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Structures and energetics of several distonic radical cations, in particular the adducts between ethylene radical
cation and water, ammonia, and hydrogen fluoride, are investigated using various density functional and post
Hartree-Fock methods. Both the structure and the energetics of theQaKHNH;]*t and [CHCH,-HF]+

adducts with pronounced covalent and electrostatic bonding, respectively, are well described using the gradient-
corrected BLYP functional. The intermediate bonding situation of JCH-OH,]**, in particular the structure,

is not well described with BLYP, whereas the binding energy is in surprisingly close agreement with post
Hartree-Fock methods. The reason for this behavior is analyzed in terms of the different contributions to
the total energy, and it is shown that the deficiency is remedied when the nonlocal hybrid functional BHLYP

is used. Finally, it is found that the performance of BLYP improves on inclusion of additional water molecules.
Thus the weakness of BLYP to describe the structure of the;Et+OH,]** radical cation is a specific
exception rather than typical for the large class of distonic radical cations. One can therefore expect BLYP
to provide a realistic description of alkene radical cations in aqueous solution.

Introduction SCHEME 1: Schematic Representation of Unreactive
(A) and Reactive (B) Solvation

The chemistry of alkene radical cations has received increas-
H HH

ing attention recently due to the possible involvement of these H 3
reactive intermediates in alkene oxidation reactions. Most of Hb _______ ® ____O/H W l ______ o’H
the reactions are carried out in polar solvents such as acetonitrile, H HH Ty (f)) ;H H
water, dichloromethane, and alcohols or mixtures thereof. A

detailed theoretical study must therefore consider the interaction A B

gf rgdlial cations W'th;he SON?“L'.“ ?r? eXpl"t:'t E[na_lpkr]]erf._ 'It'wo dynamics of the ionic and electronic system to achieve ab initio
orderiine cases may be exeec edn this contex - enrs Casedynamics in an economic fashion. To investigate whether
might best be described as “unreactive solvation”, in which the

) ) . nsity functional theory i itabl t radical ions in
solute-solvent interaction does not lead to the formation of density functional theory is suitable to study radical cations

lent bonds (Sch A) This t f solvati . solution, we study here the interaction of the ethylene radical
covalent bonads ( cheme )- _1is type of solvalion can N 445y 45 a model for alkene radical cations with water and other
principle be described with simple empirical potentials, even

though the presence of charged substrates might make itSmall nucleophiles.

necessary to emp_on polariz_able _mod’e_lihe second case can  Theoretical Methods

be termed “reactive solvation”, in which a covalent bond is

formed between solvent and solute (SchemB)1, The center Over the last decade approximate density functional theory
of positive charge in this adduct is separated from the center of (DFT) methods developed into a promising tool for the
unpaired spin density through a methylene group. According description of open shell systems. Unfortunately, bond dis-
to Radom et al., such species are ternfledistonic radical sociation energies tend to be overestimated, which has been
cations? A recent investigation of the interaction between single traced back to an inadequate treatment of exchange ferms.
water molecules and ethy|ene radical Catid_m r(evea|ed the When the gradient of the electron density is inClUded, as for
formation of distonic radical catioba without barrier in the ~ €xample in the semilocal Becké.ee—Yang—Parr functional
gas phase (Figure f)The Strength of the €0 bond formed (BLYF)),9 the DFT-typIcaI OVerbinding is reduced and the results
in this process is, however, rather weak, and the structure ofare found to be in good agreement with experimental and high-
distonic ion5a Changes marked|y on inclusion of additional level ab initio results. The performance of gradient-corrected
water molecules. It thus appears that a final decision betweendensity functionals for first-, second-, and third-row homo-
reactive and unreactive solvation for ethylene radical cations nuclear diatomics is superior to second-order Mgilelesset
can only be expected from a full quantum mechanical solution Perturbation theory (MP2) and even configuration interaction
simulation. One theoretical approach, which has recently been(Cl) methods? especially for the group Il dimers, which are

used to obtain a detailed picture of the structure of wateg ~ known to be badly described by conventional HartrBeck
hydration of simple ion§,and simple reactions in watéris (HF) and MR schemes. There are also some open shell species
the Car-Parrinello molecular dynamics method (CPMDihis known in which DFT methods are superior to much more

