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The strengths of the Se£iCl~, SeOC}—Cl~, SeBs—Br~, and TeCJ—CI~ bonds have been measured to be
133+ 9, 1504 10, 1104 6, and 170+ 7 kJ mol?, respectively, by determining thresholds for collision-

induced dissociation in a flowing afterglow-tandem mass spectrometer. These values are stronger than the

previously measured D(SEHCI™) and D(SOCI—-CI™), both 854+ 8 kJ mol™. Bond energies and other
properties for these molecules and Te@Glave also been computed by several high-level computational

techniques, including B3LYP/aug-cc-pVTZ. There is excellent agreement between the experimental and

computational energetics for SgCISeOC}~, and TeCJ~. The bond strengths increase in the order Se
< Te.

Introduction ments are not feasible because of limitations on precursors or
d’nstrumentation. SBiis not stable at room temperatdfauling

out experiments on SBr. The boiling point of TeBr is too

high (414°C)!® to allow a sufficient quantity of TeBr to be
made. However, experiments on SgBwere performed and

We have recently performed experimental measurements an
computational studies of the bond strengths in the hypervalent
anions S~ and SOC{~.12 These anions are termed hyper-
valen~10 (or hypercoordinate) because their electron dot .
structures show 10 electrons around the sulfur atom. Although are discussed below. . . .
these anions violate the octet rule, the bonds are reasonably We have .als.o been interested in the mephamsm of nucleo-
strong: D(SCI—CI-) and D(SOGI—CI-) are both 85+ 8 kJ phI|IC. substitution at heteroator.ns,' especially a't sulfur and
mol-L1:2 selenium. For gas-phase substitution of sulfur in sulfides,

i 7 17 i 1 18 i i iti
Extension of this work to the other chalcogenides, selenium d:_su!ﬁd(ta_s, a}r;]d trlzsulfldes, _the mech?nlsm IIS aﬁd't'e? .
and tellurium, is interesting for several reasons. One is the elimination. e |2 mechanism operates only when strain

exploration of periodic trends in bond strengths. Bond strengths precludes the forma_tlon of t.he.. hypercoordmat_e mterm_edPate,
in hypervalent systems are strongly correlated with several such as for the reaction of dithiirane or 1,2-dithietane with HS

properties of the atoms involved in the bonding, such as The addition-elimination mechanism also holds for nucleophilic

electronegativity! Sulfur and selenium have very similar substitution at selenium in simple diselenides and seleno-
; 20 . . _ _

Pauling electronegativities, while that for Te is lower (2.58, 2.55, sulftl_def.d%urtﬁarlcljer _stu?é(sjz of St_Cb” an? bS_IC_DC:lthwer:e

and 2.1, respectively). Other electronegativity scales give similar mo '\é‘f" et 'yt € d?st"e Oth ran;?j.'tf:ﬂy sta t'l 1€ tk? yper-
resultst? A comparison of these trichlorides gives additional coordinate intermediate on the add imination pathway.

data regarding which atomic properties are best correlated with The same motivation applies here: can plgcement of electron-

bond strength. withdrawing groups on _selenlum or tellurium lead to a very
Comparing ChGI~ and ChOGJ~ (Ch = chalcogenide: S, stable hy_percoort_lllna_te intermediate? _ . o

Se, or Te) also gives further insight into the effect of oxidation _ SOMe information is known about the ions involved in this

on hypervalent bond strengths. There has been some previou§'[Udy',The stability of S?O? has been measured in dimethyl
work on related molecules. Larson and McMakatetermined  Sulfoxide (DMSO) solutiorf;! where the bond enthalpy at 298
that the bond energy in PQFwas 32 kJ moi? higher than K is 24.3 kJ mot?, LaHaie and Miln& measured the infrared

and Raman spectra of §85),N*SeOC}~, and Paetzold and
Aurich?® measured the Raman spectra 6i3€OC}~. A general
review of hypervalent organochalcogen chemistry has been
published recentl§* Computational results for the anions are

the bond energy in RF. In contrast, the bond energy in PQCI
is 47 kJ mot! weaker than in PGr; this difference is
attributable to the high energy cost of the rearrangement

necessary to prepare PQ®&r bonding an additional chloridé.
y o prep G d lacking, although Dobado et #.have studied molecules such

Thus, the effect of an oxygen ligand on bond strengths in these X ional techni imil h
ions is not easily predicted. Unfortunately, it was not possible 25 S€Okusing computational techniques similar to those used

to make a sufficient flux of TeOG for CID experiments, but 1" this paper, two grou8?”have performed calculations on
computational results are given below. neutral hypervalent S-, Se-, and Te-containing compounds, and

Although it would be useful to compare the chalcogenide Schaefe[and co-workéfhave performed calculations on SeF
chlorides to the corresponding bromides, some of these experi-2nd Sek™ (n = 1-7).

* Corresponding authors: (LSS) sunder@niu.edu; phone 815-753-6870; EXperimental Section

SMB) shachrach@trinity.edu; phone 210-999-7379.
( TNZ,rthem |||ino(i@; Uni?,/ersity_p Bond strengths were measured by the energy-resolved col-
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afterglow-tandem mass spectrometer (MSYhe instrument of each product ionpn is the number density of the collision
consists of an ion source region, a flow tube, and the tandemgas, and is the effective collision length, 18 2 cm. Individual
MS. The DC discharge ion source used in these experiments isproduct cross sectiong are equal targal(li/Zl;).

typically set at 2000 V with 2 mA of emission current. The

flow tube is a 92 cmx 7.3 cm i.d. stainless steel pipe that I =1, expon) Q)
operates at a buffer gas pressure of 0.35 Torr, a flow rate of

200 standard cts™, and an ion residence time of 100 ms. Threshold energies are derived by fitting the data to a model
The buffer gas is helium with up to 10% argon added to stabilize function given in eq 2, where(E) is the cross section for
the DC discharge. formation of the product ion at center-of-mass eneg¥r is

To make SeOGF for this study, SeOGlwas added to the the desired threshold energys is the scaling factorn is an
ion source. Because of the toxicity and stench of this precursor,adjustable parameter, andenotes rovibrational states having
the sample was contained in a round-bottomed flask attachedenergyg; and populatiory; (2g; = 1). Doppler broadening and
to a series of two valves. The SeQ@las loaded into the flask  the kinetic energy distribution of the reactant ion are also
in an inert-atmosphere glovebag in a fume hood and was notaccounted for in the data analysis, which is done using the
exposed to the atmosphere thereafter. Electron impact on $eOCICRUNCH program written by Armentrout and co-workéfs.
produces Ci, which adds to an additional SeQ@®@holecule to
form SeOC§~. On one occasion, gWwas added to the ion source o(E) = UOZgi(E +E — E)'E (2
to produce additional Cl Approximately 18 collisions with [
the buffer gas cool the metastable ions to room temperature.

