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The specific interaction of chlorine atoms with water has been investigated by electron spin resonance
Chlorine atoms are formed by attack of hydroxyl radicals on

chloride ions in frozen aqueous solutions at low temperatures. A variety of frozen aqueous systems were
irradiated at 77 K and investigated by ESR spectroscopy, and results obtained suggest a localized three-

spectroscopy and molecular orbital theory.

electron bond ¢%0* %) betweerrCl and HO or less likely with OH. Chlorine atom interactions with both

species were investigated by both ab initio and semiempirical molecular orbital calculations. A series of

isolated chlorine-water radical species consisting of hydrated chlorine atoms as well as chloride anions with
hydroxyl radicals were considered. Best agreement with experiment is found for chlorine-\aster
interactions, HO—CI(H;0), Full optimization ofOH—CI~ aquated systems shows that energetic ion dipole
forces overcome weakeio* interactions and result in full spin localization on the hydroxyl radical. Poor
agreement with experiment is found even when th®8f" structure is held in position to promote*
bonding. However, for BD—CI(H,0), (n= 0, 2 and 5 considered) a comparison of the experimental hyperfine

couplings and spin densities suggested from experiment, i.e., 60% spin on the chlorine atom, with the results

found from ab initio calculations, gives improved agreement ereases, with best agreement foundrfor
= 5. The theoretical results support the formation of a watétorine three-electron bond with a substantial
sharing of the unpaired spin between the bonding entities.

Introduction

The interaction of chlorine atoms with water has been a topic

of continuing interest~®> Any bonding interactions will have
important implications for the reactivity of this species in
aqueous solution. In work on the flash photolysis@f~ and

other radicalé, Nagarajan and Fessenden concluded that pho-

cmL. However, recently, Adams et al. fihdo absorption at

all for chlorine atoms at these wavelengths and, consequently,
find the equilibrium constant for reaction 4 to be (410.4) x

10 dm® mol™?, i.e., 40 times smaller than the originally
reported value of 1.9x 10° dm® mol~2.

The reaction of the hydroxyl radical with the chloride ion

tolysis of aqueous chlorine atoms resulted in the hydroxyl radical (reaction 2) is intriguing. The hydroxyl radical electron affinity
and chloride ion (reaction 1). This reaction was considered to iS 1.83 V¢ and the ionization potential of the chloride ion is
be direct evidence for a charge-transfer absorption band involv-3-61 V! As a consequence, a charge transfer in the gas phase
ing chlorine atoms and water solvent that had been originally iS unfavorable by nearly 1.8 eV; however, in solution, this

proposed in earlier work by Treinin and Hay®th.

. - .
CI(H;0)aq— Cl " (aqy + OH(zqy + H' 1)
Jayson, Parsons, and Swallow, in their pulse radiolytic work
on chloride ion in aqueous soluti@rjescribed the reaction of
the hydroxyl radical with chloride ion as having steps shown
in reactions 24. The overall equilibria shown in reactions 2

and 3 favor the reactants at neutral pH:

aq) (aq)

CI_(aq) + OH.(aq) o 'CIOH_(aq) Keq = 0_7 (2)
+ . — _ . _ .
H (@) T "CIOH (3= Cl'aq) + H2Og) Keq=1.6x 10
®3)
Clag) T Cl" (a)="Cly (ag) Keg=1.9x 100 (4)

The intermediateCIOH~ (or possibly"CI(H,0)) was described
in these experiments (see also Hayon and Tréihias having
an absorbance band witlhax = 320 nm anckzso = 3800 M1

T Oakland University.
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® Abstract published ifAdvance ACS Abstract#pril 1, 1997.

transfer may become more favorable thermodynamically owing
to the solvation energies of product species. In solution any
bonding between the OH radical and @Vould depend on the
stabilization of the charge-transfer intermediate. The interaction
of water and the chlorine atom appears plausible in the gas
phase. Water has an ionization potential of 12.6 eV and that
of the Cl atom is 13.0 eV, which implies the water HOMO is
close to that of the Cl atom SOMO, and this creates the potential
for ao?o* ! (0o* for brevity) bonding interactiorf=1® This type

of bonding occurs when a radical with localized spin interacts
with a lone pair on another molecule to produce a localized
three-electron bontf The o* orbital in oo* bonding contains

the unpaired electron, which is largely confined to the two
bonding atoms with little delocalization into the remainder of
the molecular structure. In Tabll a number of examples of
this type of bonding are provided. A good example of this type
of bonding is that found for the interaction of a Cl atom with
the nitrogen lone pair in pyridine in which 98% of the unpaired
spin is localized to the two bonding atoms, 55% on Cl and 43%
on N?

