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Abstract

Crystal structures containing a trapezoidal@I" cation, one of several structural isomers of@i*, have been recently obtained by the
Seppelt group. There is no experimental thermochemistry for this isomer, partly because the corresponding neutral structure has no significant
interdiatomic bonding. We have measured the 0K dissociation ef¥@l*—0,) =57+ 7 kd/mol using energy resolved collision-induced
dissociation experiments in a flowing afterglow-tandem mass spectrometer. This legtt§g(Cl,O,*) = 1056+ 7 kJ/mol. The calculated
B3LYP/aug-cc-pVTZ dissociation energy is 13 kJ/mol higher than experiment, while CASPT2 calculations by Seppelt and coworkers give a
result 8 kJ/mol below experiment. The agreement between experiment and theory is better than for the e{xtedCX Br, and I) cations.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The dissociation of GIO,* yielded peaks for Cl, CIO*, and
ClO,™. This supports an open chain structure of [CIOCIO]

Seppelt and coworkers recently reported the crystal struc-because all fragments can be traced to the simple fission of

tures of ChO,"SbR~, ClO*SkpF11~, and CHO,*- one bond in the chain.

HiraF12~ [1,2]. These three compounds contain,G4* Cacace prepared the second isomer o0t by associ-

cations with similar trapezoidal structures. As shown in ation of Cb* with O,. Egs.(3) and(4) show the most likely

Fig. 1, the experimental structure resembles &nd Cb reactions.

moieties with a long interdiatomic distance. Computations

indicate that the trapezoid is the lowest-energy structure for Cl2" + 02— Cl02" (3)

isolated C}O," [2]. The next-lowest isomer, CIOOGlis + +

the ionized form of the CIOOCI intermediate important in Cl2 402"~ Cl202 @

the atmospheric depletion of 0zof8&4]. Reaction(3) is believed to be dominant because of a higher
In a separate study, Cacace et[&]. prepared two iso-  abundance of Gf (recombination energy 11.480eV) com-

mers of ChO>™ in the gas phase by chemical ionization, and pared to @* (recombination energy 12.071 eV). Cacace et

characterized them by means of collision-induced dissocia- al. [5] presented evidence that the isomer gf@J" that was

tion (CID) in a mass spectrometer. The firstisomer GBI prepared by association of £lwith O, had the connectiv-
was prepared by the chlorination of GiGand the following ity of the CLO," cation isolated in the solid phase. This was
reaction sequence was given as the most probable. supported by the dominance of,Cland G* in the CID spec-

trum. Because there is no experimental thermochemistry for
this isomer of GJO,*, we performed energy-resolved CID
Clst 4+ ClOy — Cl,0,1 +Cly (2) measurements on this ion.
Trapezoidal GIO,* is related to the X (X =halogen)
* Corresponding author. Tel.: +1 815 753 6870; fax: +1 815 753 4802. fadical cations. The Seppelt group has also determined a
E-mail addresssunder@niu.edu (L.S. Sunderlin). crystal structure for GI, and our group has measured

Clo™ 4+ Cl, — Cls™ +Cl (1)
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116 pm experiments, the ions are extracted from the flow tube and
focused into the first quadrupole for mass selection. The re-

‘I actant ions are then focused into the octopole, which passes

' through a reaction cell that contains a collision gas. After the

\ dissociated and unreacted ions pass through the reaction cell,

1

1

@)

