dependence
and ZPVE corrections, we used the vibrational frequencies
calculated at the MP2(Full)/6-3%5(3df,2p) level, scaled by

a factor of 0.973

For all the species studied in this work, the G2 and G3 heats
of formation were determined in the following manniéiFor
molecule AB, its G2/G3 heat of formation at(AH%t) was
calculated from the G2/G3 heat of reactiddi®r(A + B —

AB) and the respective experimentaH%r(A) and AH%(B)
for elements A and B.

Before proceeding to presenting and discussing the results,
we note that the G2 predictions fétH% and IE values are
usually well within£0.10 eV (or about=10 kJ mot?) of the
experimental dafé for relatively small systems. So far we have
applied the G2 method to a number of syst&asd the results
are in good to excellent agreements with the available experi-
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Figure 1. The structures of CICO1f, CICO" (2), anti (CICO} (3),
(CICO)," (4), syn (CICO} (5), gauche (CICQ)(6), and the transition
structure 7) linking 3 and 6. Unless stated otherwise, structures are
optimized at the MP2(Full)/6-31G(d) level. The structural parameters
which are optimized at the MP2(Full)/6-3tG(3df,2p) level are given

in italic font, and the available experimental data (from ref 9) are given
in brackets.

of potential energy surface containing the anti and gauche
(CICO), and the TS linking them is very flat, we also calculated
the relative energies among these three structures at a number
of levels of theory. These results are summarized in Table 3.
Finally, as the MP2(Full)/6-31G(d) vibrational frequencies for
CICO do not agree well with the experimental data, we also
optimized this species’ structure and calculated its frequencies
at various additional levels. The results are given in Table 4.

mental data. As the G3 method has been proposed relativelyPiScussion

recently, so far we have applied it only to hydrochlorofluoro-

Carbonyl Chloride and Its Cation. Examining the structures

methanes and the results show an improvement over their G2of CICO and CICO displayed in Figure 1, the geometrical

counterpartd®

The optimized structures of CICO, CICQvarious conform-
ers of (CICO), and (CICO)" are shown in Figure 1. The G2
and G3 energieskp), enthalpies Klgg), AH%, and AH%gg
values for CICO, CICO, anti and syn (CICQ) and (CICOY,
as well as the adiabatic and vertical IEs{Had IE) of CICO
and anti (CICO), all based on the MP2(Full)/6-31G(d) geom-
etries, are listed in Table 1. Tabulated in Table 2 are the G2
and G3Ey, Hags, AH%0, andAH®,gg values for anti and gauche
(CICO), and the TS linking them, all based on the structures
optimized at the MP2(Full)/6-31G(3df,2p) level. As the part

features are what would be expected from elementary bonding
theory such as the valence-shell-electron-pair-repulsion médel.
Specifically, for CICO, the carberchlorine and carbonoxygen
bonds are single and double bonds, respectively, while the lone
electron on carbon is responsible for the bent geometry. In a
more advanced language, a linear CICO will undergo Renner
Teller distortiot” to become bent. For CICQisoelectronic to
COy,, both bonds may be considered as double bonds and there
is no nonbonding electron on carbon, leading to a linear
geometry. These general descriptions are supported by the
following quantitative results. At the G2 and G3 levels,
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TABLE 1: G3 and G2 Total Energies® (Eg), Enthalpies (H29¢), and Standard Heats of Formation at 0 and 298 K AH% and
AH?°,99) for CICO/CICO * and (CICO),/(CICO),*,as Well as the Adiabatic and Vertical lonization Energies (I§ and IE,) of
CICO and Anti (CICO) ,»