In this study, we present the first evidence for a three-electron-
bonded chlorine atomwater species. This evidence comes
from experimental electron spin resonance studies on irradiated
aqueous solutions of chloride ion at low temperatures and is in
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TABLE 1: Hyperfine Parameters for Chlorine Atoms ee* Bonded to Various Heteroatoms (X)

. ACC/A(X) A(3CI)AA(X)
Cl—X G ©G) a/gn p(**C)¥p(X) ref
cl-ClI- 101 (20) 2.00/2.038 0.50 8,9,13
Cl—OH~(SrCh) 59 (16) 2.00/2.017 0.29 12
Cl—0OHa(ag) 122 (20) 2.01/2.06,2.04 0.60 this work
CI—NHj;
@l 43.3 13.5 0.21 10
(N) 46.5 9.0 0.74

Cl—PMe;
(35Cl) 75 40 2.00/2.01 0.37 8
GP) 730 560 0.55

c1—'NC/>
) 112 22 0.55 9
(14N 66 42 0.43
. ®

a SCJ
(35Cl) 115 24 2.00/2.028 0.56 11
(+N) 68 45 0.45

Cl—5(R)(CH) 71 <15 0.35 13

a Calculated using(Xexp) = B(Xexp)/B(p = 1) with B(p = 1) = 17 G for N-14,B(p = 1) = 102.4 G for P-31, an8(exp)= [Ai — Ad)/3. p(Clexp)
= A(Clexp)/202 G.

agreement with ab initio and semiempirical molecular orbital
calculations performed in this work.

Experimental Section

All chemicals were commercially available reagent grades
and were used without further purification. Aqueous solutions
containing chloride salts and various other solutes were prepared
in No-bubbled HO or D,O drawn into quartz tubes and frozen
in liquid nitrogen (77 K). All samples, unless otherwise stated,
were y-irradiated to 1.0 Mrad at 77 K. A Varian Century
spectrometer operating at 9.3 GHz with an E-4531 dual cavity,
9 in. magnet, and low-temperature accessory was employed to
record ESR spectra. Fremy’s salt was used as a comparison
standard for hyperfine couplings agdialues fy =13.09 G g
= 2.0056). The other experimental conditions were detailed
elsewheré?

The computational results presented in this paper were D
performed at both semiempirical and ab initio levels of theory.

All calculations were carried out using GAUSSIAN 84nd
SPARTAN (Wavefunction, Inc., Irvine, CA) program packages.

Since the paper is d_evoted to_the description of open-shell Figure 1. First derivative ESR spectra of a frozen aqueous solution
systems, the unrestricted (UHF) approach was used at bothof .02 M NaCl aftery-irradiation at 77 K (A) and annealing (B, C).
semiempirical and ab initio levels. Spin contamination was The stepwise development of the ESR signal of the XClspecies is
found to be small, with typical expectation values @ of observed on annealing. Part D shows a computer simulation of the
0.75-0.77, which justifies the choice of the methodology. The anisotropic spectrum of the €X species using and hyperfine tensors
semiempirical PM3 approach was employed for comparison to described in the text. The three markers in th(_e center of the spectra in
ab nto resuls and to extend calulatons o arger systéms. 221, &0 D re separaen by 13,09  wih e centercomponer
Ab initio calculations were carried out with the split valence separated by 506 G.