the second quadrupole is used for mass analysis. The detector
,267 pm is an electron multiplier operating in pulse-counting mode.
l‘ The energy threshold for CID is determined by mod-
1 eling the cross section for product formation as a func-
‘| tion of the reactant ion kinetic energy in the center-of-mass
Cl (CM) frame, Ecy. The octopole is used as a retarding field
196 pm analyzer to measure the reactant ion beam energy zero.
The ion kinetic energy distribution for the present data is
Fig. 1. Computed (B3LYP/aug-cc-pVTZ) geometry fopOb™. typically Gaussian with a full-width at half-maximum of
0.94+0.2eV (1eV=96.5kJ/mol). The octopole offset volt-
dissociation enthalpies for X =Cl, Br, and@]. ClL,O," is age measured with respect to the center of the Gaussian fit
a weakly bound radical cation, likegX. However, C}O,* gives the laboratory kinetic energiyap, in eV. Low offset
has less symmetry (¢ instead of Bp), and one of the dis-  energies are corrected for truncation of the ion b§agj.
sociation products (&) has a triplet ground electronic state. To convert to the center-of-mass (CM) frame, the equation
Computational difficulties with spin contamination have been E¢p, = Ejapm(m+M)~1is used, wherenandM are the masses
noted for Rr*, particularly in conformations with less sym-  of the neutral and ionic reactants, respectively. All experi-
metry[7]. Such problems are also likely for £,". ments were performed with both mass filters at low resolution
Li and Ng [8] performed G2 calculations of several toimproveion collection efficiency and reduce mass discrim-
isomers of GJO, and ChO,". However, because their ination. Average atomic masses were used for all elements.
main concern was species of atmospheric interest, they did One complication with GIO,* is that another ion with a
not report results for the neutral or cationic trapezoidal similar mass, G, is also created in the ion source. The main
systems. Schwell and coworkers performed photoioniza- isotopic peaks of GIO,* are at 102, 104, and 106 amu, while
tion mass spectrometry studies of CIOOCI, determining the main peaks of Gt are at 105, 107, 109, and 111 amu. In
AfH(CIOOCH) = 1203+ 12 kJ/mol[9]. the present experiments, the first quadrupole was set to low
resolution at a relatively low mass setting such that no ions
heavier than 104 were transmitted. This avoided interference
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2. Methods from Clg*. The average reactant mass used was adjusted to
account for the actual distribution of the transmitted ions.
2.1. Experimental Collision-induced dissociation data collected for weakly

bound ions can give data that is difficult to fit because several

The strength of the Gf—0, interaction was measured us-  of the assumptions made in the fitting procedure are less valid
ing the energy-resolved collision-induced dissociation (CID) near zero energy in the laboratory frafi€]. These effects
techniqug10,11]in a flowing afterglow-tandem mass spec- can cause measured thresholds to be too low. This problem
trometer (MS)12]. The instrument consists of an ion source can be alleviated by using a lighter collision gas. On the other
region, a flow tube, and the tandem MS. The dc discharge hand, energy transfer during collisions with light collision
ion source used in these experiments is typically set at partnerslike Ne canbe less efficient, giving thresholds thatare
2000V with 2mA of emission current. The flow tube is too high[14,15] Therefore, CID experiments with £D,*
a 92cmx 7.3cm i.d. stainless steel pipe that operates at a were done with both Ar and Ne as collision gases.
buffer gas pressure of 0.35 Torr, a flow rate of 200 standard The total cross section for a reactiangiy, is calculated
cmd/s, and an ion residence time of 100 ms. The buffer gas usingl =g exp(—ootanl), wherel is the intensity of the re-
is helium with up to 10% argon added to stabilize the dc actant ion beamlg is the intensity of the incoming beam

discharge. (Io=1+>_l;), li is the intensity of each product ion,is the
The CbO," ions used in this study were prepared in the number density of the collision gas, alnid the effective col-
flow tube using the procedure of Cacace e{%l.shown in lision length, 13t 2 cm. Individual product cross sectioms

Eqgs.(3)and(4). Approximately 16 collisions with the buffer are equal taota(li/Y_1;). Data taken at several pressures is
gas cool the resulting metastableG}* clusterionstoroom  extrapolated to a zero pressure cross section before fitting the
temperature. data to avoid the effects of secondary collisi¢b@].

