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Gas-phase equilibria for clustering reactions of both halide iong th methane and chloride ions with
chloromethanes (CHnCl) were measured with a pulsed electron-beam high-pressure mass spectrometer.
The bond energies were found to show irregular decreases (@Hg),, with n = 6 and 8, for Ct(CHsCl),,

with n= 2, 4, and 6, and for C(CH,Cl,),, with n = 2 and 4. These even numbers indicate that the core ions
are preferably solvated by the ligands with thesalues. The theoretical calculation revealed that the cluster
ion CI~(CCl,) has the structure of [CI...CICgt rather than Cl...CECCI. The unexpectedly large bond energy

for CI=(CCly ) (13.4 kcal/mol) is due to the charge dispersal in the complex [CI...G]CCI

1. Introduction 2. Experimental and Theoretical Methods

Charge-transfer salts of organic donor molecules with mono- _ The experiments were made with a pulsed electron beam
negative ions can be insulating, semiconducting, or metallic at high-pressure mass spectrométef.Equilibrium measurements
room tempearuréWhen the temperature is lowered, some salts for the clustering reaction 1 (X halide ion) were made by
become superconducting as well. The bond energies for theintroducing X'-forming reagent gases (NFor F~, CCl, for
cluster ions of halide ions Xwith organic molecules would ~ CI”, CHzBr2 for Br™, and CHi for 1) into the~3 Torr reagent
give the fundamental information on the properties of the charge- CHa gas through a stainless steel capillary.
transfer complexes. However, the bond energiesoikh the - oy
hydrocarbon have not been measured so far despite the X" (CHy)p-y + CH, = X (CHY), @
fundamental combination. Novoa et al. carried out SCF and MP2 £q the clustering reaction 2
calculations on the bond energies and structures @CKl,).2
They predicted that the most stable structures for complexes CI~(CH,_,Cl),_; + CH,_.Cl.,= CI"(CH,_,Cl), (2
X~(CH4) have theCs, geometries of the type X..H—C=Hs.

In the present study, the thermodynamic stabilities of the cluster Small amounts of Cl-forming reagent gas C&lnd reagent
ions X~(CH,), were measured down to the low temperature 9ases Cld-nCln (i.e., CHCl, CHCl,, CHCL) were introduced
limit. The nature of bonding is found to be mainly electrostatic. through stainless steel capillaries.

The cluster ion F(CH,), was found to have the shell structure ~ The measurements were made down to the low-temperature
with n = 6 and 8. limit at which reagent gases started to condense on the wall of

the ion source.

To assess the experimental bond energies, we performed
density-functional-theory and ab initio calculations. Geometries
of X7(CHg)n and CIF(CHy—1Clp)n (n = 1—4) were optimized
using the B3LYP/6-3+G* method?!8 The diffuse function)
is indispensable to describing properly anionic syst&ms.

The gas-phasen3 reactions have been investigated experi-
mentally and theoreticalfy* because this reaction is of
paramount importance in organic chemistry. The study of the
binding of gas-phase halide ions to Brgnsted acids gives the
fundamental information on they8 reactions?® In this study,
the thermochemical stabilities and structures of the cluster ions

of CI~ with chloromethanes (CHwCl.) were investigated. The Subsequent vibrational analyses were made to check whether
irregular decrease of the bond energies was observed forthe obtained geometries are correctly at the energy minima and

CI-(CHsCl)n, with n=2, 4, and 6, and for C(CH,Cly)n, with to obtain the zero-point vibrational energies (ZPEs). To evaluate
n = 2 and 4. The unexpectedly large bond energy (13.4 kcall eIeptronic en(_argies of = 0 and 1 accurately, we made single-
mol) measured for C(CCly) is found to be due to the charge  POINt ca*lculatlons at QCISD(T)/6-3%15(d,p) on the B3LYP/
dispersal in the complex [CI...CI...C4t. This bonding pattern 6-31+G geometrleﬁ. All the cglculatlons were carried out using
is unique because the original mechanism proposed by Braumarin® GAUSSIAN 98 program installed on the Compaq ES40
and co-workers for the nucleophilic substitution reaction, Cl computer gt the Information Processing Center (Nara University
+ CH4Cl = CICH; + CI, is an indirect backside attack in ©f Education).

which a CI...HsCCl ion—dipole complex is formed prior to
surmounting the central barrier and forming prodtucA
surprising result that “the Cl— CICCl; head-on model” gives 3.1. X (CHy)n. As an example, the results of the experimen-
the large bond energy will be discussed. tally measured equilibrium constants for reaction 1 for %

3. Experimental Results

10.1021/jp010143n CCC: $20.00 © 2001 American Chemical Society
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Figure 1. van't Hoff plots for the clustering reaction,” fCHa)n-1 +
CH; = F_(CH4)n.

