J. Phys. Chem. R000,104,995-1003 995

Theoretical Study of the Double Proton Transfer in the CHX—XH--«CHX—XH (X = O, S)
Complexes

Pablo Jaque and Alejandro Toro-Labbe'

Departamento de Qmica Fsica, Facultad de Qunica, Pontificia Uniersidad Cattica de Chile,
Casilla 306, Correo 22, Santiago, Chile

Receied: August 24, 1999; In Final Form: Nember 2, 1999

A theoretical study of double-proton-transfer processes in bimolecular complexes formed by combinations of
molecules of the type CHXXH (X = O, S) is reported. The reactions are rationalized in terms of the energy,
chemical potential, and hardness of hydrogen-bonded and isolated species. Sanderson’s rule to determine
molecular chemical potential and hardness from the values of the constituent fragments is used to characterize
the relaxation effects due to hydrogen bonding. In ten formation and seven double-proton transfer processes
studied here, the principles of maximum hardness and minimum polarizability are verified. The mechanism
for double proton transfer has been analyzed through the force acting on the system to bring reactants into
products and the corresponding energy barriers have been qualitatively classified accordirtgrough

bondor through spacenature.

1. Introduction closer to each other, near the barrier for transfer; at the vicinity

Proton transfer (PT) is one of the simplest and fundamental of the trapsﬂmq state (TS), the MEP becomes mostly due to
reactions in chemistry; because it is important in oxidation ~Ydrogenic motion as the protons are transfetfed Another
reduction reactions in many chemical and biological process, it interesting fegture .encqunter.ed in PT processes is that electronic
has been studied extensivél There is a growing interest in charge flows in a.d|r.ect|on Whlch is ppppsﬂe to that of the proton
the study of intrisic properties of both, the H-bonded complexes Metion, so monitoring the redistribution of electron charges
and the dynamic of the transfer itself, the literature accumulated during the dynamical process may give insight about the reaction
over the years includes studies based on different ab initio Mechanisms.
methodologies such as Hartre€ock (HF) and density func- In this context, a chemical reaction can be seen as resulting
tional calculationg 1! Most PT studies concerns transfer of a from redistribution of electron density among the atoms in a
single proton during the reaction, processes in which more thanmolecule. Density functional theory (DFP)34 is quite well
one proton is transferred have been less studied. In this papeisuited to describe such electronic reorganization processes; it
we are concerned with the formation of ten cyclic bimolecular has provided definitions for the chemical potentigl (nolecular

complexes formed by combinations of CHXH (X = O, S) hardness#) and softnessY = 1/y). The chemical potential
species and the subsequent double proton transfer (2PT)characterizes the escaping tendency of electrons from the
reactions. equilibrium systems whilgg andS can be seen as a resistance

The double proton transfer in formic acid dimer [([HCOGQH)  and capacity to charge transfer, respectively. The study of the
has been extensively studied from both experimental and profiles ofu andy along a reaction coordinate has been shown
theoretical viewpointd}~?it is well-known that it forms strong  to pe useful in rationalizing different aspects of the progress of

enough hydrogen bonds so that it is fairly easy to measure theirchemical reactions, in particular those related to the character-
infrared and Raman frequenci®s151718(HCOOH), has been  i;ation of transition state®-3°

used as a model to study key properties of many chemically
and biologically important multiproton-transfer systems. On the
basic units CHX-XH (X = O, S) that form the complexes in
which we are interested here, there are many theoretical and
spectroscopic studies of their molecular structure, electronic

properties, barriers to internal rotation around theXCbond, - 7 . o
where minimun values of are expected’ Rationalizing the

etc26-28 The geometrical change of the monomeric units on o h h the PMH lead blish a brid
complexation and the associated energetic stabilization due tol"@nsition states through the leads to establish a bridge
connecting electronic and energetic properties, i.e., reaction

formation of hydrogen bonds have also received atterfiéf?? ) R .