method employs density functional theory together with coupled €laborate ab initio methods like QCISD(T) or M4,
A successful approach to improve the DFT treatment of
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e stationary points were characterized by calculation of the
179[ @ 1.399 harmonic frequencies using analytical second derivatives of the
: energy with respect to the Cartesian coordinates. The CCSD
1 force constants were determined by numerical differentiation.
Reference determinants constructed from KeBham orbitals
TS . are known to be less spin contaminated than those calculated
@% f ®\;> with perturbation theory schemés. The largest expectation
X 3 ‘ value of($*[for doublet DFT reference determinants was 0.754
a

and 0.762 for MP2, so the frequent problésaused by spin
contamination of UMR wave functions did not surface in this
study. In all DFT calculations the SCF convergence criterion
was set to 10® au, and for each atom the standard (75 302)
grid was used for the numerical integration procedure. To
facilitate the comparison of results obtained at various levels
of theory, no corrections of zero-point energies have been
included.

In addition to the calculations using Gaussian basis sets we
also performed stationary point calculations with a plane wave
(PW) basis set and effective core potentials in conjunction with
the BLYP functional using the CPMD codé. In particular,
we represented the heavy atom 1s electrons by norm-conserving
pseudopotentials of the TroullieMartins typé? and expanded
the valence orbitals in a set of plane waves with a kinetic energy

cutoff of 70 Ry in a cubic box with edge length of 20 au; we
%i did not impose periodic boundary conditions in these calcula-
£ 1.445 l%@ tions. Note that the use of plane wave basis sets avoids the
?3 1145 s " 1539 occurrence of basis set superposition errors (BSSE).
/\ ‘ 1496 | \113.6
152?? @’QA Results and Discussion
ﬁ-@ Energetics. To find the minimal basis set necessary for the
proper description of the binding energy in distonic Em we
5b 5¢ employed the BLYP and MP2 method together with a variety
Figure 1. BHLYP/6-31+G(d,p) optimized geometries of the structures  Of different basis sets (Table 1). Density functional calculations
1-7. are known to be much less basis set dependent than conventional

perturbation theory. Inspection of the bond dissociation energies

basic idea is to mix in HF exchange in the sense of evaluating (BDEs) summarized in Table 1 shows that the inclusion of a
the exchange energy of the Slater determinant using Kohn heavy atom diffuse basis function lowers the binding energy
Sham orbitals. Various such nonlocal schemes now exist. In by 7—9 kcal/mol even for otherwise reasonably large basis sets.
particular, we employed the “half-and-half” BHLYP and the Even when the heavy atom core electrons are kept frozen, as in
three parameter fitted B3LYP functional as implemented in the CEP effective core potenti#lthe large basis set limit is
Gaussian 943 reproduced with reasonable accuracy. Increasing the flexibility

Most of the calculations were performed using the Gaussian94 of the basis to a triplé- contraction as well as including
Rev. B.3 suite of programs. The structures were fully optimized polarization functions with higher angular momenta ttai
at the indicated level of theory, with standard basis sets asdoes apparently not lead to further improvement of the binding
implemented in the program. MP2 and all density functional energy. The BSSE was calculated according to the counterpoise

TABLE 1: Summary of Structural Data and Energetics for 1 and 5a Calculated at the BLYP and MP2 Level of Theory in
Combination with Several Basis Sets

structurel structureba
basis set d(co) [A] t(HCCH) [deg] d(CcC) [A] d(CO) [A] a(CCO) [deq] BDE [kcal/mol]

BLYP

CEP-3H-G(dy 1.435 26.9 1.453 1.929 108.2 255

6-31G(d) 1.402 30.5 1.428 1.924 108.4 334

6-31G(d,p) 1.399 315 1.426 1.944 107.7 32.9

6-31+G(d,py 1.399 319 1.421 2.033 106.7 25.7

6-311G(d) 1.392 325 1.424 2.050 106.0 34.6

6-311+G(d,p) 1.392 32.9 1.414 2.075 105.7 25.3

6-311++G(3df,2p) 1.387 35.8 1.411 2.050 106.0 24.6

PWe 1.377 35.8 1.399 2.043 104.5 23.7
MP2

6-31G(d) 1.417 5.0 1.458 1.613 111.1 31.9

6-31G(d,p) 1.415 5.0 1.457 1.609 1111 31.4

6-31+G(d,p) 1.415 7.8 1.456 1.618 111.3 25.9

6-311G(d) 1.418 5.1 1.463 1.586 1115 345

a Effective core potential according to ref 18The BSSE for this basis set amounts to 1.2 kcal/iBlane wave basis set. See Theoretical
Methods section for details.
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TABLE 2: Summary of Structural Data and Energetics for 1 and 5a Calculated with Different Density Functionals and at the
QCISD Level of Theory

structurel structureba
method d(CC) [A] t(HCCH) [deg] d(CcC) [A] d(co) [A] a(CCO) [deg] BDE [kcal/mol]
6-31+G(d,p)