Species AH% AHP%o9g
(symmetry) Eo (hartree) Hags (hartree) (kJ mol?) (kJ mol?) IEa (eV) IE/ (eV)
CIcO @ —573.26833 —573.26407 —21.6 —19.4 8.28 10.01
(Cy —572.86379 —572.85920 —27.2 —24.1 8.27 9.94
(—23.442.9)¢ (—17+13f (<11.54 0.3
(—63 4 42y
(—21.8+ 2.5
Clcot ()] —572.96401 —572.95960 777.4 780.0
(Cw) —572.55972 —572. 55579 771.1 772.4
anti (CICO) 3 —1146.64722  —1146.64036  —333.5 —-333.4 10.82 11.26
(Con) —1145.83794 —1145.83107 —344.2 —344.1 10.81 11.30
(—335.84 6.3y (10.91+ 0.05) (11.33)
(11.26)
(ClcOo)" 4 —1146.24970 —1146.24206 710.2 712.3
(Can) —1145.44080 —1145.43370 698.5 700.9
syn (CICO}) (5) —1146.64360  —1146.63761  —324.0 —326.2
(Ca) ~1145.83421  —1145.82823  —334.4 —336.6

a Calculated using geometries optimized at the MP2(Full)/6-31G(d) level; G3 energies are shown in bold font, and G2 energies are in italic font.
b Experimental values, where available, are given in brack®ef 5.9 Ref 6.¢ Ref 7. Ref 4; note that this is anpper boundralue.9 Ref 19" Ref
20.' Ref 21.1 Ref 22.

TABLE 2: G3 and G2 Total Energies® (Eg), Enthalpies H29¢), and Standard Heats of Formation at 0 and 298 K AH® and
AH 0 559 for the Two Different Conformers of (CICO), and the Transition Structure Linking Them

species Haos AH% AH%95
(symmetry) Eo (hartree) (hartree) (kJ mol?) (kJ mol?)
anti (CICO) 3) —1146.64777 —1146.64089 —334.9 —334.8
(Can) —1145.83893 —1145.83205 —346.8 —346.7
(—335.8+£ 6.3p
gauche (CICO) (6) —1145.64702 —1145.63996 —332.9 —332.4
(C) —1145.83879 —1145.83168 —346.4 —345.7
TS (CICO)» @) —1146.64701 —1146.64085 —333.1 —333.1
(C) —1145.83879 —1145.83258 —346.4 —348.1

a Calculated using geometries optimized at the MP2(Full)/6+33(@3df,2p) level; G3 energies are shown in bold font, and G2 energies are in
italic font. ® Experimental value, taken from ref 19, is given in brackets.

dissociation energy(Cl—CO) is calculated to be 25.1 and values ofAH®,gs for CICO, both G2 and G3 results favor that
26.3 kJ mot?, respectively, in very good agreement with the measured by Wine et al.which is also the most recently
experimental value of 27 kJ mdl* For CICO", at the G2 and reported data.

G3 levels, dissociation ener@p(ClT=CO) is 466.0 and 471.0 As shown in Table 1, the G2 }gand IE, of CICO are

kJ mol1, respectively. These values are comparable to the G2 calculated to be 8.27 and 9.94 eV, respectively, while those for
and G3 results 0ofDo(O=CO), 529.7 and 530.2 kJ md| G3 are 8.28 and 10.01 eV. Both sets of values are well below
respectively. the experimentalipper boundeported by Hemmi and Suits,

At the HF/6-31G(d) level, the vibrational frequencies of CICO 11.5+ 0.3 eV. This is not unexpected, since CICO and CICO
are calculated to be 197, 577, and 2167 &nOn the other have significantly different structures, as shown in Figure 1 and
hand, at the MP2(Full)/6-31G(d) level, they are 383, 647, and discussed above.

2000 cntl. These results are not in good agreement with the  The Anti and Syn Conformers of Oxalyl Chloride and
experimentally measured frequencies of 281, 570, and 18800xalyl Chloride Cation. As shown in Figure 1, the optimized
cm~13 As this is a relatively small species, we carried out the structures of the anti conformer of oxalyl chlorid®) @re in
geometry optimization and frequency calculations for CICO at very good agreement with the available experimental find-
a number of levels higher than MP2(Full)/6-31G(d), including ings218 Also, the two levels of theory used in geometry
B3LYP/6-31G(d), B3LYP/6-31+G(3df,2p), QCISD(T)/6-31G-  optimization, MP2(Full)/6-31G(d) and MP2(Full)/6-3tG(3df,