F~ are displayed in the van’t Hoff plots in Figure 1. In Table
1, the enthalpy and entropy changes obtained from the van't
Hoff plots for reactions 1 and 2 are summarized.

In Figure 1, irregular decreases of equilibrium constants are
observed betweem= 6 and 7 and alsn = 8 and 9 for reaction
1 with X~ = F~. The slight discontinuous decrease in the bond
energies £AH;_, ) is also observed with = 6 and 8 in
Table 1. The first gap in Figure 1 between= 6 and 7 may be
reasonably explained by the formation of the octahedral shell
structure withn = 6. Such a shell completion was also observed
for the cluster ion F(C;Hg)n.2* The appearance of the second
gap betweem = 8 and 9 is unique. The sudden decrease in
—AS,_;, betweem = 6 and 7 indicates that the> 7 ligands
have more freedom of motion than the< 6 ligands. That is,
the rather tight first shell is formed with = 6. The somewhat
more favorable attachment of two more Qigands to F(CHa)s
may be explicable by the accommodation of these two more
CHg4 ligands in the twdCs, pockets of the octahedral" FCH,)e
structure which are opposite to each other. However, the falloff,
i.e., the decrease in bond energies {®H,), is small in view
of other F(ligand), clusters??2 Despite the extremely large
nucleophilicity of F, the F ...methane interaction is merely of
the extent of hydrogen bonds.

3.2. CF(CH4-mClm)n. CI=(CHsCl), (m= 1). In Table 1, the
bond energies for the cluster ion @CHzCl), show irregular
decrease witm = 2, 4, and 6. It is surprising that the less
nucleophilic reagent Clthan F gives such a decrease. This
falloff may be due to the formation of the linear, tetrahedral,
and octahedral structures with= 2, 4, and 6, respectively.
The distinct appearance of the stepwise solvation with even
values (i.e., 2, 4, and 6) is observed only for {CiHamong
CHs-nClyy molecules. This characteristic nature may be due to
the interaction of CHCI with the core ion Ct in such a way
that the methyl group of C¥€l attacks the core Clion. The
values of —AS;_, , in Table 1 decrease with increasingn =
2 (24 euy—n =4 (21 euy> n = 6 (18 eu). This suggests that
the ligand CHCI molecules in the cluster ion QICH3Cl),
maintain the freedom of motion despite the steric crowd with
increase oh up ton = 6. The cluster ion seems to prefer the

entropy-favored structure rather than the enthalpy-favored one.

CI=(CH.Cly), (m= 2). For this cluster, the irregular decrease
in the bond energies is observed with= 2 and 4 in Table 1.
The —AS;, value (22 eu) is found to be larger than the
—AS;, (18eu). This trend is similar to the case of the
CI~(CHsClI), cluster ion. The cluster ion may be represented as
C|_(CH2C|2)2(CH2C|2)2(CH2C|2)n74.

CI=(CHCls), (m = 3). The interactions of halide ions (X
with neutral molecules (HR) range widely from hydrogen bond

o
n—

TABLE 1: Experimental Thermochemical Data, AH

X7(CHy)n and ClI7(CH4-nClm)n?

1n (cal/mol-K) (standard state, 1 atm) for Gas-Phase Clustering Reactions XCHa)n-1 + CH4

1n (kcal/mol) and AS]

CI~(CHCly), CI~(CCla)n
—AH

Cl_(Cchlz)n

—AH
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)
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Figure 2. Geometries of CI(CHzCl), (n = 1—4).

to electrostatic boné For instance, the chloride ion forms mol, respectively, slight charge transfer takes place in the
hydrogen bonds with water, alcohol, and dipolar aprotic solvents complex [CI...CICC]~ resulting in the formation of a rather
(acetone, acetonitrile, etc.) with bond energies ranging from 15 tight complex

to 20 kcal/moP? In this respect, the bond energy of 19.5 kcal/

mol measured here for the cluster ion"€tHCCls is a very ClI” +ccl,=Cl, +CCl, (3)
large one in the Cl---H—R complexes. This must arise from
the slight charge transfer in the complex G+ HCCl; since ClI” +CcCl,=Cl,+ CCl;~ 4

the ion—dipole moment interaction cannot explain this strong

bond (permanent dipole moment of CHL.02 D) is smaller

than those of CkCl, (1.62 D) and CHCI (1.87 D)?3 _ _ o _
CI=(CCl)4 (m= 4). The largest bond energy measured so far In the previous section, three specific points derived from

for the electrostatic interaction of Clon clusters may be 15.5 th%prec:jsent egperlznegtHhavg been dlsctL;]ssed (Tatble_ 1)|'|
kcal/mol for CI...CsF.24 The rather weak bond for CI..CO ond energies of {CH,), decrease rather monotonically as