6-31G* or 6-3H-G* basis setd’ 1920 Calculations with diffuse

functions (6-3%G~) were found to improve the description of  4mpytations were performed on Silicon Graphics Indigo2 and
anionic species. Ab initio calculatl.ons were .performed. at the Cray-YMP computers.

unrestricted HartreeFocke®22level with correlation corrections
made at the MP2 level using the frozen core approximatish.
For comparison purposes a DFT computation was performed
with a local spin-density approximati#husing local Slatép ESR Results. After y-irradiation of a variety of frozen
exchange and Vosko, Wilk, and Nuséicorrelation functionals aqueous solutions dilute in Glwe have observed a monochlo-
(LSDA/SVWN). The basis set used was DN**, which roughly rine species having &; CI-35 coupling of ca. 122 G and A,
corresponds to a 6-31G** basis set. Constrained or uncon- CI-37 coupling of 102 G. We find the same couplings in frozen
strained gradient geometry optimizatiéhe/ere carried out to aqueous solutions of sodium chloride alone (0.02 M; see Figure
obtain structure and properties of systems under consideration.l) or NaCl n 3 M H3PO, (Figure 2). In addition, dilute Clin
Mulliken population analys?§ on SCF densities was performed frozen aqueous solutions of a variety of solutes at-G.3

to find required spin and charge distributions. Such calculations concentrations, i.e., NaClPN&SQs, H3BOs, NaNG;, HySOs,
have given acceptable results in similar systéf?8:30 All KH,PQ,, and methanol, also gave similar spectra. In Figure 1

Results and Discussion
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Figure 2. (A) ESR spectrum found after-irradiation at 77 K of a 3
M H3PQO, solution containing 0.02 M NaCl. (B, C) Spectra found on

Sevilla et al.

calculated in the usual way from the isotropic and anisotropic
components, agree quite well with estimates from this relation-
ship. Other than GI~, the best defined centers are those with
CI—N ¢* bonds?~1! since they give well-defined coupling to
1N. In these cases the total calculated spin densities are quite
close to unity as expected for localized* bonding.

Since theCIl—X species is formed by direct radiation damage
at 77 K and by OMattack on chlorine on annealing, it might
be assumed that the intermediate formed is@H~. However,
for CI—OH~ centers formed in irradiated SeGP A, is 59 G
(see Table 1), which implies a spin density of ca. 0.3 (59/202)
on Cl. The spin density distribution, therefore, favi@$i. The
magnitude of the reporteltH perpendicular coupling, which is
about 25 G, confirms the spin distributiéf.For comparison,
the measured splitting for OH in its about 40 G, suggesting
an approximate spin-density of 0.6 on oxygen, in reasonable
accord with the estimate on Cl, i.e., (030.6 = 0.9).

For the CHX species we observe, the spin density is 0.6 on
the chlorine. This suggests a-€X complex with a species X

stepwise annealing to temperatures shown in the figure, which show that has more electron-withdrawing power such as water.

the progressive increase in the-{ species. (D) On annealing to 165
K the spectrum ofCl,™ is observed as the signal of the-©{ species

is lost. The three markers in the center of each spectrum are separate

by 13.09 G with the center componentgat= 2.0056.

we show the stepwise development of the signal of@le-X

Clearly, for a CHOH, species the* SOMO would change to
favor chlorine as observed in this work. By the same argument,

%ut by comparison with 0" (ay ~ 24 G)!° the maximum

1H coupling is predicted to be ca. 8 G. This is within the line
width of the observed spectra. We note that the two species

species in an irradiated glassy 0.02 M NaCl solution. Parts under consideration differ by a proton as indicated by the

A—C of Figure 1 show the gradual decrease in the hydroxyl

reaction

radical signals and a corresponding increase in the spectrum of

the*Cl—X species on annealing from 77 to 114 K. The species

is uniquely identified by thé>Cl and3’Cl features both for their
relative intensities, which are about 3:1, and for the relative

Cl=OH, ;= CI=OH (,y + H" 5)

This reaction is the reverse of reaction 3Kd/~ 6 x 1078),

(aq)

hyperfine splitting constants, which show the expected ratio of and at pH 7 comparable amounts of the two species are

CI-37 to CI-35 (1.20). An anisotropic computer simulation
based on a GtX species withg tensor [2.06, 2.04, 2.01] and
hyperfine tensors (in Gauss) @&(CI35) [20, 20,122] and
A(CI37) [17,17,102] with a 12 G line width is shown in Figure
1D. This simulation is in good agreement with the outer
components of experimental spectrum in parts@\of Figure

suggested. At acid pH’s employed in our work3 M HzPQ,,
Cl—OHa(aq)should be the dominant species. To help distinguish
between the above alternatives, we performed ab initio calcula-
tions on several hydrated monochlorine species.