HF 1.403 0.1 1.465 1.596 110.4 10.3
SVWN 1.366 37.4 1.440 1.612 111.4 40.5
SLYP 1.362 38.6 1.444 1.585 111.2 45.4
BVWN 1.404 29.1 1.414 2.168 104.7 22.4
BP86 1.395 32.6 1.437 1.816 109.8 28.4
BLYP 1.399 31.9 1.421 2.033 106.7 25.7
B3LYP 1.397 27.6 1.433 1.794 109.6 25.0
BHLYP 1.399 17.9 1.448 1.623 110.1 24.4
MP2 1.415 7.8 1.456 1.618 111.3 25.9
QCISD 1.412 15.6 1.411 1.636 110.1 24.4
CCSD 1.414 12.2 1.449 1.608 110.3 23.3
CISD

6-311++G(2d,p) 1.408 18.4 1.461 1.619 111.1 24.8
6-311++G(2df,p) 1.403 18.9 1.458 1.604 111.0 25.7

method and amounts to 1.2 kcal/mol at the BLYP/6+-&L electron spectra of ethylene and in line with early high-level

(d,p) level of theory. Because plane wave basis functions areab initio Cl calculation® which predict a 23 twisting angle.
not assigned to any atomic center, binding energies exhibit noOur own high-level QCISD/6-3H+G(2df,p) calculations
BSSE. The BLYP/PW value calculated here is virtually predict 19 (Table 2). Thus, the MP2 and BLYP results can
identical to the largest Gaussian basis set used, i.e. BLYP/6-be understood as the limiting cases of the real bonding situation.
311++G(3df,2p) binding energy, if the BSSE of about 1.2 kcal/  MP2 underestimates the contributions from th&,, state,
mol is taken into account. whereas BLYP overestimates the excited-state contribution. This
When the MP2 Hamiltonian is used, the same basis set effecteffect can be attributed to the already mentioned deficiency in
is found. Inclusion of heavy atom diffuse basis functions the correct description of exchange terms. Gradual inclusion
weakens the bond by 5.5 kcal/mol. Using more elaborate of HF exchange contribution within DFT in the series BLYP,
theoretical approaches like the QCISD or CCSD scheme with B3LYP, and BHLYP leads to an almost steady transition from
the 6-31G(d,p) basis set does not lead to any significant a twisting angle of 33 obtained with semilocal functionals to
improvement of the binding energy, even with significantly the low MP2 value of 8
larger basis sets (Table 2). The binding energy amounts to 25.7 Second, comparison of the BLYP and MP2 geometries of
kcal/mol at the QCISD/6-3H+G(2df,p) level of theory. As ion 5ain Table 1 shows a major difference in the-O bond
expected, the local density approximation, here SVWN, leads lengths. For the BLYP functional the carbeaxygen bond
to tremendous overbinding of the magnitude of the binding length is larger by 0.415 A despite the fact that BLYP and MP2
energy itself, which is significantly decreased by Becke's energetics are basically identical. To understand the origin of
semilocal exchange correction (B88). Hartré@ck theory this surprisingly large difference, we optimized the structure of
shows the opposite effect and is therefore also eliminated from 5a with several other conventional and DFT ab initio methods
the list of useful methods for the present purpose. The good (Table 2). The first remarkable point is the geometry calculated
agreement of the BVWN binding energy with the CCSD value with the exchange functional of Slater in combination with the
is caused by mutual compensation of errors. The gradient correlation functional of Vosko, Wilk, and Nusair (VWR.
correction on the exchange energy is larger than the correlationThis functional yields results comparable to the MP2 values
energy gradient correction. Usually these corrections have for the C-C and C-O bond length as well as the<C—-0
opposite signs. Therefore the remainder of the exchange errorbond angle, although this functional is completely local and
which is not compensated by the B88 semilocal correction is therefore the least sophisticated functional used in this study.
compensated by the error due to the use of a local correlationAdding Becke’s semilocal exchange correction to Slater's
functional. Using a functional that is only gradient corrected exchange functional (BVWN) vyields the largest-O bond
for the correlation term (SLYP), the overbinding is even length (2.168 A) among the density functional methods.
increased for the same reason mentioned above. Nevertheless, the SLYP functional gives the shortest carbon
Structure. The survey of structural data given in Table 1 oxygen bond among the methods used here. Using the gradient-
shows two major points of discrepancy between the MP2 and corrected correlation functional of Perd&wP86) instead of
BLYP results. First, the twisting of the ethylene radical cation the LYP functional yields a shorter carbeoxygen bond of
1 is enlarged to an average value of°3lh the BLYP 1.816 A and a 2.7 kcal/mol increase in binding energy. There
calculations compared to an average angle °ofo8 different are obviously two effects influencing the structural and energetic
basis sets for the MP2 Hamiltonian. In a valence-bond picture properties of distonic ioBain semilocal DFT calculations. The
this twisting originates from an interaction of tA@,, and the first one is caused by the B88 gradient correction term. |If this
2B, states of planar geometry. Breaking the symmetry from contribution is included, the long-bonded distonic iba is
D2n to D2 results in a nonzero mixing terfdBay|2Boglt° From found and at the same time the dramatic overbinding of the
a molecular orbital point of view this can be understood as a SVWN functional is reduced to 22.4 kcal/mol. This effect is
compromise between commanbonding, which is optimal in observed for the local VWN correlation functional as well as
planar geometry, and hyperconjugation, which prefers the the nonlocal LYP functional. The second much less dramatic
perpendicular structure. Indeed there is experimental evidenceeffect influencing the geometry is due to the correlation
for a twisting of ethylene radical cations. From vacuum functional, as shown by replacement of the LYP correlation
ultraviolet studies of a series of Rydberg states of ethylene afunctional by P86.
twisting angle of 25 was concluded® These findings are The hybrid functionals B3LYP and BHLYP behave somewhat
supported by an analysis of the vibrational structure of photo- differently. Again, as found for the twisting of ethylene radical
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TABLE 3: Summary of Selected Structural Data and
Energetics for Distonic lons 5a-c, 6, and ¥