(7.6 kcal/mol) arises from the relatively small bond energy of N grows large despite the significantly large nucleophilicity of

CIl—C covalent bond+78 kcal/mol)?® In fact, the reaction of
F~ with CO, leads to the formation of the fluoroformate ion
(FCOO") with the bond energy of 32.3 kcal/n#éldue to the

4. Theoretical Results and Discussion

For CI-(halomethane) there are large decreasesir 2 —
3 bond energies.
o - For CI-(CCly)n, unexpectedly large bond energies have been
stabilization caused by the formation of the strongFCbond. obtained, which appears to be inconsistent with the prediction

The average eF_ bond energy is 116 kcal/mol. that the electronic cloud of Clrepels lone-pair electrons of
In the interaction between Cland CCl, a very small bond ¢y,

energy was expected because of the exchange repulsion between |, this section, these points are examined with aid of
the electron cloud of Cland the lone-pair electrons of Clatoms  computational results.

in CCly molecule. The Cl ion interacts with rare gas atoms In Table 1, the computed bond energiesnof 0 — 1 are
very weakly with bond energies less than a few kilocalories/ shown in parentheses. Although they are slightly smaller than
mole?*2” Thus, the bond energy of CL.CCl should be  those obtained by the present experiment, differencessnt
definitely much less than 10 kcal/mol. However, surprisingly, clusters are reasonably reproduced. The small energcal/

the measured bond energy of CICCl, (13.4 kcal/mol) is found mol, of F(CHs): is confirmed. As expected, symmetric
to be even larger than that of CL.CH;CI (11.7 kcal/mol) despite  hydrogen-bond geometries of f€H,), (N = 1—4) are obtained.
the fact that the CGlhas no dipole moment. The unexpectedly F-...H intermolecular distances are 1.88 A for= 1, 1.92 A
large bond energy for CI..CCl, cannot be explained by the  for n = 2 (D type), 1.98 A forn = 3 (Da, type), and 2.03 A
Sw2 backside coordination structure of CICKLCCl because the  for n = 4 (T4 type). The inertness of CHs exemplified by
exchange repulsion prevents the intimate interaction betweencomparison with the proton-donor character of £i@N

ClI~ and CC} molecule. As will be described in the latter section, (acetonitrile), for example. For fFCHsCN),, AH§, = —245

the observed large bond energy was found to be due to thekcal/mol, andAH3 , = —17.7 kcal/moF® F~...H distances are
charge dispersal in the complex [CI...CIGCL The CI ion 1.68 A forn=1 and 1.74 A fom = 2, where then=1— 2
interacts with CC/ linearly along the C+C bond axis. The elongation corresponds to the large energy falloff. The smallest
charge dispersal in the complex [Cl...CIG[CImay arise from F~...H hydrogen-bond energy involved in Hs); among

the large electron affinities of (2.3 eV) and CGH (2.6 eV)28 F~-centered clusters leads to the slow decreasegasws large.
Although reactions 3 and 4 are endothermic by 45 and 38 kcal/ Geometries of CI(CHs—Clm)n (m = 1, 2, and 4) are
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Figure 3. Geometries of CI(CH.Cl,), (n = 1—4). Inn = 2, values in parentheses on the chloride ion denote electronic charges (more negative,

more anionic).

examined in detail. Those of QICHy), and CI(CHCl), are

hartree forn = 2b, 1 hartree= 627.51 kcal/mol). The linear

obviously hydrogen-bond type, and only a noticeable difference modeln = 2a is obviously due to the electrostatic force. The

between two clusters are shown; CH.-Gtydrogen bond
distances are 2.66 A for QICH,) and 2.15 A for Ct(CHCL);.

orthogonal model comes from the charge-transfer force. The
difference is understandable by electronic charge3.882 of

This large difference corresponds to the remarkable differencen = 2a vs—0.851 ofn = 2b) of CI~. Since 3s and 3p atomic

in bond energies, 3.8 kcal/mol of QICH4); and 19.5 kcal/mol
of CI7(CHCl); in Table 1. In Figure 2, geometries of
CI~(CHsClI), are shown. The chloride ion is coordinated to the
Cs, principal axis in Ct(CHzCl);. This ion—dipole complex
geometry is extended to those of larger clusters. The. &l
distance, 3.06 A, im = 1 is almost the same as thatrin= 2.
The equality indicates that the ClL.CHsCI interaction is
electrostatic. Im = 3, the third CHCI molecule works to bend
the linear alignment inn = 2, which corresponds to the
appreciable falloff of~-AH}_, ,, 11.1— 8.4 kcal/mol in Table
1. Geometries of CI(CH3Cl), are symmetric D, type for
n = 2, D, type forn = 3 and Ty type forn = 4) and are of
similar CI"...H intermolecular distances owing to the electro-
static attraction.