The tandem MS includes a quadrupole mass filter, an oc-  Threshold energies are derived by fitting the data to a
topole ion guide, a second quadrupole mass filter, and a de-model function given in Eq5), whereo (E) is the cross sec-
tector, contained in a stainless steel box that is partitioned intotion for formation of the product ion at center-of-mass energy
five differentially pumped interior chambers. During CID E, Ey is the desired threshold energy, is the scaling factor,
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Table 1 ing radicals were performed with unrestricted wavefunctions.
Vibrational frequencies, rotational constants, and polarizabilities Geometry optimizations were performed with tight conver-
Calculated Experimentd gence criteria, and all species discussed were found to have no

Cl,0,* vib 109, 140, 160, 330, 582, 1684 imaginary frequencies (they are stable minima). Most calcu-
Cl20," rot 0.0732,0.1106, 0.2162 lations on C}O,* using a variety of methods including MP2

+ vi . . .
g:2+ V'l: 222661 %45’70 and CBS-Q were unsuccessful because of spin contamination
Ozzvig) Lo26 1580 in the calculated wavefunctiorig]. However, calculations
O, rot 1.450 1.438 using the B3LYP/augl—cc-pV'_I'Z method were supcessful; the
0, pol 7.45 results are reported in Secti@ along with previously re-
Allvalues in cnt® except polarizability ind3, ported results.

@ B3LYP/aug-cc-pVTZ results.
b Referencd23].

3. Results and discussion
nis an adjustable parameter, amgnotes rovibrational states

having energ¥; and populatiom;(3_gi = 1). Dopplerbroad- 3.1, Experimental results

ening and the kinetic energy distribution of the reactant ion

are also accounted forinthe data analysis, whichis doneusing  CID of Cl,0,* gives reaction(6) as the only observed
the CRUNCH program written by Armentrout and coworkers  product.

[13].

Cl,O,* Clbt+0 6
o0y, &(E+ E;— ET)" 202 = T2+ ©)

5 , :
E ©) The appearance curve and fits to the data are shown in

Experimental vibrational frequencies are not available for Fig_. 2 The Eq.(5)_fitting parameters for argon collision gas
Cl,0,*. Therefore, vibrational and rotational frequencies for (n: 1.1+0.1,Er = 0.57+0.06 eV) and neon collision gas
reactants and products were calculated using the B3LYp(N=1.3+0.1,Er=0.60+0.05€V) are similar. The effects
model [17] and the aug-cc-pVTZ basis sHi8] to give a of reactant and product internal energy are included in the
consistent set of frequencies, giveriTiable 1 This method fitting procedure, so the dissociation thresholds correspond to
gives generally good frequencies for this purpfs&9,20] an energy at 0 K. The final uncertainty in the energy is derived
the calculated values for £1and & agree with experimen- from the standard deviation of the thresholds determined for
tal values Table 3 within 3%. Uncertainties in the derived individual data sets, the uncertainty in the reactant internal
thresholds due to possible inaccuracies in the frequenciesS"€rgy, the effects of kinetic shifts, and the uncertainty in
were estimated by multiplying the entire sets of frequencies € energy scale{0.15eV lab). These results are given in
by 0.9 and 1.1. The resulting changes in internal energies are/2PIe 2 along with results calculated at various levels of
less than 1 kd/mol. Therefore, the calculated frequencies weréN€OTY: . . .
used without scaling. The polarizability of the neutral product e attempted to make;P,", BroO,", and O™ by the
was also taken from the computational results; varying this S&Me technique with differentdihalogen precursors, butitwas
parameter has a negligible effect on the derived energetics. N0t Possible to make these ions, at least in quantities greater

Collisionally activated metastable complexes can have than background impurities. £and G have similar ion-
sufficiently long lifetimes that they do not dissociate on the ization energies, while the other halogens are substantially
experimental timescale (ca. p8). Such kinetic shifts are ac-
counted for in the CRUNCH program by RRKM lifetime cal-

o(E) =

culations, where the reaction transition states are presumed s —T Tt Tt T ]
to be essentially product-lik21]. The uncertainty in the de- § 140f %
rived thresholds is again estimated by multiplying reactant or f; 120 o
product frequency sets by 0.9 and 1.1, and by multiplying the Z 100}
time window for dissociation by 10 and 0.1. The kinetic shift S sof
for this molecule is small and the effect of these variations is § 6.0k
less than 1 kJ/mol. I