MO Calculations. Two model systems were considered:
group A consists of species that investigate the interaction of

1. However, the inner components are overlapped by the strongchloride ion and hydroxyl radical; group B consists of species
signal of the hydroxyl radical. Furthermore, some components that investigate the interaction of the chlorine atom with water.

of *Cl,~ are observed between those of-X in the experi-

The results for these structures are given in Table 2, and several

mental spectrum. In Figure 2, we show the results of irradiation of the important structures are shown in Figures 3 and 4.

of a 3 M HsPQO, solution containing 0.02 M NaCl. Again, the

Group A. Optimized ab initio and PM3 calculations for

amount of*Cl—X increases as the sample is annealed from 77 species of the type Ci--*OH(H,0), with n = 0—6 invariably
to 125K. The central doublet is due to both the phosphate andgave fully optimized structures with the OH dipole directed at

OH radicals. The line width of th¥I—X species is broadened
in this matrix, but the hyperfine coupling remains the same.
On annealing to 165 K only the spectrum of ti@,~ radical

is found (Figure 2D), which is likely a result o€1—X attack

on CI". Qualitatively,Ag is much smaller thady, and gg is

the chloride ion, i.e., Cl--+HO" (see Figure 3C). The ion
dipole interaction is clearly a stronger interaction than any
bonding between oxygen and chlorine. As a consequence, in
fully optimized structures no spin transfer was found and the
spin was fully localized on theOH oxygen in all these

greater tharg,, which is in agreement with expectation for a structures. The nature of the overall interactions in the solid
oo*-bonded Cl atom. These results suggest that the monochlo- state would likely stabilize other orientations. For this reason,
rine species forms a single bond to a group, X, with an available ab initio calculations were performed with the CIOH bond angle
electron pair and a nonmagnetic nucleus. Since the parametergixed to allow for bonding between the localized half-filled p
are invariant for different frozen aqueous solutions including orbital on the OH radical oxygen and a chlorine ion lone pair.
the 0.02 M NacCl solution, it would appear that X is® or A local optimization at the PM3 level gave a CIOH bond angle
OH~. The features narrow using,D media, as expected. of 96.3. At this same orientation, slight interaction is found
The results found in this work and those for related* at 6-3H-G*; whereas, none is found at 6-31G*(see Table 2).
radical$~13 where Cf is one component are given in Table 1. The + functions are clearly needed for a complete description
For CkL~, the parallel chlorine hyperfine couplingy[CI-35)] of anionic species, and the improved interaction is expected.
is 101 G (see Table £? Assuming that for Gt~ the spin Addition of one water forms GtOH(H»0)~, and optimization
density on each atom is 50% and assuming t#hais ap- of this species at UMP2/6-31G* [6-31G*] (with the CIOH
proximately proportional to the spin density, we estimate the bond angle again fixed at 96)3results in a prediction ofg*
spin density on each Cl atom in Table 1 from the following bonding with a 14% [27%)] transfer of spin to chlorine and a
simple relationship: p(CI-35 = A(CI-35)/202. In cases for  CI—0O distance indicative of bonding (see Table 2 and Figure
which Ag is known, the values for the 3p-orbital population, 3B). At 6-31+G* the calculated spin density on the hydroxyl
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TABLE 2: MO Calculations on g¢* Bonding in Cl —OH(H ;0),"~ and *CI(H,0), Species