Recently, many theoretical studies at various levels of theory Mechanisms and thermodynamiésThis is of considerable
have been carried out to predict the structures of the formic theoretical interest since it complements the well-known rela-
acid dimer and the potential energy surface (PES) for the 2PT tionships between kinetic and thermodynanticalong with
process. The minimun energy path (MEP) on PES involves a this, Chattaraj et al. have proposed a minimun polarizability
complex set of nuclear displacements: the transfer is initiated Principle (MPP) which states that the natural direction of

by the displacement of heavy atoms bringing the monomer units @volution of any system is toward a state of minimum
polarizability#445In general the conditions of maximun hardness

T E-mail: atola@puc.cl. and minimun polarizability complement the minimun energy
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On the other hand, a major focus of attention in the
application of DFT to chemical reactivity is the principle of
maximun hardness (PMH) that asserts that molecular systems
at equilibrium tend to states of highest hardn@g8;42 therefore,
the PMH can also be helpful in identifying transition states
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criterion for molecular stability, and they are criteria that we TABLE 1: Energy, Chemical Potential, Hardness and
will use to characterize our systems. Polarizability Values for the Fully Optimized Structures of

In this paper we investigate the formation of 10 bimolecular Monomeric Units®
complexes from the combination of basic units of the type molecule E Iz U a
CHX—=XH (X = O, S). Then we focus our attention to the study Hc(=0)-OH —188.820525 —0.1554 0.3138  15.1733
of synchronous 2PT processes occurring in cyclic complexes. HC(=S)-OH  —511.445375 —0.1402 0.2206 28.2873
Formation and proton-transfer processes are discussed andHC(=0)—SH  —511.449325 -0.1391 0.2608  27.7830
analyzed in terms of the change in energy, chemical potential, HC(=S)-SH  —834.086649 —0.1532 0.1996 43.4183
hardness, and polarizabilityo). Characterization of various aAll values are in au.
properties of the transition states of 2PT reactions allows one
to identify the specific interactions stabilizing the complexes fragments and to investigate whether this approach can be used
and helps determine the physical nature of the energy barrierto discuss reordering of the electronic density due to the bonding

for the simultaneous transfer of two protons. process. _ _
To relate the molecular chemical potential to those of the
2. Theory constituent atoms, Sanderson proposed the electronegativity

equalization principle, which states that all the constituent atoms
(or fragments) in a molecule have the same electronegativity
value given by the geometric mean of the electronegativity of
the pertinent isolated atoms (or fragmertfshn terms of the
chemical potential we have

General Definitions. Within the framework of DFT, the
chemical potential and hardness for ldtparticle system with

total energyE and external potential(r) are defined as follows:
30,33

= ﬁ = — L
“= (BN)U(T) X (1) ‘uo — _ (l—l |ﬂ;|)lmf (6)

and
whereny is the number of nonbonded fragments used to form
_1(0’E)  _1[ou 5 the whole molecule ands; is the chemical potential of
=5 w o) “ 215N o) @) fragmentx. In this papem; = 2 and the nonbonded fragments
are the monomeric units that form the hydrogen-bonded
As pointed out in eq 1y is the negative of the electronegativity COMPplex, sou® is expected to give an approximation to the
x and it is the Lagrange multiplier associated with the Cchemical potential of the complex that is in turn determined
normalization constraint of DF¥ In most numerical applica- ~ Using the supermolecule approach. We define the associated
tions,  andy are calculated from the knowledge of ionization hardness differentiating® with respect to the total number of

potential () and electron affinities A), the following ap- electronsN:
proximate versions of eqs 1 and 2 based upon a three-points . SR
finite difference approximation and the Koopmans theorem are y° = (dﬂ ) M Z M %)
. 3 =] =25 =
widely used? dNJuy e & e
U~ — % (I+A= %(GL +e) 3) with 75 being the hardness of fragmext This is in fact an

extension of the Sanderson’s principle to hardri@&sghe
difference between these approximate values with respect to
the actual values should be attributed to relaxation of the electron
1 1 density after bonding, quantification of this difference may help
n~ > (I—A= é(eL —€n) 4) understand the reordering of the electron density as the reaction
takes place.
Characterization of Transition States of 2PT Reactions.
We will rationalize a 2PT process as a chemical reaction of the
typeR — (TS)¥ — P where reactantR) transition statesT(S)
and productsK) are connected by an intrinsic internal reaction
coordinate (IRC), through this defining the profiles of energy,
chemical potential, hardness, and polarizabifity that allows
one to characterize the properties of the transition state. To
rationalize the energy of the TS we use the Marcus equation

and

where ey and ¢, are the energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO), respectively. In this paper and n are
calculated using the expressions involving the molecular orbital
energies.