To mle Seq, SeCl was adnited o theon sourcevia s VIEOTE anc tomiona feduenase for use i tose
heated sample holder, and an argon flow was directed over the g-cc-p '

sample to increase the precursor flow into the ion source. Uponvr\r’lgll(;zulla;‘, 'I?t?ee:e #gmuoennsgir:;e:retoivtéi ig?:gfgi fg{)r gsg?r
evaporation, SeGldissociates to Seghnd Ch.132 Electron and SeOC‘gi, the calculacied fre uencigs are lower thaﬁ the known
impact on these species gives Chddition of CI to SeC} d

) 0 :
gives the desired Se£l Dissociative electron attachment to experimental valués by an average of 4% (with a standard

deviation of 5%). This is consistent with the 5% 3%
SeClk may also produce Seg£l C,Cl, was added on some .
occasiong to proguce more(ﬁl' hezsa‘:ne method was used to underestimate seen for both SGTand related phosphorus

make TeCJ- from TeCl and SeBs~ from SeBj except that systems# The two sets of experimental vibrational frequen-
i 2,23 — i 1
the argon flow was not directed over the sample for either cie$2#for SeOC4™ do not agree with each other or with the

Icul fri ncies; ra for similar mol les havi n
molecule, and no heat was used for SeBr calculated frequencies; spectra for similar molecules have bee

) i shown to be difficult to assigft Frequency sets for the other
_ The tandem MS includes a quadrupole mass filter, an octopole n,qjecyles involved in this study are incomplete. Therefore, the
ion guide, a second quadrupole mass filter, and a detector

X . X . - h ~*“Dcalculated values are used without further comparison to the
contained in a stainless steel box that is partitioned into five

) i o previous experimental results.
dlffere_nt|ally pumped chambers to ensure that fqrther collls_lons Uncertainties in the derived thresholds due to possible
of the ions with the buffer gas are unlikely after ion extraction. ,ccyracies in the frequencies were estimated by multiplying
During CID experiments, the ions are extracted from the flow

. ) "' the entire sets of frequencies by 0.9 and 1.1. The resulting
tube and focused into the first quadrupole for mass selec‘uon.changes in internal energies were less than 1 kJ-ol

The reactant ions are then focused into the octopole, which tarefore, the calculated frequencies were used without scaling.
passes through a reaction cell that contains a collision gas (Arpg|arizabilities for neutral molecules were also taken from the
for the lighter reactants, SeCland SeOQ", and Xe for the o mhtational results; varying the rotational constants or
heavier reactants, SeBrand TeGi"). After the dissociated and  \arizabilities has a negligible effect on the derived bond
unreacted ions pass through the reaction cell, the Seco”dstrengths.
quadrupole is used for mass analysis. The detector is an electron - cjjisionally activated metastable complexes can have suf-
multiplier operating in pulse-counting mode. . ficiently long lifetimes that they do not dissociate on the
The energy threshold for CID is determined by modeling the experimental time scale (ca. 56). Such kinetic shifts are
cross section for product formation as a function of the reactant accounted for in the CRUNCH program by RRKM lifetime
ion kinetic energy in the center-of-mass (CM) frarBgm The calculations. The relatively small molecules studied in this work
octopole is used as a retarding field analyzer to measure thehave small kinetic shifts, less than 1 kJ mbIThe uncertainty
energy zero of the reactant ion beam. The ion kinetic energy in the derived thresholds is again estimated by multiplying
distribution is typically Gaussian with an average full-width at reactant or product frequency sets by 0.9 and 1.1 and by
half-maximum of 1.0 eV (1 eV= 96.5 kJ mot*). The octopole  multiplying the time window for dissociation by 10 and 0.1.
offset voltage measured with respect to the center of the The effect of these variations is negligible.
Gaussian fit gives the laboratory kinetic enerdsan, in An ion not sufficiently energized by one collision with the
electronvolts. Low offset energies are corrected for truncation target gas may gain enough energy in a second collision to be
of the ion beant? To convert to the center-of-mass (CM) frame, above the dissociation threshold. This effect is eliminated by
the equatiorEcm = Em(m + M)~ is used, wheren andM linear extrapolation of the data taken at several pressures to a
are the masses of the neutral and ionic reactants, respectivelyzero-pressure cross section before fitting the &ata.
All experiments were performed with both mass filters at low  The reagents Segand SeBy were obtained from Aldrich,
resolution to improve ion collection efficiency and reduce mass SeOC} and TeCJ were obtained from Acros, He and Ar were
discrimination. Average atomic masses were used for all gbtained from BOC, and Xe was obtained from Spectra Gases.

elements. All reagents were used as received.
The total cross section for a reacti@mya, is calculated using Computational work on these systems was performed with
eq 1, wherd is the intensity of the reactant ion beal®ijs the the Gaussian 98 suifé.The natural bond orbitals analysis