PM3 MP2
Cl-0 Cl ClI-0 Cl
A charge ocl 00 oo* basis set A charge oci 00 oo*
) (A) Hydroxyl—CI~
CI—OH~ 2.07 —-0.71 0.28 0.74 yés 6-31G* 2.67 —0.95 0.0 1.0 no
) 6-31+G* 2.48 -0.81 0.11 0.94 8l
Cl—OH(H:0)~ 2.05 —0.66 0.30 0.71 yés 6-31G* 2.34 —0.85 0.14 0.91 yés
) 6-31+G* 2.23 -0.81 0.27 0.78 yés
Cl—OH(H0)s 2.19 -0.63 014 089  yéds
(B) Water-CI*
H,O—-ClI* 2.03 -0.21 0.73 0.25 yés 6-31G* 2.63 —-0.04 0.97 0.04 v 8
6-31+G* 2.70 —0.02 0.98 0.02 v 8|
H,0—Cl(H,0), 2.02 —-0.31 0.63 0.37 yés 6-31G* 2.32 -0.15 0.85 0.18 yés
) DN** 2.34 —-0.26 0.59 0.42 yes
H,O—CI(H20)s 2.01 —0.35 0.57 0.43 yés 6-31G* 2.29 —0.36 0.63 0.41 yés

@ The geometries obtained at the UMP2/6-31G* and UMP2/6@1levels. Spin and charge densities are from the Mulliken population analyses
of the SCF wave function only. This was found to be a local minimum. In the globally optimized structure the OH hydrogen points toward the
Cl~ and is lower in energy. Furthermore, in the optimized structure the full spin is found on OH without&mpnding (see text)¢ The CIOH
angle was fixed at 9623(other comments in footnote apply; see Figure 3 and texf)Full optimization at level indicated.Density functional
theory full optimization for HO—CI(H,0), at the LSDA/VWN level.! This calculation started from the PM3 optimized structure and optimized
only the coordinates of theo* bonding water at the UMP2/6-31G* level.

Figure 4. Space-filling model and orbital diagrams for the UMP2/6-
31G* optimized structure of ¥0—CI(H,0).: (A) the o* orbital or
HOMO from the UHF 6-31G* wave function, where this orbital
contains the unpaired electron; (B) thébonding orbital (HOMO-6);

(C) the spatial unpaired spin distribution (note that it compares well to

. the HOMO); (D) space-filling molecular model (chlorine black,
Figure 3. Ab initio UMP2/6-31G* structures of (A) fully optimized ~ 0Xygen= gray, hydrogen= white).

structure for HO—CI(H,0),, (B) structure of CG+OH(H,0)~, which

is optimized with the CIOH angle fixed at 96.8 allow for coupling Cl-OH~ up to six waters, i.e., GIOH(H,0)s~, the PM3

of the OH radical center with the chloride ion, and (C) the fully cajculation shows substantially decreased bond strength (as
optimized structure CHO*(H,O) in which the dipolar interaction suggested by the predicted bond distance) and diminished spin

dominates. transfer to chlorine. From these results we find no strong
hydrogen ¢.043) suggests a coupling of ca22 G, which is evidence that group A type structures can explain our experi-

not experimentally observed in our work but closely agrees with mental results, since the experimental results show no resolved
that found for CFOH™ in SrCh.2 As mentioned, full hydrogen couplings and chlorine couplings that indicate about
optimization of C-OH(H,0)" at the ab initio level results in ~ 60% spin on the chlorine atom not the maximum of 30% found

the rotation of the OMso that the hydroxyl hydrogen points  for these calculations.

toward the chloride ion: Ck+-H—0°(H,0) (Figure 3C), i.e, For Group B the ab initio calculations suggest little bonding
the optimized structure for C{-*H—0"(H,0) at UMP2/6-31G*  of one HO and Ci. In this case the 6-3@G*/UMP2 full

in Figure 3C found to be substantially more stable (ca. 16 kcal) optimization does not result in any significant change from the
than the structure shown in Figure 3B. For UMP2/6+&1* 6-31G*/UMP2. This is not unexpected, since in Group B only
structures the energy difference is again substantial, 11 kcal.neutral species are considered. Full optimization at 6-31G*/
No significant spin transfer occurs to Cl for the structure in UMP2 of the system of a Clatom with three waters, @
Figure 3C, so it does not correspond to the experimental CI(H2O), results in a significant shortening of the-€D distance
observations. At the PM3 level fixing of the CIOH bond angle to 2.32 A (Figure 3A) in a clear coupling of the p orbitals on
is unnecessary, since geometry optimization finds a local the chlorine and oxygen indicative ob* bonding (Figure 4)
minimum (at 96.3), which suggestso* bonding in both cases  and 18% of the total spin transferred from chlorine to the bonded
whose spin density distribution generally agrees with the results water. In Figure 4 we show the* MO (HOMO), ¢ MO