BLYP B3LYP BHLYP QCISD MP2

structure6

d(CN) [A] 1596 1.561  1.534 1.541

O(CCHH) [degp 128.2 127.0 126.3 126.5

BDE [kcal/mol] 52.0 56.8 58.3 59.8
structureba

d(CO) [A] 2.033 1.794 1.623 1.636 1.618

6(CCHH) [deg] 158.2 146.4 137.7 137.6 137.2

BDE [kcal/mol] 25.7  25.0 24.4 24.4 25.9
structure7

d(CF) [A] 2.316 2.392 2.481 2.522

6(CCHH) [deg] 173.8 176.9 179.5 178.6

BDE [kcal/mol]  10.0 10.3 11.2 12.6
structuresb

d(CO) [A] 1.657 1.526 1.541

6(CCHH) [deg] 136.7 130.9 131.4

BDE [kcal/molF 42.9 44.7 46.6
Structuresc

d(co) [A] 1.584 1.496 1.513

6(CCHH) [deg] 131.9 128.3 129.2

BDE [kcal/molF 58.4 61.7 64.0

a Al calculations with the 6-3+G(d,p) basis sef As defined in
Scheme 2¢For the dissociation intd and 2b, and 2c respectively.

cation, gradual inclusion of HF exchange leads to a steady
transition between the borderline cases of the semilocal func-
tional BLYP and the high-level ab initio method QCISD. For
the B3LYP functional a bond length of 1.794 A is found; for
the BHLYP functional the bond length is 1.623 A, which is, as
for the ethylene radical cation, comparable to the QCISD values.
Surprisingly, the binding energy changes by only 1.3 kcal/mol

when HF exchange is included, despite the dramatic change in

C—0 bond length. That the bonding situationSais difficult

to describe even for highly correlated methods can be taken

from the QCISD/6-31G(d,p) and CCSD/6-3tG(d,p) results.
Even though a short bond is predicted in both cases, the crucia
C—0 bond distance varies quite significantly (1.636 A for
QCISD vs 1.608 A for CCSD), although these two methods
are expected to yield very similar results.