intensity of the incoming beanio(= | + ZI;), |; is the intensity (NBO)?8 program was also used to study the bonding and the
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TABLE 1: Vibrational Frequencies and Rotational 10.0 T T
Constants — - o T
, , — Tt sof sec;— 007%%007%00%
expvilr  calcvil® calcrot®  polarizability S %
—1 —1 —1 24 e i o]
compd (cm™) (cm™) (cm™) (1024 cn¥) 5 gob cl, (x 20) o]
SeCk~ 70.7 0.0288 c i
126.9 0.0398 £ SeCl,” (x 20) i
1282 0.1046 g 40 *
216.9 a % . &
233.7 S 2.0 o® "t ¢ o
362.1 © ece uonnaﬂ:.usnnnn ]
SeC} 153 154.0 0.0622 8.80 0.0 . . - L
377 389.0 0.0840 0.0 1.0 2.0 3.0 4.0 5.0
415 4115 0.2396 Energy (eV, CM)
SeOC} ¢ 116 57.3 0.0280 Figure 1. Cross section for collision-induced dissociation of SeCl
135 102.9 0.0353 as a function of energy in the center-of-mass frame. Solid and dashed
168 108.6 0.0725 lines represent convoluted and unconvoluted fits to the data, as discussed
229 199.1 in the text.
243 205.8
291 2319 Results and Discussion
326 288.5
336 315.9 CID of all four anions gives loss of a halide anion as the
953 980.6 predominant product. Loss of a halogen atom or a dihalogen
SeOCi ;gé %gg'i’ 8'8?23 9.77 molecule/anion are also observed. The dissociation products are
279 558 2 0.1223 delineated in reactions-3L4. For all reactants, the two minor
347 341.8 products each account for—B% of the total reaction cross
388 370.2 section at higher energies.
995 1000.9
SeBg~ 331 0.0111 - -
680 0.0159 SeCj, SeC} + Cl 3)
ors 00 —SeCl,” + Cl )
172.1 B
255.5 — SeCl+ Cl, (5)
SeBp 99.7 0.0262 11.38
286.5 0.0317 - -
2916 0.1514 SeOC} — SeOC} + ClI (6)
TeCk~ 67.4 0.0261 _
1095  0.0359 —SeOC} +Cl (7)
121.7 0.0954
214.7 — SeOCT +Cl, (8)
234.7
332.4 B B
TeCh 125 125.8 0.0515 10.33 SeBg — SeBy, + Br 9
358.4 0.0753
377 376.4 0.1632 —SeBr,” + Br (10)
a Experimental frequencies are from ref 35 unless otherwise noted. -
b Present work, calculated at the B3LYP/aug-cc-pVTZ le¥Bleference — SeBr+ Br, (11)
22.
TeCl,” — TeCL + CI” (12)
charge distributions (natural population analy®ish these —TeCl,™ + Cl (13)

systems. No symmetry restrictions were used in the optimiza-
tions, and reasonable alternative geometries were checked to — TeCl+Cl,” (14)
ensure that global minima were found.

Computational methods for some of the heavy atoms studied The reaction cross sections are shown in Figure4; lsome
here are not fully developed, and limitations on computational of the minor products are not shown because the product signal
resources make some other calculations impractical. G2 andwas insufficient to collect useful data. The eq 2 fitting
B3LYP calculations were performed where possible, based onparameters for all four systems are given in Table 2, and the
their accuracy in anionic test cas@$2 and B3LYP/ 6-311 G- fits are also shown in Figures4. The cross sections for minor
(d) calculations on the Te-containing compounds were not doneproducts are negligible in the threshold region and are not
because the necessary basis sets are unavailable for Te. Gihcluded in the fit. Because the effects of reactant and product
calculations for SeBr were not done because of the size of internal energy are included in the fitting procedure, the
the calculations. In other calculations, the aug-cc-pVTZ basis dissociation thresholds correspond to bond energies at 0 K. The
set! was used for molecules that contained Se, and the SDB-final uncertainties in the bond energies are derived from the
aug-cc-pVTZ basis s&t(which uses the SDB core for elements standard deviation of the thresholds determined for individual
heavier than Ar) was used for Te-containing molecules. For data sets, the uncertainty in the reactant internal energy, the
brevity all of these calculations are elsewhere in the text effects of kinetic shifts, and the uncertainty in the energy scale
described as aug-cc-pVTZ. Calculations from both basis sets(+0.15 eV lab). These results are given in Table 3.
on the Se/Cl/O compounds gave essentially the same bond The 0 K bond energies can be converted into 298 K bond
energies and atomic charges. enthalpies by use of the heat capacities of the reactants and
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18.0 TABLE 3: Bond Dissociation Enthalpiest
T150F SeOCL—» o5 %0mm, exp B3LYP/ B3LYP/ G2
S Y system exp 298K aug-cc-pVTZ 6-311L+G(d) (298 K)
2 12,0 #7 SeOCl, (x 20) g —
e~ e °u SCk 85+8 858 108 118 99
= 9.0 b A o % ] SOCk~ 85+ 8 85+ 8 121 135 103
= j/ Cl(x20) 0% w8, SeCh~ 133+9 133+9 140.0 147.7 133
2 60 ; L SeOC}~ 150+ 10 150+ 10 152.3 159.8 143
2 o B * ] SeBg~ 11046 10946 131.4 130.7
EX]: o e’ . TeCk~ 17047 170+7 167.0
5 1 TeOChk~ 182.0
f ol I 1 L L I
o'%.o 1.0 2.0 3.0 4.0 5.0 6.0 aValues are in kilojoules per molg @ K unless otherwise stated.

Energy (eV, CM)

Figure 2. Cross section for collision-induced dissociation of SepCl ~ B3LYP/aug-cc-pVTZ method are given in Table 4, and
as a function of energy in the center-of-mass frame. Solid and dashedrepresentative examples are shown in Figure 5. The anions
lines represent convoluted and unconvoluted fits to the data, as discussedtudied have five bonds or lone pairs around the central

in the text. chalcogen atom, so the ChXions (X = Cl or Br) have
8.0 T-shaped geometries and the Ch{Xons are disphenoidal
(seesaw shaped). The neutral dissociation products are bent
) (ChXy) or pyramidal (ChOX).
S 80 Experimental geometries for S SOCh* SeCh,3?
5 SeOC},*>46 and TeC}*” are available; these are compared to
g 4.0 the calculated results in Table 4. The calculated bond lengths
g are longer than the experimental values by 8:0D5 A; this
2 50 slight but consistent overestimate is typical for this type of
8 calculation?®48 The calculated angles agree well with experi-
° ol ment except that the calculated-3e-Cl angle in SeOGClis
0 05 10 15 20 25 30 larger by 7. For the discussion below, the calculated results

Energy (eV, CM) will be used for consistency.