Cl, was obtained from Specialty Gas Group. He, Ar, and S 20k
O, were obtained from BOC, and Ne was obtained from 0.0 . A
Matheson Gas Products. All reagents were used as received. 00 05 10 15 20 25 30 35

Energy (eV,CM)

2.2. CompUtatlonal Fig. 2. Cross section for collision-induced dissociation ef@I" as a func-

) tion of energy in the center-of-mass frame. The solid and dashed lines rep-
All computational work on these systems was performed resent convoluted and unconvoluted fiEs € 0.61 anch=1.31) to the data,

using the Gaussian 98 Suif22]. All calculations involv- as discussed in the text.
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Table 2 3.3. Atomic charges and spin densities
Experimental and computed dissociation energies foDgl
Method BDE (kJ/mol) Seppelt and coworkerf®] derived charges of +0.21 on
Experimenta 58+ 6 O and +0.29 on ClI by using the CASPT2 method. They ob-
EXperimentaﬂ 55+7 tained similar values of +0.17 on O and +0.33 on Cl with the
EXpe”m;md‘ 577 B3LYP/cc-pVTZ//ICASPT2 model. We calculated values of
R e 811546 (341300 2 +0.19 and +0.31, respectively, with the B3LYP/aug-cc-pVTZ
B3LYP/aug-cc-pVTZ ' 69.9 model, in good agreement with the. other calculatgd charges.
2 Neon collision gas. The calculated g:harges agree W|th the suggestion from the
b Argon collision gas. geometry calculations that the chlgrlne atoms have thg ma-
¢ Final average experimental value. jority of the charge. However, the direct B3LYP calculations
¢ Referencé2] value with zero point energy correction from B3LYP/aug- ~ show greater chlorine charges than the CASPT2 calculations,
cc-pVTZ frequencies. in contrast to the trend implied by the calculated geometries.

€ Referencd?].

' This work. Considering the model dependence of the calculated charges

and the geometry-charge correlations, the discrepancies are
. L . . not surprising.
different [23]. Homodimeric radical cations are generally The EPR spectrum of @D, suggests that “the un-
more stable than heterodimeric systditjsapparently, more paired electron resides largely on the chlorine atofas”
equal sharing of charge between @hd G leads to stronger  according to the CASPT2 results, the SOMO is mostly a

bonding. dioxygen* orbital, while the B3LYP/cc-pVTZ//CASPT2
model indicates 62% of the spin density is on the @bi-
3.2. Computationally predicted geometries ety [2]. Our B3LYP/aug-cc-pVTZ calculations indicate 0.75

unpaired electrons on each oxygen atom and 0.25 unpaired

Experimental and calculated bond lengths in@J" are electrons on each chlorine atom with the opposite spin. This
given inTable 3 The three crystal structures give similar ge- is consistent with GIO,* being a nearly equal mixture of
ometries, suggesting that the structure is reasonably robustwo resonance structure¥—2Cl,*] <> [20,7—1Cl5], with
and not greatly affected by the counterion. The CASPT2 re- low-spin coupling in the first resonance structure to give an
sults are in good agreement with experiment, as previously overall doublet state. However, the differences between these
noted[2]. The B3LYP results are also in reasonable agree- results suggests that the electronic structure &gl is not
ment except for the &Cl distance, where the computed value  yet fully characterized.
is substantially larger than the experimental value. This is the

same trend seen in the Llresults[6]. 3.4. Dissociation energies
The experimental GICI bond length is essentially equal
to the shorter experimental value for,Clrather than the CID experiments with Ne and Ar give respective dissoci-

longer value for GJ [2]. Conversely, the experimental and ~ation energies of 5& 6 and 55+ 7 kJ/mol for CbO,*. The

calculated @O bond lengths are closer to the value fgr, O  fact that Ar gives a lower value than Ne is consistent with the

except for the B3LYP results. Thus, the experimental and likely systematic errors discussed in Sectibt. However,

CASPT2 bond lengths suggest that the @biety in CbO,* the two values are well within the experimental uncertainty

has most of the charge, while the B3LYP results suggest aof each other, suggesting that any systematic error due to the

more equal sharing of the charge. nature of the collision gas is minimal. The best experimental
dissociation threshold is therefore taken to be the average of
all the data, 5% 7 kJ/mol. The uncertainty here includes the

Table 3 . . .