We therefore recalculated the equilibrium structur&aft
the QCISD/6-31%++G(2d,p) and QCISD/6-31-+G(2df,p)
level of theory. The extension of the basis set for the CCSD
method proved prohibitively expensive. The problem here is
the lack of analytical gradients, which makes such an optimiza-
tion extremely costly. The results for the QCISD/63HG-
(2d,p) and QCISD/6-31t+G(2df,p) calculations are given in
Table 2. A steady transition to shorte—O bond length is
found as the flexibility of the basis set is increased. For the
most flexible 6-31%+G(2df,p) basis set the-€0 bond distance
is 1.604 A, very close to the CCSD/6-3G(d,p) value of 1.608.
We therefore take the QCISD/6-31%G(2df,p) structure as
the reference for the evaluation of the DFT results.

Related Systems.To understand whether these trends are
systematically inherent in DFT methods or whether we found
a unique pathology concerned with distonic iba, we also
looked at the distonic ions obtained by the addition of ammonia
(3) or hydrogen fluoride 4) to ethylene radical catiori.
Ammonia and hydrogen fluoride are expected to form stronger
and weaker bonds with the ethylene radical cation, respectively,
and thus to alter significantly the bonding situation relative to
the water adducba.

Distonic ion6 is formed through the addition of ammonia to
ethylene radical cation (Figure 1). A similar but much less
pronounced trend as fd&a is found for ion6 (Table 3). The
carbor-nitrogen bond length decreases by 0.055 A if QCISD
instead of BLYP is used. As observed for iég, there is a

J. Phys. Chem. A, Vol. 101, No. 47, 1998945

SCHEME 2: Definition of the Angle §(CCHH)
Describing the Degree of Pyramidalization at G in
Adduct 5a

HIy

o®
C—Cg

H
O(CCHH)

steady transition from semilocal DFT results to the QCISD
values by the gradual inclusion of nonlocal HF exchange to
the density functional for the energetics as well as for structural
parameters. In contrast to distonic ibg, the binding energy
in distonic ion6 increases by 7.8 kcal/mol on going from the
BLYP to the QCISD level of theory. The trend is slightly
different for distonic ion7, which is formed by the reaction of
hydrogen fluoride with ethylene radical cation (Figure 1). The
QCISD calculation yields a bond length of 2.522 A, compared
to a BLYP value of 2.316 A, and the QCISD binding energy
for that ion amounts to 12.6 kcal/mol.

If the degree of pyramidalization at (s defined in Scheme
2, is taken as an indicator of covalent bond formation between
the reaction partners, one must conclude that the bonding
situation in distonic ion6 is entirely different from that in
distonic ion7. Distonic ion6 shows significant pyramidalization
at G, with a CCHH dihedral angle of 126 3or the BHLYP
functional. The ethylene radical cation moiety of distonic ion
7, in contrast, shows the planar geometry (17pdso found
for the free ethylene radical catidn(180.C°). These findings
are in line with the observed binding energies of these species.

Hll..
H(

IThe binding energy of iob calculated at the BHLYP/6-31G-

(d,p) level of theory amounts to 58.3 kcal/mol, whereas system
7 yields a much smaller binding energy of 11.2 kcal/mol.

We can conclude at this point that the observed differences
in bond lengths are not a common feature of the description of
distonic ions by density functional methods. Distonic fen

can best be understood as an intermediate case between covalent

binding and a more electrostatic interaction and therefore might
be difficult to handle with some DFT methods. The binding in
distonic ion 7 arises predominantly from ierdipole-type
electrostatic interactions, whereas ®shows an almost fully
established covalent-€N single bond. This conclusion is also
supported by the degree of pyramidalization as well as thBIC
bond length of 1.541 A (compared to 1.47 A for methylamine
CHsNH,).

Analysis. To shed some light on the origin of these effects,
the binding energy was decomposed into the components of
the Kohn-Sham energy in the following way:

EKS = ENuc + Ele + ECoul + EX + EC (l)
AE = AX + AE, + AE. (2)
AEy = "1,AEyggg + 1oAEyy ®3)

In general, the KohitSham energ¥xs can be subdivided into

classical nuclear repulsion energy, one-electron energy, which
consists of the kinetic and the potential energy of the electrons,
the Coulomb repulsion of the electrons, and exchange and
correlation energies. The nuclear repulsion energy, the one-
electron contribution, and the electronic Coulomb repulsion are
not discussed individually, because these quantities do not
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TABLE 4: Components of the Binding Energy for the Reaction Pathway for Addition of Water to Ethylene Radical Cation