) 3 C ion § lision-induced di L ¢ Addition of an oxygen atom to Ch&boes not change the
Figure 3. Cross section for collision-induced dissociation of SeBr .\, her of ligands plus lone pairs around the central atom, so
as a function of energy in the center-of-mass frame. Solid and dashed. d v al h | heni he-Ch
lines represent convoluted and unconvoluted fits to the data, as discussedt 90€S not greatly alter the geometry, lengthening the-

in the text. bonds by 0.03 A (Ch= Te) to 0.08 A (Ch= S). Addition of

an oxygen atom to Chelt has similar effects, increasing €h

sok o Cl bond lengths by 0.020.11 A. Again, the S-Cl bond lengths
< | change the most while the €I bond lengths increase the
g aok least.
i - Addition of a chloride to ChGlor ChOC} does change the
< 30f number of ligands and the electron count on the central atoms;
-% i the calculated geometries change substantially. The equatorial
3 2'0_' bond lengths in ChX and ChOX~ are 0.04-0.07 A longer
g 1.0k than in ChX and ChOX. A much greater difference is seen in
s} the axial bonds, which are longer by 0:23.34 A (again, the

0.0 Lesmanociono00 otaQeP 1 1 1 [ |

bond lengths increase in the order ¥eSe < S).

A simple bonding descriptor, initially applied to van der
Waals complexes, clarifies these bond length changes. Reed et
al*® defined thecovalency ratioy:

00 05 10 15 20 25 30 35 4.0
Energy (eV, CM)
Figure 4. Cross section for collision-induced dissociation of T£Cl

as a function of energy in the center-of-mass frame. Solid and dashed
lines represent convoluted and unconvoluted fits to the data, as discussed

in the text. x = (Raw = dag) (Riaw — Reol) (15)

TABLE 2: Fitting Parameters for CID Data @ wheredag is the interatomic distance ari®lqw and Ry are

compd Er(eV) n respectively__the sums of_ the two van der Waals radii and
SeCh 1378+ 0.089 0,955 0.10 covale_nt radii for the bonding atom%A pgrely coyalent bond
SeOCH 1559+ 0.106 1,00+ 0.08 hasy = 1, and a purely van der Waals interaction kas 0.
SeBg~ 1.136+ 0.046 0.97+ 0.12 This model normalizes differences in bond distances in a
TeCk~ 1.763+ 0.044 0.97+ 0.08 straightforward way. It should be noted that the model does

a See text for discussion of fitting parameters. not distinguish between covalent and ionic bonding. Also, the

correlation between bond length and bond strength is not
products, determined from the vibrational frequencies in Table necessarily linear.

1. Very similar heat capacities for reactants and products mean The computed bond lengths given in Table 4 givealues

that the 298 K bond enthalpies are essentially the same as theanging from 0.93 to 1.00 for ChX bonds in the neutral

0 K enthalpies. species. This agrees with expectations for these molecules with
Molecular Geometries. Calculations on the molecules nominal single bonds. The equatorial<€X bonds in the anions

relevant to this study were done by use of several techniqueshave slightly lower valueg; = 0.88-0.97, while for the axial

and basis sets; the optimized geometries are not very dependenbonds y = 0.71-0.84. In each category the S-containing

on the basis set chosen. The geometries calculated by thechlorides have the lowep values and the Te-containing
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TABLE 4: Experimental and Calculated Structures?

compd method r(Ch—0) r(Ch—X) O(X—Ch—X) O(X—-Ch-0) z° r(X—X)
SCh exp 2.014 102.7
calc 2.050 103.9 0.97 3.228
SOCh exp! 1.428 2.074 97.0 108.0
calc 1.446 2.126 98.3 108.0 0.93 3.216
SeC} exg 2.157 99.6
calc 2.181 101.9 0.99 3.388
SeOC} exp 1.612 2.204 96.8 105.8
exp 1.592 2.183 96.4 104.0
calc 1.602 2.240 103.4 106.0 0.95 3.516
SeBp calc 2.339 103.4 0.98 3.672
TeCh exg 2.329 97.0
calc 2.340 99.8 1.00 3.579
TeOCh calc 1.772 2.368 96.6 104.1 0.98 3.5635
SChk~ calc 2.392 (ax) 166.8 (ax) 0.76 (ax) 3.343
2.086 (eq) 96.6 (eq) 0.95 (eq)
SOCE~ calc 1.450 2.466 (ax) 153.1 (ax) 100.0 (ax) 0.71 (ax) 3.463
2.194 (eq) 95.8 (eq) 106.5 (eq) 0.88 (eq)
SeCh~ calc 2.476(ax) 167.3 (ax) 0.79 (ax) 3.511
2.230(eq) 96.6 (eq) 0.95 (eq)
SeOC}~ calc 1.605 2.520 (ax) 155.4 (ax) 98.9 (ax) 0.77 (ax) 3.594
2.314 (eq) 95.9 (eq) 104.6 (eq) 0.90 (eq)
SeBg~ calc 2.640 (ax) 157.7 (ax) 0.78 (ax) 3.895
2.399 (eq) 101.2 (eq) 0.94 (eq)
TeCk™ calc 2.594 (ax) 174.4 (ax) 0.84 (ax) 3.610
2.386 (eq) 92.8 (eq) 0.97 (eq)
TeOCk™ calc 1.779 2.599 (ax) 164.7 (ax) 96.6 (ax) 0.83 (ax) 3.627
2.431 (eq) 92.2 (eq) 103.2 (eq) 0.94 (eq)

aBond lengths are given in angstroms; angles are given in degrees. Calculated values are from B3LYP/aug-cc-pVTZ. “ax” and “eq” refer to
axial and equatorial halogens, respectivélgovalency ratio for CkX bond (see text for discussiorf)Reference 43¢ Reference 44 Reference
32."Reference 459 Reference 46" Reference 47.

the axial chlorides away from the equatorial chloride implies
that the equatorial chloride, which has some buildup of negative
charge, is sterically more demanding than chalcogen lone pairs.
However, the overestimate of the -€5e—Cl bond angle in
SeOC} suggests that the computational method used over-
estimates ligandligand repulsion in comparison to ligand
lone pair repulsion.