Bond lengths (pm) in GIO,* effects of other sources of error as discussed in Se2tibn

The experimental 0K dissociation energy can be used to

Method G-0 CcHCl ol . ) o . )

PP — derive a 298 K dissociation enthalpy using the integrated heat
C'202+Sb"_5 xrd 1185 1916 242.5 capacities of the reactants and products, which are determined
Cl0z* ShyFy1~ xrd? 120.7 190.9 242.4 i the f ies iFable 1 Th . 298 K di .
ClhOy HiroFrp xrdb 116 189 2a4 usmgt e frequencies ifable ese give a issoci-
CASPTZ 122 190.6 242 ation enthalpy that is slightly larger, 587 kJ/mol.
B3LYP/6-311+G(3df) 116.1 1945 264.7 This dissociation energy was previously calculated using
B3LYP/au9-CC-p|VTX€ 116.2 196.0 266.5  two methods. CASPT?2 calculations gave 54 kJ/mol without
Diatomic neutral e! 120.8 198.7 - : ; ;

Diatomic cation exp 1116 189.1 _ zero point energy correction, which can be converted to a

— 0K dissociation energy of 49 kJ/mol using the B3LYP/aug-
xrd = X-ray diffraction data. . L .
2 Referencd?)]. cc-pvVTZ frequenmes. This is in reasonable agreement with
b Referencdl]. the experimental results. The B3LYP/6-311++G(3df,3pd)
¢ This work. method gave a dissociation energy of 77 kJ/mol, 20 kd/mol
d Referencd23]. higher than the experimental value. Energy calculations
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performed with the B3LYP method and a different large basis

set, aug-cc-pVTZ, give a dissociation energy that is some-

what lower, 70kJ/mol. In comparison, B3LYP calculations

137

zoidal isomer is lower in energy than the chain CIOOCI
isomer by about 150 kJ/mol.

with large basis sets overestimate the experimental dissoci-

ation energy in GJ* by 40kJ/mol. Thus, the B3LYP value
for the ChO,* dissociation energy is in significantly bet-
ter agreement with experiment than the corresponding Cl
value. This is consistent with the less symmetrig@i* sys-
tem being more amenable to computational methods.

The Chb*—0, dissociation energy can be used to de-
termine the heat of formation of gD,*. The gas-phase
heats of formation of G| O, and the electron are zero
at 298K. The ionization energy of £lis 11.481eV, or
1108 kJ/mol24]. This gives an ionization enthalpy at 298 K

of 1114 kJ/mol, where heat capacities were determined us-

ing the experimental vibrational frequencies of 646¢m
for Cl,* and 560 cm? for Cl, [23]. (This value uses the

‘ion convention’, where the electron is treated as having the

heat capacity of an ideal gf&5].) The heat of formation of
Clo* is therefore 1114 kJ/mol at 298 K. The dissociation en-
thalpy of 58+ 7 kJd/mol can be subtracted from this value to
give AtH2gg(Cl202™) = 10564 7 kJ/mol. This is 147 kJ/mol
lower in energy tham\tHogg(CIOOCI) = 1203+ 12 kJ/mol

[9]. For comparison, the lowest-energy structure for neutral
Cl,0 is calculated at the modified G2 level to be a loosely
bound complex of Gland G [26], butit has a “hockey stick”

structure rather than a trapezoidal structure like the ion. Neu-

tral CIOOCI is calculated to be 136 kJ/mol higher in energy
[26], a difference similar to that seen in the ionic systems.

3.5. Spin-orbit coupling

There are two spin-orbit states oft) 2[ a2 and?[J1/2.
The 2] 3/, state is lower in energy by 0.095 €24]. The
?[Tare and ?[]12 states of @* differ in energy by less,
0.024 eV[23]. The low-lying term energies of tH& ground
state]2] of Cl,O,* are not known experimentally, but the en-

ergy difference is presumably no larger than these two values.
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