Formation of the Hydrogen Bonded Complex.The forma-
tion energy of the hydrogen bonded (hb) species is given by

2 that was originally proposed to characterize electron-transfer
AE,,=E;, — zEm (5) processes and later on used for interpretation of different kinds
= of chemical reaction¥3950Thus the energy barrigxE* for a

2PT process is assumed to be given by
whereEy is the energy of the fully optimized hydrogen bonded
complex andE, is the energy of the corresponding fully + 1 1, ., (AE°)2
optimized monomeric species. Although the basis set superposi- AE = ZK + QAE + 4K (8)
tion error (BSSE) may be important in the calculation of the
formation energie$ it is beyond the scope of this paper. Our with K being a parameter that is an intrinsic property of the
main goal here is to discuss the validity of Sanderson’s addition reaction AE° = [E(P) — E(R)] is the energy difference between
schemé’ in the determination of molecular electronic properties reactants and product&E* = [E(TS — E(R)] is the barrier
from the corresponding values associated with their nonbondedheight measured from the reactants. From the knowledgd=df
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Figure 1. Schematic reaction diagram for double-proton transfer.
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TABLE 2: Reference Energy E) of the 10 Fully Optimized Bimolecular Complexes; Formation Energy AEn,), Chemical

Potential, and Hardness from the RHF Calculation f,5) and from

Sanderson’s Rule f°, 7°)?

o

complex E AEnp u u° n n
HC(=0)—OH:---HC(=0)—OH (1) —377.664112 —0.0231 —0.1503 —0.1554 0.3204 0.3138
HC(=0)—0OH---HC(=0)—SH (2) —700.284742 —0.0149 —0.1402 —0.1470 0.2609 0.2863
HC(=0)—OH:---HC(=S)—OH (3) —700.283997 —0.0181 —0.1411 —0.1476 0.2251 0.2652
HC(=0)—OH---HC(=S)—SH (4) —1022.917548 —0.0104 —0.1601 —0.1543 0.2021 0.2563
HC(=0)—SH:---HC(=0)—SH (5) —1022.907575 —0.0089 —0.1331 —0.1391 0.2607 0.2608
HC(=S)—OH:-+-HC(=S)—OH (6) —1022.902674 —0.0119 —0.1462 —0.1402 0.2169 0.2206
HC(=0)—SH:--+HC(=S)—OH (7) —1022.906790 —0.0121 —0.1320 —0.1397 0.2215 0.2408
HC(=S)—SH:--HC(=0)—SH (8) —1345.542487 —0.0065 —0.1511 —0.1460 0.2000 0.2319
HC(=S)—SH:+-HC(=S)—0OH (9) —1345.538872 —0.0069 —0.1604 —0.1466 0.1966 0.2108
HC(=S)—SH:---HC(=S)—SH (10) —1668.176971 —0.0037 —0.1576 —0.1532 0.1965 0.1996

a All values are in au.

and AE¥ we can obtain the parametirthat in turn we use to
determine the position of the TS along the IRC. Indeed the
position of the TS with respect to reactants and products is
obtained through the Brgnsted coefficigntat was originally
defined by Leffler a%
IAE' 1, AE°
= Ed == —_—
p (8AE°) p 2 2K

9)

well defined. Equation 10 is in fact a particular case of
1 1
E(w) = 5Q,() + 5Q,1()

that for a reaction coordinate is an unique expression
accounting for thex and»n dependence o for isoenergetic
reactions. In cases where it is not possible to define indepen-
dently the parametef3, andQ,, we will use the approximation
= —Qi that results as a consequence of the PMH and from