The fact that some chlorirechlorine distances are about 10%
shorter than the van der Waals contact distance should not be
overemphasized. Different values of the van der Waals radii
have been proposéd,and corrections for the atomic charge
Figure 5. B3LYP/aug-cc-pVTZ-optimized geometries of representative and the ar)gular depend_ence of the van der Waa@%éa"e_‘ve
molecules. All distances are in angstroms, and all angles are in degreesnot been included in this work. There are many experimental

examples of CHCI distances below 3.6 & indicating that the
chlorides have the highgrvalue. The selenium bromides have ~chloride ligand is relatively compressitiieNevertheless, the
intermediatey values. correspondence between-Il distances, covalency ratios, and

Ligand Close Packing.These covalency ratios are consistent _bond angles indicates that steric crowding is a significant factor
with the ligand close packing (LCP) model, which emphasizes In these molecules.
the effects of liganetligand repulsion in systems where the ~ The Br—Br distances are 3.67 and 3.90 A. These suggest
ligands are sufficiently crowde®d.The van der Waals radii of ~little repulsion between the bromide ligands with &hSe,
Cland Brare 1.8 and 1.9 & so repulsion is expected between Wwhich is consistent with the stability of SeBr
any pair of chlorine atoms closer than 3.6 A or bromine atoms ~ Molecular Orbital Approaches. The hypervalent bonding
closer than 3.8 A. The closest ligantigand distances in the  in the anions discussed in this work can be interpreted by use
chlorides studied are 3.28.63 A, with the ordering S< Se of the three-center four-electron (3de) modeP955-58 where
< Te for any set of corresponding systems. In the anions, therecollinear p orbitals on the central chalcogenide atom and the
is an anticorrelation between the,CtCleq distances and the  two axial atoms are used to form three molecular orbitals.
covalency ratios, indicating a balance between the energy costAccording to the 3e-4e model, four electrons are in two axially
of ligand—ligand (and liganetlone pair) repulsion and stretched  aligned orbitals, one bonding and the other nonbonding. On the
covalent bond8! The fact that the axial bonds are significantly central atom, sporbitals point toward the three equatorial
stretched while the equatorial bonds are only slightly stretched positions, where there is either the equatorial halogen (with a
is typical of systems with five electron clouds around the central two-center, two-electron bond to Ch), an oxygen atom, or a
atom®! lone pair. Molina and Dobaddound some 3e4e character in

The deviation of the anion x—Ch—X,x bond angles from T-shaped hypervalent systems such as £hXBO?® results
18(r is greatest for Ch= S and least for Ck Te. This can for all anions studied in this paper indicate that the central
also be explained by ligandigand repulsion. The bending of  chalcogen atom and the axial halogen atoms are involved in a
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three-center, four-electron bond. This interpretation is consistent TABLE 5: Natural Population Analysis Charges?

with the bond length changes described above: the equatorial yojecule ch o hal (ax) hal hal (eq)
bond remains largely a two-center, two-electron bond while the -
bonds that lengthen substantially change from 2e bondin Ct 0.22 —0s1 —0.20
nds that leng 9sus ntially change fr nding SCh 0.25 ~0.13
to 3c-4e bonding soCk ¢ 132 -0.85 —0.58 -0.31
This bonding description is oversimplified in that there is =~ SOCE 126 -082 —0.22
mixing between the orbitals involved in the-34e bond and gggt 8'32 —0.55 —022 —031
other orbitals in the molecule. Hoffmann and co'-wo.erem/e' SeOCH 151 -094 —059 ~0.39
given an extensive description of additional orbital interactions seoc} 147 -0.88 —0.29
that can have a substantial influence on the strengths of SeBg~ 0.19 —0.48 —-0.24
hypervalent bonds. These effects, however, should be relatively SeBk 0.22 —0.11
similar in the set of anions studied TeCh ¢ 0.59 —0.59 —0.40
) e - o TeClLd 0.69 —-0.35
Another potentially significant interaction in these systems TeocCk ¢ 1.87 —-1.11 —0.64 —0.48
is negative hyperconjugation {r ¢* delocalization)3¢?includ- TeOCH 1.86 —1.05 —0.40

ing electron donation from lone pairs on the halogens into  ayqjyes calculated with the NBO program and B3LYP/aug-cc-pVTZ
antibonding Ch-X orbitals. Iwaoka et af! calculated that  unless otherwise noteBlReference 1¢Reference 29 B3LYP/SDB-

certain fluoride-organoselenium bonding interactions had-an aug-cc-pVTZ basis set was used.
— 0*se-x Character. Hyperconjugation involving chalcogen lone
pairs as donors has also been discud&éti-yperconjugation averaging 10 kJ mol higher than B3LYP/aug-cc-pVTZ in
is consistent with the increase in the €4 equatorial bond related phosphorus-containing systeths.
lengths (Table 4). When a halide anion is added to the neutral Comparison of ChalcogenidesTheory and experiment agree
molecules studied, the bond lengths increase more in thethat the Se-Cl~ bond in the systems studied here are substan-
oxygenated species, which may be duegono* se-x donation. tially stronger than the corresponding-81~ bonds, while the
However, different amounts of steric crowding may cause this Te—Cl~ bonds are somewhat stronger still. The bond strengths
effect. Hyperconjugation is also likely to increase for larger, in the group 15 tetrachloride anions are also much stronger for
more electropositive central atoms, consistent with the observedheavier central elements: RC|AsCL~, and SbCj~ are bound
trends in bond strengths. Thus, both the LCP model and theby 90 + 7, 115+ 7, and 161+ 8 kJ mol'l, respectively*
molecular orbital approach predict similar trends in agreement However, the Pauling electronegativities of P, As, and Sb (2.19,
with the measured and calculated molecular properties. 2.18, and 2.05, respectively) are very similar, as are the values
Computational Bond Energies.The calculated bond ener-  for S and Se (2.58 and 2.55; the Te value is 2.10). Thus, central
gies are more dependent than the molecular geometries on thét0m electronegativity is not well correlated with group 15 or
basis set chosen. Table 3 gives bond energies calculated witht6 hypervalent bond strengths.
several methods and basis sets. The available G2 bond energiei The covalent radii for S, Se, and Te are 1.02, 1.17, and 1.35
are 7-18 kJ mot ! lower than the B3LYP/aug-cc-pVTZ results. ; respectivelyt? The radii therefore show a stronger correlat|o_n
Similarly, G2 bond strengths for phosphorus halide anions are Wlth bond strengths than do the electronegativities. A correlatlon_
5—13 kJ mol* lower than B3LYP/aug-cc-pVTZ valués. is seen between hypervalent bond strengths and covalent atomic
radii of the central atoms in 10-electron complexes of elements