of the 6-314+G*(MP2) calculations. On further hydration of (HOMO-6), the spatial spin distribution, and the space-filling
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molecular model of the geometry-optimized trihydrated chlorine
atom. The HOMO that contains the unpaired spin is found to
be composed of a 3wrbital of chlorine and a 2porbital of
oxygen. The spin localization to the bonding orbitals is a
defining characteristic obo* bonding. Although the spin

distribution follows the HOMO, as expected, spin polarization .

of inner shells contributes to the spin density at the positions
of the nodal planes in the HOMO (Figure 4C). An additional
calculation that fully optimized the #0—CI(H,0), structure
using the Spartan density functional theory code with a DN**
basis set gave results also suggesting® bonding with

substantially increased spin transfer from CI to oxygen (see

Table 2). The CI spin density for this calculation is in good

agreement with the experimental value (0.6). We note, however,
that this type of calculation has a tendency to overestimate

bonding.
Results found on increasing the hydration level to six waters

Sevilla et al.

Conclusions

Our experimental ESR results clearly show evidence for
chlorine atom-water interaction at low temperatures. The
chlorine atom spin density derived from the experimental
chlorine hyperfine splitting (60%) suggests extensive delocal-
ization onto the water species. Previous experimental work in
aqueous solutiom* suggested the existence of-@4,0 and
Cl—OH~ adducts as intermediates in Cl atom chemistry, and
our experimental and theoretical results give strong evidence
for the existence of one of these species.

Although the specific nature of the water component is not
known from our experimental results, ab initio and semiem-
pirical molecular orbital calculations shed some light on these
likely intermediates. Neither €IH,0 or C-OH~ is found to
show significantoo* bonding without additional waters of
hydration in ab initio calculations that include correlation
corrections at the MP2 level. Only on addition of waters of

are also given in Table 2. The fully optimized PM3 structure hydration do calculations predict bonding interactions in both
shows an increased spin transfer to the oxygen in the bondedsystems. Best agreement with the experimental hyperfine
water and a slight increase in bond strength (as evidenced bycouplings and the implied spin density distribution is found in
the bond length). Starting with this fully optimized PM3 poth ab initio and semiempirical calculations for the chlorine

structure, the coordinates of only the bonding water were
optimized at the UMP2/6-31G* level. We find an increased

atom—water interaction model, ;16)—CI(HZO)H. As the number
of water molecules increases, the-@© distance decreases and

bond strength and spin delocalization onto the bonding water delocalization onto oxygen increases.

oxygen as well as more charge transfer to chlorine over that

found for the UMP2/6-31G* optimized structure fop®Cl-
(H20), (Table 2). The calculated spin density on chlorine is in

good agreement with the 0.6 value estimate from experiment.

The predicted hyperfine couplings of the OH hydrogen in
CI-OH(H;0)~ (ca. 22 G) are not in agreement with the
experimental lack of resolved hyperfine structure. The predicted
small hydrogen couplings (9 G) for the bonding water hydrogens

Furthermore, the calculated s orbital spin densities on the two in H,0—CI(H,O0)s are in better accord with experimental results,

hydrogens of the bonding water are0.0185 and—0.0170,
which correspond to about9 G couplings. These couplings
are within experimental line widths and are in keeping with
the lack of experimental observation of additional hyperfine
structure. The PM3 calculations are in good agreement with
the ab initio results for the watechlorine atonmoo* interaction

which show no hyperfine structure beyond that found for
chlorine. For the CIOH(H.0) system aso* interaction only
occurs at a fixed CtO—H bond angle, and the lowest energy
ab initio structure for this system actually favors the structure
in Figure 3C with the OH hydrogen pointing toward chlorine,
i.e., CF---HO*(H,0O), which is dominated by iondipole

(Table 2) but tend to suggest stronger bonding than the ab initio interactions, noto* bonding. Yu et al. found similar results

calculations. Bonding is predicted even without waters of

for the NH;—H,O"t interaction where the hydrogen-bonded

hydration. The spin transfer to water is also somewhat increasedspecies (HO--+HNHz*) was 17 kcal lower in energy than the

at the PM3 level but with actually smaller predicted hydrogen
couplings of ca—2 G. The PM3 predicted spin densities on
Cl in each of the multiply hydrated structures®-Cl(H-O),

for n = 3 and 5 are also in good agreement with experimental
results.