and the Equilibrium Geometries of Distonic lons 5a, 6, and 7

structurel r(CX)©
2.1A 20A 19A 1.8A 1.7A 1.6 A structurda structureb structure?
BLYP/6-31+G(d,p)
AP 13.1 8.7 3.4 -3.1 —-11.3 —22.5 10.5 —4.1 3.9
AEy 6.0 9.8 14.2 19.5 26.1 34.7 8.3 47.1 2.9
AE¢ 6.5 7.2 7.8 8.5 9.2 10.1 6.9 9.0 3.2
AEqot 25.6 25.7 25.4 24.9 24.0 22.3 25.7 52.0 10.0
BHLYP/6-31+G(d,p)
ASP 12.6 10.2 6.5 2.7 —4.3 —14.6 —-11.9 =51 2.7
AY,Exgss 2.4 3.4 4.9 6.8 9.5 13.6 125 23.8 2.2
AYoExpr 0.3 1.5 3.6 5.4 9.5 15.1 13.7 27.7 3.4
AEy 2.7 4.9 8.5 12.2 19.0 28.7 26.2 51.5 5.6
AE. 6.6 7.3 8.0 8.6 9.4 10.2 10.0 11.9 2.9
AETot 21.9 22.4 23.0 23.5 24.1 24.3 24.4 58.3 11.2

2 All values given in kcal/mol? Denotes the sum of the differences
repulsion. See text for detailsX = O, N, F.

explicitly depend on the functional chosen. Any changes of

in nuclear repulsion, one-electron contributions and electronic Coulomb

large contribution from the exchange interactidix, and a

these energy contributions are caused by the changes insmall amount oAEc. The ion—dipole bonding in distonic ion

geometry or the electron density itself. The functional-

independent parts were therefore summed in a single contribu-

tion X. For hybrid functionals, the exchange energy is

decomposed into the semilocal B88 and the exact HF contribu-

tions according to eq 3. The local exchange contribution is
included in equal parts in the two components. The binding

7 and 5a described by the BLYP functional results from an
attractiveAZ, and a small contribution from the exchange and
correlation term\Ex andAEc. These results are in line with
the structural considerations mentioned above. Covalent bond
formation results in a significant pyramidalization at &hd a
short C-0O bond length. Pure iondipole binding gives a planar

energy is then decomposed into the various terms as defined inethylene radical moiety and a long-© bond distance.

eq 2 for the BLYP and in egs 2 and 3 for the BHLYP functional.
Table 4 shows the contributions to the binding energy for
the distonic ions5a, 6, and 7 at equilibrium geometries
calculated with the BLYP and the BHLYP functionals, respec-
tively. For the weakly bound distonic iohthe components of
the BLYP Kohn—Sham energy contribute equally to the binding
energy. For the BHLYP functional the contribution of the
exchange term is larger, but still low compared to common
covalent bonding. These findings are both in line with the
interpretation of distonic ioff as a loosely bound iendipole
complex with no covalent bonding. The opposite situation is
found for the strongly bound distonic idh The C-N bond is
formed in large part due to a favorable exchange term (BLYP,
47.1 kcal/mol; BHLYP, 51.5 kcal/mol). Additionally, a sig-
nificant contribution from correlation energy can be observed
(BLYP, 9.0 kcal/mol; BHLYP, 11.9 kcal/mol), which must be
expected for the formation of bonds with significant covalent
character. The functional-independent part is slightly repulsive
and reduces the binding energy ®by 4.1 kcal/mol and 5.1
kcal/mol for the BLYP and BHLYP functionals respectively.
For distonic ion5a the results for the BLYP functional are
completely different from those obtained for the BHLYP
functional. With the BLYP functional the major part of the
binding energy arises from the functional-independent part,

To gain some insight into the development of the contributing
energy terms along the reaction pathway, calculations were
performed at six selected values for the G bond in distonic
ion 5a (Table 4). All geometrical parameters except for the
C—0 bond length were optimized with the indicated functional
and the 6-3+G(d,p) basis set. For each structure the binding
energy was decomposed according to eq 2. The choice of the
functional, i.e. BLYP vs BHLYP, has practically no influence
on the distance dependence of the correlation energy, as the
difference between correlation energy contributions never
exceeds 0.2 kcal/mol. In contrast, comparison of the exchange
energy contribution to the binding energy at a given distance is
systematically larger by-36 kcal/mol at the BLYP level of
theory as compared to the BHLYP level. This attractive
contribution is overcompensated at the 1.6 A geometry by the
functional-independent energyZ, which decreases by 7.9 kcal/
mol compared to the BHLYP functional. The finding that the
BLYP exchange contribution is more stabilizing at a fixed @
bond distance of 16 A is unexpected, as comparison of the
components of the binding energy for distonic iba at the
equilibrium geometriegor each functional shows that for the
BLYP functional the exchange contribution is of minor impor-
tance! A similar situation is also found for a fixed-© bond
distance of 2.1 A. Again the BLYP exchange component is