(13)

wheref takes values between zero and one, being one-half in the gimensional analysis of eq 10 in consistency with the Parr

the case of isoenergetic reactio@s= = 0). This equation is
in fact a quantitative statement of the Hammond Posttflate
since if AE° > 0 (endothermic reaction) theh > 1/, and the
TS is closer to products, whereas AE° < 0 (exothermic
reaction) therg < 1/, and the TS is closer to reactants. Note

that to characterize the position of the TSs we do not need an

explicit definition of the reaction coordinatg being a relative

index representing the degree of resemblance of the transition

state with respect to the products.
Recently we have proposed the following expression for the
energy barrier in terms of the electronic propertieand 7°°
AE* =10 Auf + 2o Ayt (10)
T2ttt T

where Ay = [u(T9 — w(R)] and Ay* = (TS — n(R)] and

and Pearson’s expression for the energy of an atom in a molecule
with constant external potenti&l.

3. Results and Discussion

Computational Details. All calculations were performed at
the restricted HartreeFock (RHF) level of theory with the
standard 6-311G** basis set using the Gaussian 94 pacRage.
The profiles ofE, «, , anda for double proton transfer in two
reference systems, namely, formic acid and dithioformic acid
dimers, were obtained through single points calculations of the
fully optimized structures indicated by the IRC procedure. The
electronic chemical potential and molecular hardness have been
calculated by applying egs 3 and 4, respectively.

Formation Reactions. Among the various bimolecular
structures that are possible, we will review here only cyclic

Q,,Q. are parameters that have been related to the amount ofcomplexes where double proton transfer is possible as indicated
electronic charge transferred during the chemical reaction. Thesein Figure 1. Pair combinations of monomeric units of formic

parameters can be determined numericalf? as

_ (AE'- AP
& (v — o) -
and
(AE* — AE°)
- 12
"= Ap) 2

The validity of the principle of maximum hardness leads to

(HCO—0H), dithioformic (HCS-SH), thioformic (HCO—

SH), and thione-formic (HCS—OH) acids, leads to four dimers
among the ten cyclic bimolecular complexes that will be studied
here. In Table 1 we display reference values of energy, chemical
potential, and hardness together with the polarizability of the
different monomeric units. Formation of the complex from two
isolated units involves a change in the total energy of the system
together with the reordering of the electronic density favoring
the stabilizing hydrogen bonds interactions. The effect of the
bonding potential is apparent when comparing the change in
energy, chemical potential and hardness. Table 2 displays the

opposite curvature for the energy and hardness; this leads to @otal energy for the hydrogen-bonded complexes together with

negativeQ,.%®3°t is important to mention that eq 10 is valid
when AE° = 0 although it remains to a good approximation
valid for AE® = 0 provided that the paramete@, andQ, be

their formation energy and electronic properjieands obtained
from the ab initio calculations and from Sanderson’s rule (eqs
6 and 7).
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0.04 - 2PT Reactions.From the monomeric units it is possible to
generate ten bimolecular hydrogen bonded structures, among
them there are seven nonredundant double proton-transfer

0.02~ reactions:

HC(=0)—OH:+*HC(=0)—OH =
HC(=0)—OH:+-HC(=0)—OH (R1)

-0.02 HC(=O)—OH"'HC(=O)—SH=
HC(=0)—OH---HC(=S)—OH (R2)

0.00

.04 HC(=0)—OH:+*HC(=S)-SH=
HC(=0)—OH:+*HC(=S)-SH (R3)

.06 HC(=0)—SH-+*HC(=S)-OH =

HC(=S)~OH-+-HC(=0)—SH (R4)

HC(=S)—SH:--HC(=0)—SH=
Complex HC(=S)—SH-+-HC(=S)—OH (R5)