A consideration of the energetics of the chlorine atomater
interaction is of interest. We have performed several calcula-
tions on the overall reaction energetics for reaction 6.

CI' + (H,0); — "CI(H,0), (6)
The change in PM3 heats of formation wa44.8 kcal, and
the UMP2/6-31G* energy change for the reaction wels3.9
kcal. Energies for Cland (HO); were calculated separately
with the geometry of the waters kept at the optimized ab initio
(or PM3) geometry of theCI(H,0); system so that the energy
change (or change in heats of formation) reflects the water
chlorine interaction only. No correction was made for basis
set superposition error for the ab initio result, but corrections
for similar systems amount to-2 kcal weakening of the water
interaction energy? A similar PM3 calculation forCI(HO)s
gave—21 kcal for the chlorine atom interaction enthalpy with

oo* species (HO—NH31).3% For the CFOH(H,0) system in

a frozen fully solvated system many orientations are likely and
we cannot completely discount the possibility of an*©BI1~

oo* interaction. However, the following facts argue that it is
the HO—CI(H.0), system that we are observing experimentally.
(1) MO calculations show that the lowest energy structure of
H,0—CI(H,0)n is theoo* bonded structure, whereas geometry
constraints are necessary for-@H(H.0)~. (2) All levels of
theory for HO—CI(H,0), predicto?s*! bonding. (3) The CI
atom spin density in this structure & 5) is predicted to be
close to the experimental value. No such agreement was found
for CI—OH(H;0)s~. (4) Small proton hyperfine couplings are
predicted for HO—CI(H,0),, in agreement with the lack of
observation of experimental proton hyperfine couplings; how-
ever, observable hydrogen couplings were predicted fer Cl
OH(H0)~. (5) Calculations that increase the number of
hydrating waters increase the strength of the interactiorn®H
CI(H,0), and weaken it in the case of €OH(H,O),~. We
conclude that the structure,ZG—Cl(Hzo)n, best accounts for
our experimental observations. Our results also clearly suggest
that that the energy of the SOMO of the aquated chlorine atom
is appropriate for bonding to the HOMO of the water molecule
as depicted in Figure 5.

six waters. Solvent effects would be expected to affect these We note that theso* bonding indicated in our results for

values. Futhermore, for systems with multiple waters the
chlorine interaction has contributions from dipole and polariza-
tion interactions in addition to that contributed d&y* bonding.

H,0—ClI(H20), would reduce the reactivity and increase the
selectivity of chlorine atoms relative to their behavior in inert
media. At this point we cannot resolve the interesting contro-
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Figure 5. Interaction diagrams for chlorine atom and water species.
(A) Many species such a€l,~ are well-known to formp?o** three-

electron bonds as shown (see Table 1). (B) In aqueous solutions our
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(6) Schulz, P. A.; Mead, R. D.; Jones, P. L.; Lineberger, Wl.Chem.
Phys.1982 77, 1153.
(7) Trainham, R.; Fletcher, G. D.; Larson, D.JJ.Phys. B: At. Mol.
Phys 1987, 20, L777.
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experimental and theoretical results suggest that the chlorine atom forms__ (13) Champagne, M.; Mullins, M.; Colson, A-O.; Sevilla, M. D Phys.

a g?0*! three-electron bond with water, resulting in-@Hyaq)

Chem.1991, 95, 6487.
(14) Brivati, J. S.; Symons, M. C. R.; Tinling, D. J. A.; Wardale, H.
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versy as to the whether there should be an absorption at 320 (15) Claxton, T. A.; Ginns, I. S.; Godfrey, M. J.; Rao, K. V. S.; Symons,

nm for this species;® but similar species do have absorptions
in this ranget3 Finally, it is interesting to note that the bonding
between chlorine atoms and water may extend to the atmo-
spheric chemistry of chlorine atoms.
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