(d), and BD(T)/6-31G(d). Examining the results summarized 2p), lead to very similar results. As expected, the syn conformer
in Table 4, it is seen that the results of the two last-mentioned (5) represents a TS on the energy surface and its structural
levels agree fairly well with the experimental data, even though features are similar to those 8faside from the dihedral angles

v1 still does not come out well at either of these levels. It appears defining the conformation. Referring to the structure of (CIEO)
that correlation at a very high level is required for the accurate (4) shown in Figure 1, it is seen that, upon ionization, theC
frequency calculations of this species. bond has lengthened considerably. This is consistent with that

The G2 and GR\H%,gg for CICO are calculated to be24.1 the highest occupied molecular orbital (witg symmetry) has
and—19.4 kJ mot®. The G3 result is in excellent accord with  significant bonding interaction between the orbitals on the two
the experimental data 6f21.8 & 2.5 kJ mot, reported by carbon atoms.

Wine and co-workers.In addition, the G3AH% (—21.6 kJ Referring to Table 1, where all energies are calculated on
mol~1) for this radical is also in good agreement with that the basis geometries optimized at the MP2(Full)/6-31G(d) level,
reported by the same researcher23.4 4= 2.9 kJ mof™. In the G3 and G2AH®%,qs Of 3 are calculated to be-333.4 and
other words, among the three rather dissimilar experimental —344.1 kJ mot?, respectively. The former is once again in
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TABLE 3: Total Energies? (in hartree) and Relative Energies AEP, in kJ mol~1) for the Two Conformers of (CICO), and the
Transition Structure Linking Them at Different Levels of Theory

anti (CICO} (3) TS (CICOY (7) gauche (CICQ)(6)

MP2(Full)/6-311G(3df,2p) —1145.97283 —1145.97185 —1145.97203
ZPVE 0.01992 0.01975 0.01978
AE 0.0 (0.0) 2.6 (2.1) 2.1(1.7)
MP4/6-31G(d) —1145.33788 —1145.33570 —1145.33512
AE 0.0 (0.0) 5.7 (5.3) 7.2(6.9)
QCISD(T)/6-31G(d) —1145.33025 —1145.32774 —1145.32707
AE 0.0 (0.0) 6.6 (6.1) 8.3(8.0)
MP4/6-3H-G(d) —1145.35745 —1145.35785 —1145.35722
AE 0.0 (0.0) —-1.1(-1.5) 0.6 (0.2)
MP4/6-311G(d,p) —1145.50751 —1145.50605 —1145.50577
AE 0.0 (0.0) 3.8(3.4) 4.6 (4.2)
MP4/6-311-G(d,p) —1145.52613 —1145.52655 —1145.52611
AE 0.0 (0.0) -1.1(-1.5) 0.1 ¢0.3)
MP4/6-31G(2df,p) —1145.60175 —1145.59934 —1145.59919
AE 0.0 (0.0) 6.3 (5.9) 6.7 (6.4)
QCISD(T)/6-311G(d) —1145.49826 —1145.49650 —1145.49612
AE 0.0 (0.0) 4.6(4.2) 5.6 (5.3)
MP4/6-311G(2df,p) —1145.74793 —1145.74648 —1145.74651
AE 0.0 (0.0) 3.8(3.4) 3.7(3.4)
G —1145.83893 —1145.83879 —1145.83879
AE 0.0 0.4 0.4

G¥ —1146.64777 —1146.64701 —1146.64702
AE 0.0 2.0 2.0
MP4/6-31HG(3df,2p) —1145.78361 —1145.78328 —1145.78344
AE 0.0 (0.0) 0.9 (0.4) 0.4 (0.1)
QCISD(T)/6-31H1-G(3df,2p) —1145.77160 —1145.77083 —1145.77086
AE 0.0 (0.0) 2.0 (1.6) 1.9 (1.6)
MP4/G3large —1146.47394 —1146.47278 —1146.47292
AE 0.0 (0.0) 3.0 (2.6) 2.7(2.3)

a Calculated using geometries optimized at the MP2(Full)/643&(3df,2p) level ? Relative energy including ZPVE (scaled by 0.97) correction
are given in brackets.The ZPVE corrections are calculated using MP2(Full)/6-8G13df,2p) frequencies, scaled by 0.97.