Figure 2. Deviation of the Sanderson’s chemical potential (black bars)
and hardness (white bars) with respect to the calculated ab inito HC(=0)—SH:+-HC(=0)—SH=

supermolecule values of 10 bimolecular complexes labeled as in Table o\ A... oy
2. All values are in au. HC(=S)~OH:-:-HC(=S)—OH (R6)

HC(=S)—SH++*HC(=S)—SH==

We first note that allAEp, values fall within the energy HC(=S)—SH---HC(=S)-SH R7)

interval defined by the dimerization energy of the reference

dimers1 and 10. In all cases formation of the bimolecular | Taple 3 we display various TS properties of the seven 2PT
complex is a favorable process leading to complex species inreactions. We first note that most reactions are isoenergetic and

which the strength of the hydrogen bonds can be qualitatively h,sAE® = 0. There are only three endoenergetic reactRBs

determined from the dimerization energies, the larger is the R5 andR6 as indicated in the table. The barrier for proton
absolute value ofAE, the stronger are the hydrogen bonds ransfer appear to be ordered increasingly from read®brto
stabilizing the complex. It appears that the bond strenghts arereactionR7: it is interesting to note thaAE* exhibits a nice
ordered as ©H:-*0 > O—H--*S> S—H-*0> S-H-:S. This  proportionality with the total number of electrons of the
observation will be discussed later in connection with the pimolecular complexi), as shown in Figure 3a. Note that since
barriers for proton transfer. On the other hand, the values of  there are three complexes with= 64 in Figure 3a we display
and 770 are reasonably close to the COTreSpOﬂdiﬂg calculated the Corresponding average value AE*,

values with quite small deviationsu = (u — x°) andAn = ( Using the optimized values @fE* andAE®° in eq 8 we have

— 1°) as it is apparent in Figure 2. It is interesting to mention determined th&k parameters that are quoted in Table 3 with
here that numerical values of hardness calculated from eq 7the result that they are ordered as the energy barriers. Now we
compares satisfactorily with values determined from others yse eq 9 to determine the Brgnsted coefficient that, as already
treatment$*>° For instance, we have estimated the hardness mentioned, indicates the position of the TS along the reaction
from the arithmetic average principle for softne$s £ (5« coordinate relative to reactants and products. The resujfs of
S)/ne, #° = 1/S°]3* and the geometric mean principle for the = 0.50 or > 0.50 show that the TS are either at midway
hardness 7° = ([1x75)]° obtaining results that are very betweerR andP if the reaction is isoenergetic or closer to the
close to our;® displayed in Table 2, the maximum deviation products if the reaction is of the endoenergetic type; this is in
detected was about 5%. Our results concerning this point agreement with the Hammond postufdtend validates the use
indicate that there is no a dramatic reordering of the electronic of eq 8 in the characterization of transition states.

density on complexation and that Sandersons rule is adequate Also quoted in Table 3 are values of chemical potential,
for predicting bothu andn of the composite system. Unfortu-  hardness and polarizability. Note that all values are defined with
nately we have found no evidence of direct correlation between respect to the reactants. For endoenergetic reactions we find
AEn,, which contains the relaxation energy when the dimer that Au® < 0 indicating that electronic charge flows in the
species is formed, amtlu and Ar, which must include at least  directionR — P, opposite of the direction of the proton transfer.
some extent of the effect of redistribution of the electronic On the other hand, relatively high values/d* show that the
density. chemical potential is far from being constant, this fact is

TABLE 3: Reaction Properties for Double Proton Transfer?

reactions AE° AEF K B Au® Aut An° An* Aa® Ao Q, Qu
R1 0.0 17.9311 71.7244  0.500 0.0 -—1.7633 0.0 —6.1245 0.0 1.0890 —10.1690 —2.9278
R2 0.4675 19.9937 79.0370 0.503—-0.5397 13.3471 —22.4460 —16.5851 2.0937 4.0350 —2.0064 —4.0257
R3 0.0 23.1733 92.6932 0.500 0.0 15.4995 0.0 -—4.1165 0.0 6.6230 1.4951 —5.6294
R4 0.0 25.6087 102.4348 0.500 0.0 0.8848 0.0 —4.0725 0.0 9.1603 28.9429—-6.2882