. . o from groups 14 through 1%;work on this topic is continuing.
lower than experiment, while the B3LYP/aug-cc-pVTZ results The SeBs—Br- bond is 23 kJ molt weaker than the Segt

1 . .
are 2-7 kJ mol! higher than experiment. These differences CI- bond. For comparison, D(PBFBr-) is 24 kJ mot* weaker

are less than the experimental uncertainties. In contrast, the GZt - L . . .
o ' han D(PC4—CI). This is consistent with the idea that smaller
and B3LYP/aug-cc-pVTZ bond energies in the sulfur analogues (or more electronegative) elements are thermodynamically

are 14-18 kJ mof? and 23-36 kJ moi? higher than experi- . o
preferred for the terminal positions.

ment. Surprisingly, the agresment between experiment and Charge Distributions. The natural population analysis charge

theory is substantially better for the selenium systems than the . = 9 . o pop ysIs 9

sulfur systems distributions, given in Table 5, allow several comparisons of
) the molecules in this study to be made. The axial halides have

A recent revie of the accuracy of various techniques for - op4ges from-0.48 to—0.64, consistent with the approximate
computing electron affinities found the best agreement with 3._4¢ molecular orbital picture where each axial atom has a

experiment with very resource-intensive models (average ab-charge of-0.5. The deviations, as well as the negative charge
solute error 0.06 eV for G2). Hybrid density functional methods oy the other chlorine atoms-0.22 to —0.39), are explained
with relatively large basis sets give somewhat larger averagey the electronegativities of the atoms involved. The chalcogen
absolute errors (0.12 _eV_ Wlth_ B3LYP/aug-cc-pVTZ). Since aiomsin ChGland ChC4~ have a moderately positive charge
calculated bond energies in anions depends on accurate valueganging from 0.22 to 0.69, and there is only slight reduction
for the electron affinities of the reactant and product ions, ypon addition of the negatively charged chloride. The charges
uncertainties in the thermochemistry discussed in this work jn choC}, and ChOG~ are much more positive, ranging from
should be similar. An advantage of the bond strength calcula- 1 26 to 1.87; addition of oxygen increases the charge on Ch by
tions done for this work is that all of the Species involved have 1.01 to 1.28. The Corresponding oxygen Charges range from
closed-shell electronic structures, while radicals are involved —0 82 to—1.11. This is consistent with viewing the € bond
in all electron affinity calculations. as mostly a Ch—O~ interaction. Very similar trends are also
The B3LYP/6-313#G(d) results are 1621 kJ mot? higher calculated for related phosphorus-containing systems such as
than experiment for the selenium-containing systems, which is POCk and POCJ~.*
better agreement than seen previously for the sulfur-containing Since the chlorine atoms are negatively charged, greater
systems. They are generally higher than the other computationalpositive charge on the chalcogen should increase theGTh
results discussed here. B3LYP/6-31G&(d) also gave results  bond strengths through electrostatic attraction, making C5iOCI

The G2 results for the selenium systems are/ kJ mol?
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more strongly bound than Ch&€l This is the case for Ck This is consistent with an additierelimination nucleophilic
Se and Te, but the effect is small, while the experimental bond substitution mechanism for attack at the chalcogens.
strengths in SGI and SOG4~ are the same. It was previously A similar map of the potential energy surface for the tellurium
noted that the oxygen atom in SQCtloes not assist in ~ compounds was not carried out, but it is reasonable to expect a
delocalizing the negative charge when-Gb added to the similar lack of barriers between the stable chloride adducts and
molecul€? This is also true for SeOghand TeOC!. It is possible the dissociated products. A metastable structure with two
that the relatively small electrostatic bond strength increase is chlorides in equatorial positions and only one in an axial position
canceled for Ch= S by increased liganeligand repulsions, was located, however. This structure is less stable than the
which are smaller for the larger chalcogens Se and Te. T-shaped structure by 202 kJ mbht the B3LYP/aug-cc-pVTZ
Solvation Effects.The bond enthalpip(SeOC,—CI7) is 150 level, so it is not likely to be experimentally accessible.
kJ moit in the gas phase at 298 K. The constants in Table 1 Analogues for the lighter chalcogens are unlikely to be
can be used to calculate th&6 for bond cleavage at 298 Kis  metastable because the bonding is generally weaker in these
28 kJ mot ! lower than the bond enthalpy, giving a free energy systems.
change for bond cleavage of 122 kJ moIThe corresponding
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kJ mol?, respectively’! Thus, solvation by DMSO weakens ported by the National Science Foundation under Grant 9985883
the bond in SeOGI by 174 kJ mot? (AH) or 116 kJ moi? (NIU). S.M.B. and J.K.F. thank the Robert A. Welch Foundation
(AG). For comparison, the g+CI~ bond enthalpy is lower by ~ (W-1442) and the Petroleum Research Foundation, administered
97 kJ mot? in agueous solution than in the gas ph&s€he by the American Chemical Society, for support of this research.
Cls~ value (and those for Br and k™) are consistent with the ~ We thank Peter Armentrout, Mary Rodgers, and Kent Ervin
Born model, eq 16, which states that the free energy of solvation for use of the CRUNCH software for data analysis and Cathy
of an ion is inversely proportional to the radius of the ipff Check for assistance with some of the calculations.
Other factors in the equation include the charge on theZe (
the relative permittivity of the solvent{, 46.8 for DMSO at ~ References and Notes

298 K) £ and the permittivity of vacuumeg). (1) Gailbreath, B. D.; Pommerening, C. A.; Bachrach, S. M.; Sunderlin,
L. S.J. Phys. Chem. R00Q 104, 2958-2961.
AGyy, = —Z2€NA(1 — €1 ) (8regr) * (16) (2) Bachrach, S. M.; Hayes, J. M.; Check, C. E.; Sunderlin, LJ.S.
sov : Phys. Chem. R001, 105 9595-9597.
. . (3) Reed, A. E.; Schleyer, P. v. B.Am. Chem. Sod99Q 112 1434.
The radius of Ct has been determined to be_ 1.80%The (4) Norman, N. C.Periodicity and the P-block Element©xford
molecular volume of SeOg1113 A3, can be derived from the  University Press: Oxford, U.K., 1994.
density of 2.44 g cm3.%9 It can then be approximated that (5) magnUSSQHY,IE:J-BAm-_”Chem- §0¢990 11}% 7940. AL 2164
SeOC} and SeOG) are effectively spherical, such thet= 217%9 oury, S.; Sivi, B.; Gillespie, R. Jnorg. Chem2002 41, 216
47r3/3 and that the volume of SeOLlequals the sum of the (7) Gillespie, R. J.; Silvi, BCoord. Chem. Re 2002 233-234, 53—

volumes for SeOGland CI- (24.4 A3). This gives a calculated 62

radius for SeOGI of 3.2 A and a value of 165 kJ ndi for (8) Molina, 3. M.; Dobado, J. ATheor. Chem. Ac2001, 105, 328-