Figure 3 shows geometries of QCH,Cly),. The CI...H—
C angle is 156.9in n = 1, which shows that the second
hydrogen atom in CkCl, interacts with CI weakly (asymmetric
bifurcated form). Despite the slight nonlinearity, the charge-
transfer interaction, Cl— H—CHCI,, operates to elongate the
H—C bond (1.101 A relative to 1.087 A of the free gEl,),
which is in contact with CI. Forn = 2, linear and orthogonal
coordination models were obtained as= 2a andn = 2b,

orbitals on the chloride ion do not hybridize, orthogonal 3p
orbital directions are used for the charge donation. Of course,
this orthogonal coordination suffers from exchange repulsion
between ligand CKCl, molecules. The equal stability of =

2a andn = 2b indicates the borderline (competition) between
electrostatic and charge-transfer forces. Ror 2b, a slight
through-space H...Cl attraction (3.52 A) is involved. For=

3, only the orthogonal model was obtained. An appreciable
energy falloff, 13.116 = 2) — 9.7 (h = 3) kcal/mol, has been
observed in Ci(CH.Cl,), (Table 1). The steric crowd among
three CHCI; ligands results in the decrease of stability for
CI=(CH.Cly)s. Forn = 4, the fourth CHCI, molecule is linked
with CI~ in the less sterically congested direction and undergoes
the smallest steric repulsion. In Table 1, a small energy fall
off, 9.7 kcal/mol o = 3) — 9.0 kcal/mol (0 = 4), has been
obtained and is ascribed to the less hindered coordination of
= 4 than that ofn < 3. Thus, there is a noticeable contrast
between geometries of QICHsCl), (Figure 2) and those of
CI=(CHCIy), (Figure 3). They are electrostatic and charge-
transfer controlled, respectively.

Figure 4 shows geometries of QCCly), clusters. Fon =

respectively. These isomers have almost the same stability (totall, two isomers were obtained. The= 1a model involves the

energies;—2379.714 040 hartree for= 2a and—2379.714 010

same backside coordination as that of (CIH3Cl); (Figure 2).
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n=1lb

2.93A
D@ 28A @)

n=2b

Figure 4. Geometries of CI(CCly), (n = 1-4).

Although then = 1la geometry is thought to be likely, its be expected, because electronic clouds between two chlorides
CI~...CCly bond energy is only 4.4 kcal/mol, as calculated with collide with each other, and the repulsion betweenazid CC}
QCISD(T)/6-313-G(d,p). This energy is much smaller than that would prevail over the attraction. The unexpected.OCI—

(13.4 kcal/mol) measured in this work. As a more stable model, CCl; “head-on” model needs to be re-considered by means of
the isomem = 1b was obtained, which has the energy, 10.2 the charge transfer. In C&Ifour chlorine substituents lower
kcal/mol. Then = 1b geometry is of a surprising linear contact, the unoccupied molecular orbitals substantially. Therefore, in
CI~...CI=CCls. Prior to calculations, the geometry could not terms of energy levels of molecular orbitals, @@ a good
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electron acceptor (electrophile). The following front-side charge SCHEME 1: Contrast of X ~(CX4); Coordination

transfer may overcome the exchange repulsion: According to Hardness or Softness of Halogen Atoms and
Halide lons. F(CF,4); Data Are Taken from Ref 31
3
() 2T6A Ty~ 28R
A=A ®
(®)
AE(calced) = ~2.6 keal/mol AH’ = 6.4 kcal/mol

lone pair electrons

Due to the C+C antibonding character of LUMO of C&l
its charge acceptance leads to the@ elongation (1.70 A in
carbon tetrachloride> 1.81 A in CI...CI-CCls (n = 1b)). For
n = 2, there are two geometric isomers. One is an electrostatic
controlled linear model = 2a. The other is a charge-transfer
controlled orthogonal onen = 2b. The orthogonality is  References and Notes
somewhat incomplete due to .the repulsion of spherically.large (1) Williams, J. M.: Wang, H. H.: Emge, T. J.; Geiser, U.. Beno, M.
electronic clouds of two Cglligands. Then = 2b isomer is A.; Carlson, R. J.; Thorn, K. D., Schultz, A. J.: Whangbo, M.fog.

AH’ , = -13.4 kcal/mol AE(calcd) = —4.4 kcal/mol

only 0.25 kcal/mol more stable than the= 2a isomer, which Inorg. Chem 1987, 35, 51.

indicates that they are at the borderline in stability. Rer 3, (2) Novoa, J. J.; Whangbo, M.-H.; Williams, J. l@hem. Phys. Lett.
the electrostatic model= 3a is only 0.50 kcal/mol more stable 1991 180 241.
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