R5 2.2685 29.0499 111.6165 0.510-5.8672 59613 —2.1586 —14.3700 2.1844 11.9334 —2.2288 —4.9677
R6 3.0754 30.4612 115.6122 0.513-8.2329 —9.2056 —27.5288 —15.2422 4.2687 6.6884 —1.7199 —2.9582
R7 0.0 37.3895 149.5580 0.500 0.0 —1.9327 0.0 —7.7497 0.0 17.6313 —19.3457 —4.8246

aE, u, andy are in kcal/mol;a is in au.
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Figure 3 Correlation between the barrier to proton transfer (ln kecal/ Figure 4. Energy’ chemical potentiaL hardness and po|ar|zab|||ty
mol) with: (a) the total number of electrons of the complex and (b) profiles along the IRC for the double-proton transfer of (a) formic acid
the formation energy (in kcal/mol). dimer and (b) dithioformic acid dimeE, u, andy are in kcal/mol.
important when discussing the principle of maximum hardness. 1€ right axis bears the polarizability values in au.

In all cases withAE® > 0 we see that\y® < 0 showing that even though the chemical potential is not constant along the
reactants are harder than the products, the hardest specielRC, a condition originally imposed to prove this principie®-42
corresponds to the most stable one, as expected from the PMH. Within the frame of DFT, a complete characterization of an
Also Ay* < 0 is indicating that the TS is the softest species N-particle wave function needs orllyand the external potential
along the reaction coordinate. These results show that au(f). The response of the system to any external perturbation is
maximum in energy corresponds to a minimum value of measured by andn when N is varied for a fixedu(r) as
hardness, confirming the validity of the PMH in double-proton indicated by eqs 1 and 2. Complementary to this, the polariz-
transfer reactions. This is new evidence that the PMH holds ability may be used in understanding the behavior of the system
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Figure 5. Profiles of the force along the IRC for (a) formic acid dimer  Figure 6. Profiles along the IRC of specific electronic populations of
and (b) dithioformic a\_CId dimer. The arrows indicate the positian (a) formic acid dimer and (b) dithioformic acid dimeb-_+ and py---a
(see the text for details). states the population associated with the hydrogen donor (D) and

for changingu(f) at constanN. Our results forx show that in acceptor (A) regions. The arrows indicate the positierfsee the text).

all cases the transition state is more polarizable than the reactant¢he parameter®, andQ, that are determined from egs 11 and
showing that the minimum polarizability principle (MPP) is also 12 and displayed in Table 3. For the endoenergetic reactions
satisfied in these reactions. Furthermore in all three endoener-(reactionsR2, R5, andR6) the use of eqs 11 and 12 leads to
getic reactionsAa°® > 0 confirming that the direction of  results that violate the condition th&, should be negative to
evolution of these systems is toward the state of minimum comply with the PMH. So in these three reactions we have
energy and polarizability, as required by the MPP. assumed tha@, = —Qi as suggested from the exact defini-
We have defined the transition state in terms of its energy, tions of x and » and the dimensional analysis of eq 10 in
chemical potential, and hardness, all related by eq 10 throughconsistency with the Parr and Pearson expression for the energy
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Relation Between Formation and 2PT ProcessedVe are
dealing here with two different processes that take place
sequentially; formation of the hydrogen-bonded cyclic complex
followed by double-proton transfer. Although these processes
seems to be independent to each other, we have found a fairly
good linear correlation between the value\&* andAEyy, as
shown in Figure 3b. Large barriers to proton transfer are
associated with a small complexation energy, so the stronger is
the hydrogen bond, the lower is the barrier to proton transfer
indicating that enhanced binding may occur when the protons
gets dynamically delocalized. On the other hand, it is interesting
to mention that the constant factor of the approximate linear
equation relatingAE* and AEyy, is 37.072 kcal/mol which is
very close to the 2PT barrier of the dithioformic acid dimer
(37.390 kcal/mol). This result suggests that within an acceptable
error marge all barriers of this series of bimolecular complexes
can be written in terms of this reference value.