] - ; 337.

the AGgq difference of the two anions. The main reason for the (9) Landrum, G. A.; Goldberg, N.; Hoffmann, B. Chem. SocDalton
difference between the solvation effects for Se9Gind Ch~ Trans. 1997 3605-3613.
is presumably that G, with a radius of 2.55 X8 is smaller (10) Kaupp, M.; van Wlien, Ch.; Franke, R.; Schmitz, F.; Kutzelnigg,
than SeOGH W. J. Am. Chem. Sod 996 118 11939-11950.

: . (11) Check, C. E.; Lobring, K. C.; Hao, C.; Wright, B.; Banweg, N.;

The free energy of solvation for gaseous SeQCIDMSO White, E.; Bailey, J.; Sunderlin, L. S. Manuscript in preparation.

is not known. SeOGlis not very soluble in many organic (12) Huheey, J. E.; Keiter, E. A,; Keiter, R. Inorganic Chemistry

it ; 4th ed.; Harper Collins: New York, 1993.
solvents, but it is at least soluble up to 5.1 mM in DM&O. (13)" (a) Larson. J. W. McMahon. T. B. Am. Chem. Sod.983 105

This gives an upper limit foAGso(SeOC}, liquid) of 13 kI 5499 "(b) Larsen, J. W.; McMahon, T. B. Am. Chem. S0d.985 107,
mol~. AGyap (SeOC}, liquid) is 18 kJ mot? at 298 K7° Thus, 766. (c) Larson, J. W.; McMahon, T. Bnorg. Chem.1987, 36, 4018~
AG for SeOClg) dissolving in DMSO is<—5 kJ mol™, where 40%134) Check, C. E.: Lobring, K. C.; Keating, P. R Gilbert, T. M
. , C. E.; Lobring, K. C.; Keating, P. R.; Gilbert, T. M.;
the limit is probably close t.o the actual vfalue. Combining the Sunderlin, L. SJ. Phys. Chem. 2003 107, 8961-8967.
factors above gives an estimate of the difference between the (15) wiberg, N.Holleman-Wiberg Inorganic Chemisiryst English Ed.;
gas- and solution-phageG for breaking the SeOgtCl~ bond Academic Press: San Diego, CA, 2001.
of ca. 170 kJ moll. Given these approximations, agreement . _(16) Bachrach, S.M.; Gailbreath, B. D. Org. Chem2001, 66, 2005~
yvith the experimental \_/alue of 116 kJ mélis_ reasonak_JIe. This (17) (a) Bachrach, S. M.; Mulhearn, D. G. Phys. Chem1996 100,
indicates that the main reason for the difference in the gas- 3535-3540. (b) Bachrach, S. M.; Hayes, J. M.; Dao, T.; Mynar, Jheor.
phase and solution bond energies is indeed the differential Ch(elfg)- A;\\/tl:clﬁggfnl%z (2:66!;§Zrhach S. M. Am. Chem. Sod996 118
solvatlon. of ions of different sizes. ' 0415-9421.

Potential Energy Surfaces.The potential energy surfaces (19) Bachrach, S. M.; Woody, J. T.; Mulhearn, D. £.Org. Chem.
for the reactions of chloride with SeCbr SeOC} are very 2002 67, 8983-8990. _ _ ‘
simple. Fixing the SeCl distance for the incoming nucleophile (ng)a?;‘i:g;a‘:h' S. M.; Demoin, D.; Luk, M.; Miller, J. V. Manuscript
to a variety of separations gnd optimizing th.e. rest of the structure ?215) Wasif, S.: Salama, S. B. Chem. SogDalton Trans.1975 2239
of SeC§~ and SeOG indicated no transition states or any 2241.

other intermediates. The reactants come together without a_ (22) (a) LaHaie, P.; Milne, Jinorg. Chem.1979 18, 632-637. (b)
Milne, J.; LaHaie, PInorg. Chem.1983 22, 2425-2428.

barrier to form the hypercoordinate species, Se(;and (23) Paetzold, V. R.. Aurich, KZ. Anorg. Allg. Chemil966 348 94—
SeOC} . This same shape was observed for the potential energy1o6.
surfaces for the reaction of chloride with S©r SOCh.12 In (24) Furukawa, N.; Sato, S. Structure and Reactivity of Hypervalent

i Chalcogen Compounds: Selenurane (Selane) and Tellurane (Tellane). In
all of these examples, a stable hypercoordinate sulfur or Chemistry of Hyperalent Compoundsiiley: New York, 1999,

selenium anion can be created when suitably substituted with = 25y popado, J. A.; Maitiez-Garéa, H.; Molina, J. M.: Sundberg, M.
electron-withdrawing groups that stabilize the anionic charge. R.J. Am. Chem. Sod.999 121, 3156-3164.



11160 J. Phys. Chem. A, Vol. 107, No. 50, 2003

(26) Fowler, J. E.; Schaefer, H. F., Il. Am. Chem. Sod.994 116,
9596-9601.

(27) Minyaev, R. M.; Minkin, V. I.Can. J. Chem1998 76, 776-788.

(28) Li, Q.; Xu, W.; Xie, Y.; Schaefer, H. F., IllJ. Phys. Chem. A
1999 103 7496-7505.

(29) Muntean, F.; Armentrout, P. B. Chem. Phys2001, 115 1213~
1228 and references therein.

(30) Armentrout, P. BJ. Am. Soc. Mass Spectro@002 13, 419-
434.

(31) Do, K.; Klein, T. P.; Pommerening, C. A.; Sunderlin, L.JSAm.
Soc. Mass Spectrorni997, 8, 688—696.

(32) Fernholt, L.; Haaland, A.; Seip, R.; Kniep, R.; Korte, E.
Naturforsch. B1983 38B, 1072-1073.