which amounts to 10.5 kcal/mol, whereas exchange contributesfound to be more stabilizing by 3.3 kcal/mol compared to

only 8.3 kcal/mol. Binding in distonic iofba can therefore
best be described as resulting from strong-idipole interac-
tions, quite comparable to the situation in distonic TonWith

the BHLYP functional, on the other hand, the major contribution
of 26.2 kcal/mol to the binding energy in distonic ibais due

BHLYP. In contrast to the 1.6 A geometry, th& contribution
for the BLYP and BHLYP functionals differs by only 0.5 kcal/
mol now. The results foAX are depicted in Figure 2b.

The density functionals that we investigated belong to two
different classes, the semilocal functionals such as BLYP and

to the exchange term, 17.9 kcal/mol more than found at the the nonlocal functionals that contain HF exchange such as
BLYP level. The second remarkable point is the change of the BHLYP. We therefore additionally investigated the splitting

functional-independent paAX. For the BHLYP functional a
repulsive contribution of-11.9 kcal/mol is found, compared
with 10.5 kcal/mol attractive contribution for the BLYP
functional. This pattern of energetic contributions is comparable
to that found for distonic ior6. The covalent bonding in
distonic ions5a and 6 described by the BHLYP functional
corresponds to a repulsive functional independent taina

of the total exchange into the semilocal and the HF contributions
according to eq 3 in Table 4. Note that half of the local
exchange contribution is contained in the semildéa\Exgss

and half in the nonlocal/>AExur, and thatAEx for BLYP
contains both the local and semilocal contributions. The most
remarkable point is the qualitative difference in the distance
dependence of the DFT and the HF exchange part in the BHLYP
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Figure 3. Difference between the BHLYP and BLYP total electron
density of the distonic ion5a at the QCISD/6-31%+G(2df,p)
1.5 1.6 1.7 1.8 1.9 2.0 21 22 optimized geometry. The contour plane is Bemirror plane of5a

r (CO) [A] Solid lines represent positive and dashed lines represent negative values.

b) 19 T T T T T ! Secondly, a dumbbell-shaped positive area of higher BHLYP
density at G is found, whereas the extensive region around the
oxygen atom is charge depleted. Assuming thatGCbond
formation is accompanied by partial charge transfer from the
nucleophile to the ethylene radical cation, this finding is in line
with preferred bond formation i®a at the BHLYP level of
theory.

Clusters. The goal of the present study is to investigate
whether DFT is suitable to describe ethylene radical cation with
bulk assemblies of water molecules. After the surprisingly
disconcerting performance of BLYP for the monowater adduct
5awe added water molecules successively to struciaraend
determined equilibrium structures at the BLYP/6+33(d,p),
BHLYP/631+G(d,p), and MP2/6-31G(d,p) levels of theory.
Table 3 summarizes the energetic and structural data found for

25 L L L ! L L these systems. Reaction of the hydrogen-bridged water dimer

1.5 16 17 18 1.9 20 21 22 with ethylene radical cation gives addush (Figure 1). The

r(CO) [A] binding energy for the dissociation of structsk into 1 and

Figure 2. Distance dependence of components of the Keham 2b amounts to 42.9 kcal/mol for the BLYP functional. At the
binding energy in distonic ioBa. Comparison of (a) the HF exchange ~ Same time thelifferenceof the C-O bond lengths between the
and DFT exchange of BHLYP calculation with the B88 contribution methods is significantly reduced, compared5a For the
of the BLYP calculation, and (b) the sum of the functional-independent BLYP functional a G-O distance of 1.657 A is found, whereas
terms. MP2 yields 1.541 A. For the addubt, derived from the water