TABLE 4: Calculated Structural Parameters and Vibrational Frequencies of CICO at Different Levels of Theory

c-0 c—cl o-c—cl V1 (A" v, (A") v (A)
Level A A ©) (cm™?) (cm™) (cm?)

HF/6-31G(d) 1.135 1.840 115.5 197 577 2167
MP2(Full) /6-31G(d) 1.174 1.793 1155 383 647 2000
B3LYP/6-31G(d) 1.164 1.840 115.6 332 589 1966
B3LYP/6-31H-G(3df,2p) 1.155 1.805 115.2 358 595 1943
QCISD(T)/6-31G(d) 1.175 1.828 115.7 328 585 1902
BD(T)/6-31G(d) 1.176 1.809 115.6 350 590 1990
experimentéal 1.170 1.750 120.0 281 570 1880

a Experimental values are taken from ref 3.

excellent agreement with the reported experimental value of close to that in6, indicating a very low barrier for the
—335.8+ 6.3 kJ motL.1? Also, both the calculated adiabatic transformation (see below).

and vertical IEs of3 are in very good agreement with the Referring to Table 2, where the energies are calculated using
available experimental data in the literature. Finally, it is noted the geometries optimized at the MP2(Full)/6-31G(3df,2p)

that5 is less stable tha@ by about 7 kJ mol, which implies level, it is seen that the GAH%gs value of 3 shows an
there is free rotation about the—-C bond of 3 at room improvement of 1.4 kJ mol over that calculated using the
temperatures. MP2(Full)/6-31G(d) geometry (listed in Table 1). At the G3

The Anti and Gauche Conformers of (CICO) and the TS level, 3 is more stable thaf by 2.0-2.4 kJ mof L. At the G2
Linking Them. As mentioned previously, the gauche conformer level, this energy gap becomes 6#0 kJ mof!. More
(6) of (CICO), cannot be located at either HF or MP2(Full) disturbingly, the TS7 linking 3 and 6 becomes slightly more
levels using the 6-31G(d) basis. On the hand, Hedberg et al.stable than6. This type of situation occurs often when an
did find 6 at the MP2(Full)/TZ2P levél.In this work, we also extremely flat surface is investigated using different levels of
located6 at the level of MP2(Full)/6-312G(3df,2p). In other ~ theory for geometry optimization and energy comparison. As
words,6 is not artifact of one level of theory. However, it cannot we recall, in this case, geometry optimization is done at the
be located unless a fairly large basis set is used. There are onlyMP2(Full)/6-31H-G(3df,2p) level, while energies are calculated
slight differences between the structuresbaiptimized at the employing additivity relations among single-point energies
two aforementioned levels. In particular, we note that, at the calculated with smaller basis sets. We are going to discuss this
MP2(Full)/TZ2P level, the CICCCI dihedral angle has a value pointin a more detailed manner in the next paragraph.
of 89.8;° at the MP2(Full)/6-31+G(3df,2p) level, this torsion Let us now refer to Table 3, where we compare the relative
angle becomes 81°0in good agreement with the experimental energies of3, 6, and7 at a variety levels of theory, using the
result, 764 9°.° On the other hand, for the TS)(linking 3 MP2(Full)/6-311G(3df,2p) geometries. It is seen tBatmains
and6, the CICCCI dihedral angle is 107.7This value is fairly the most stable species at most of the levels studied. The
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exceptions are MP4/6-31G(d) and MP4/6-311G(d,p), where Alexander von Humboldt Senior Scientist Award and the U.S.
the most stable speciesisthe TS linking3 and6. Also, at all Department of Energy under Contract No. W-7405-Eng-82 for
levels employing basis set smaller than 6-83G(3df,2p), the Ames Laboratory.

including G2 and G3 models, we do not get the expected energy
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