(33) (a) Ervin, K. M.; Armentrout, P. Bl. Chem. Phys1985 83, 166—
189. (b) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. Chem. Phys.
1997 106, 4499.

(34) Robertson, E. G.; McNaughton, D. Phys. Chem. 2003 107,
642—650.

(35) Nakamoto, K.Infrared and Raman Spectra of Inorganic and
Coordination Compounds Part: A'heory and Applications in Inorganic
Chemistry 5th ed.; John Wiley & Sons: New York, 1997.

(36) (a) Loh, S. K.; Hales, D. A; Lian, L.; Armentrout, P. B.Chem.
Phys.1989 90, 5466. (b) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B.
J. Am. Chem. S0d.991, 113 8590.

(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
A D.; Rabuck, K. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(38) Glendening, E. D.; Badenhoop, J. K.; Reed, A. E.; Carpenter, J.

E.; Bohmann, J. A.; Morales, C. M.; Weinhold, RBO 5.0 Theoretical
Chemistry Institute, University of Wisconsin, Madison WI, 2001. http://
www.chem.wisc.edu/nbo5.

(39) (a) Reed, A. E.; Weinhold,.R. Chem. Phys1983 78, 4066-
4073. (b) Reed, A. E.; Weinstock, R. B.; Weinhold JFChem. Physl985
83, 735-746.

(40) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. S., llI;
Nandi, S.; Ellison, G. BChem. Re. 2002 102, 231-282.

(41) (a) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007-1023. (b)
Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. Chem. Phys1992
96, 6796-6806. (c) Woon, D. E.; Dunning, T. H., Jr. Chem. Physl993
98, 1358-1371. (d) Wilson, A. K.; Woon, D. E.; Peterson, K. A.; Dunning,
T. H., Jr.J. Chem. Phys1999 110, 7667-7676.

(42) (a) Martin, J. M. L.; Sundermann, A. Chem. Phys2001, 114,
3408-3420. (b) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, H.
Mol. Phys.1993 80, 1431.

(43) Bizzocchi, L.; Cludi, L.; Degli Esposti, C.; Giorgi, Al. Mol.
Spectrosc200Q 204, 275-280.

Lobring et al.

(44) Mata, F.; Carballo, NJ. Mol. Struct.1983 101, 233-238.

(45) Gregory, D.; Hargittai, I.; Kolonits, MJ. Mol. Struct.1976 31,
261-267.

(46) Zharskii, I. M.; Zasorin, E. Z.; Spiridonov, V. P.; Novikov, G. |
Vestnik Moskoskogo Uniersiteta, Ser. 2977 18, 166-169 (CAS abstract
87: 141630).

(47) Fernholt, L.; Haaland, A.; Volden, H. V.; Kniep, R.Mol. Struct.
1985 128 29-31.

(48) Sachez Maquez, J.; Feriradez Nuiez, M. J. Mol. Struct.2003
624, 239-249.

(49) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899-926.

(50) van der Waals radii of 1.8, 1.9, 2.1, 1.8, and 1.9 A for S, Se, Te,
Cl, and Br, respectively; covalent radii of 1.02, 1.17, 1.35, 0.99, and 1.14
A. Data are from ref 12.

(51) Robinson, E. A.; Gillespie, R. Jnorg. Chem.2003 42, 3865—
3872.

(52) Badenhoop, J. K.; Weinhold, B. Chem. Physl997, 107, 5422-
5432.

(53) Batsanov, S. RRuss. J. Gen. Cher2002 72, 1153-1156.

(54) Batsanov, S. Sl. Mol. Struct.1999 468 151-159.

(55) Hach, R. J.; Rundle, R. B. Am. Chem. Sod951, 73, 4321~
4324,

(56) (a) Heard, G. L.; Marsden, C. J.; Scuseria, GJEPhys. Chem.
1992 96, 4359-4366. (b) Novoa, J. J.; Mota, F.; Alvarez,BPhys. Chem.
1988 92, 6561-6566. (c) Gutsev, G. LRuss. J. Phys. Cherti992 66,
1596-1599. (d) Cahill, P. A.; Dykstra, C. E.; Martin, J. @. Am. Chem.
Soc.1985 107, 7, 6359-6362.

(57) Pimentel, G. CJ. Chem. Physl1951], 19, 446.

(58) Kaupp, M.; van Wlen, Ch.; Franke, R.; Schmitz, F.; Kutzelnigg,
W. J. Am. Chem. S0d.996 118 11939-11950.

(59) Mingos, D. M. PEssential Trends in Inorganic Chemist@xford
University Press: Oxford, U.K., 1998; Chapter 4.

(60) Schleyer, P. v. R.; Kos, A. Jetrahedron1983 39, 1141-1150.

(61) Iwaoka, M.; Komatsu, H.; Katsuda, T.; Tomoda JSAm. Chem.
Soc.2002 124, 1902-1908.

(62) Salzner, U.; Schleyer, P. v. R.Am. Chem. So2996 115 1023+
10236.

(63) Rienstra-Kiracofe, J. C.; Tschumper, G. S.; Schaefer, H. S., IlI;
Nandi, S.; Ellison, G. BChem. Re. 2002 102, 231-282.

(64) Walker, B. W.; Check, C. E.; Lobring, K. C.; Pommerening, C.
A.; Sunderlin, L. SJ. Am. Soc. Mass Spectro002 13, 469-476.

(65) Nizzi, K. N.; Pommerening, C. A.; Sunderlin, L. 5.Phys. Chem.
A 1998 102 7674-7679.

(66) Atkins, P.; de Paula, Physical Chemistry7th ed.; Freeman: New
York, 2002; Chapter 10.

(67) Wohlfarth, C. Permittivity (Dielectric Constant) of Liquids.GRC
Handbook of Chemistry and Physjc83rd ed; Lide, D. R., Ed.; CRC
Press: Boca Raton, FL, 2002.

(68) Marcus, Y.lon Properties Marcel Dekker: New York, 1997.
(69) Physical Constants of Inorganic CompoundsCRC Handbook
of Chemistry and Physic83rd ed; Lide, D. R., Ed.; CRC Press: Boca

Raton, FL, 2002.

(70) Yaws, C. L.Handbook of Vapor PressureGulf Publishing:

Houston, TX, 1995; Vol. 4.