. . trimer and ethylene radical cation, this trend is continued. The
functional. At large C-O distance the HF exchange part almost binding energy for the dissociation b€ into 1 and2c s larger
comp_letely d_eca_lys to zero, Wh‘?fe?‘S the DFT exchange IC’artby another 20 kcal/mol and amounts to 61.7 kcal/mol. The
contributes significantly to _the binding energy. On the othgr difference in bond lengths is now reduced to 0.07 A (BLYP,
hand, at short €0 bond distances the HF exchange part is 1 5g4 A; MP2, 1.513 A). Thus, the more water molecules are
even more stabilizing than the DFT exchange part of the BHLYP 4464 15 the ethylene radical cation, the more reliable the BLYP
liuncnonal. Flgure 2a depicts the BHLYP exchange energies calculations become. This shows that the problems of semilocal
/2AExges and /2AExr along the reaction pathway for the  per yethods with structurgado not arise from the electronic
addition qf. Waf[er to ethylene radical cation. For better situation itself, which is independent of the number of water
\?v()eTep?rZilk;::cl)tl?le\élvltbr;/tgiei?ol_r\(; E)egult?'rfzeggrl;grgllz;(rgr?éuﬁosun 4 Molecules bound to ethylene radical cation, but appears to be
for the BLYP functional is comparable to the DFT part of the special problem with weak covalent bonding.
BHLYP functional. A significant contribution of 23 kcal/
mol to the binding energy is found for large bonding distance.
To visualize the difference between the BLYP and BHLYP From our investigation of the distonic ions derived from the
densities, we calculated single-point electron densities at theaddition of hydrogen fluoride, water, and ammonia to ethylene
QCISD/6-311-+G(2df,p) geometry. Figure 3 depicts the radical cations employing density functional methods of different
difference p(BHLYP) — p(BLYP) in the Csplane of 5a sophistication we must conclude that semilocal gradient-
generated by a modified version of the PROAIM pack#ige. corrected DFT methods are not capable of describing the
The first important observation is the negative areas in the bonding in distonic iorba[C,H4-H2O]*". All these functionals,
immediate proximity of the nuclei. This shows that BLYP tends in particular BLYP, predict a strong ierdipole interaction
to localize the electron density closer to the nuclear positions indicated by a long €0 bond distance, which contradicts other
than BHLYP. The innermost contour lines in these areas high-level ab initio results. For the distonic ioBfC,H4-H3N]**
correspond to a charge density difference ofx4 10-2%e. and7 [CoH4-HF]*" the results are comparable at all investigated

AE [kcal/ mol}

Conclusions
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levels of theory. Distonic ioBa [C;H4H,0]"t is special since (3) Zipse, H.J. Am. Chem. S0d.995 117, 11798.
it is located at the border between electrostatic and covalent __(4) Laasonen, K.; Sprik, M.; Parrinello, M. Chem. Phys1993 99,
binding. The BHLYP functional performs best of all employed (5) (a) Marx, D.; Hutter, J.; Parrinello, MChem. Phys. Letf1995
density functionals in describing the binding in the distonic ions 241, 457. (b) Marx, D.; Sprik, M.; Parrinello, MChem. Phys. Lettl997,
studied here and is consistent with the QCISD values. The 272(3)6?-) ‘ . i

; ; ; ; 6) (a) Tuckerman, M. E.; Laasonen, K.; Sprik, M.; Parrinello, M.
analysis of the _d_|stance dependence shows that |nclu_5|on of _HFPhyS.: Condens, Mattet994 6, A93. (b) Tuckerman, M. E.. Laasonen.
e>_<ch_ange m_odlfle_s the rate of decay _of the exchange interactiony -“sprik, M.; Parrinello, M.J. Phys. Chem1995 103150
with increasing distance of the reaction partners. Inclusion of (7) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.
HF exchange also induces a significant change of the electron  (8) Tschinke, V.; Ziegler, TTheor. Chim. Actel991, 81, 65.
density itself. Nevertheless, as shown by the examination ofW_(ggrEa)RB‘éC'F‘% 's“- RD:? hgyi'ggg' ;?71?22 38, 3098. (b) Lee, C.; Yang,
systems including two and three water molecules, BLYP ~(10) \ertwig, R.; Koch, W.J. Comput. Cheml995 16, 576.
performs ever better with an increasing number of water  (11) Ventura, O. N.; Kieninger, MChem. Phys. Lettl995 245, 488.
molecules. We therefore expect this method to be capable of (12) Becke, A. D.J. Chem. Phys1993 98, 1372.

ibi ion- i i i (13) Gaussian 94Revision B.3); Frisch, M., Trucks, G. W., Schlegel,
describing the solution-phase chemistry of alkene radical catlons.H_ B Gl P. M. W.. Johnson, G.. Robb, M. A.. Cheeseman. J. R. Keith,
. T. A., Peterson, G. A., Montgomery, J. A., Raghavachari, K., Al-Laham,
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