2PT Reaction MechanismIn the case of the dimers formed
by formic and dithioformic acids we have performed single-
point calculations along the reaction coordinate to obtain the
profiles of energy, chemical potential, hardness, and polariz-
ability displayed in Figure 4. We first note in both reactigns
presents intermediate values betw&eands. As can be seen,
the profiles ofu decreases to reach a quite flat region around
the TS, where three critical points can be perceived. The peculiar
behavior ofu might be confirming the mechanism proposed in
which the proton transfer is initiated by the displacement of
the whole monomeric structures to favor the subsequent proton
transfer. The profiles of; and a indicate the simultaneous
validity of the principles of maximum hardness and minimum
polarizability. We see that the hardness profiles present opposite
behavior with respect to the energy whereas the polarizability
profiles show maximum values at the TS’s. Transition state
structures are therefore characterized through a maximum value
of energy and polarizability and a minimum value of hardness,
as required by the PMH and MPP.

The concept of reaction mechanism is related to the notion
of molecular structure in that any reactive process can be
represented by nuclear displacements of the molecular system
in going from the reactants to the products. These displacements
are related with the forces acting on the system to bring reactants
into products: this force depends only on the position along
the reaction coordinate and from eq 13; it is giveriy

__dE__ 1y 1, dy
Flw) = dw 2Q’7dw 2 “*dw (14)

expression that will be used only for qualitative purposes. In
Figure 5 we display the force profiles determined by numeric
differentiation of the energy profiles given in Figure 4. Note
that F(w) is negative in the reactants region and it is positive
in the products region, allowing us to distinguish the different
processes taking place along the reaction coordinate. Within
the reactants region an activation process is taking place to attain
the TS whereas in the product region we have a relaxation
process from the TS. Now we use eq 14 for a qualitative

connect the properties of transition states are also included inrationalization of this observation: it indicates that activation
Table 3. It is important to mention that eq 10 has been used to processes are driven by the chemical potential téfw)] < O

rationalize the activation energy of different kind of pro-
cesses?® for example, for internal rotation and inversion
reactions we have reported values@f going from—0.90 to
—0.303856 |In electrophilic aromatic substitutions processes,
Zhou and ParP” have found proportionality betweekE* and
An*; their proportionality parameter was equal+@, a value
within the order ofQ,’s quoted in Table 3.

= Q,du/dw > |Q,|dy/dw], whereas the relaxation process is
driven by the hardness terrfi(w) > 0= Q,du/dw < |Q,|dxn/
dw].3°

The profiles of the force present a minimum and a maximum
around the TS, and this may be defining a region where the
specific interactions and intermolecular reordering is of different
nature than those encountered at the vicinity of reactants and
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Figure 8. Comparison of DFT and RHF formation energy for the series of 10 bimolecular hydrogen-bonded complexes. All values are in au.

products, as already suggested from the peculiar profiles of the6b). The atomic population in proton donor-£X and proton
chemical potential/( has at least three critical point at the acceptor £X) atoms in formic acid dimer are quite close to
vicinity of the TS). The results foF andu suggest that the  each other favoring delocalization of the protons among the
first step of the reaction requires an amount of wovk;) oxygens. In the case of (HCSSHihe situation is opposite, here
necessary to bring the monomeric units closer to each otherthe difference of electronic population of donor and acceptor
that is larger that the work\W) required for the hydrogenic = atoms is much more marked indicating that electrostatic and
motion. The associated works are qualitatively defined\as polarization interactions may be playing an important role in
= [ F(w)dw andW, = f?UOF(w)dw, with wo the position of stabilizing the complex.
the minimum ofF(w), as indicated by the arrows in Figure 5 The above results suggest that the barrier for proton transfer
where it is apparent thad, > W, indicating that the overall in the formic acid dimer is roughly ofhrough bondnature
reaction is determined by the first step, i.e., the motion of whereas that of dithioformic acid dimer is basically due
monomeric units to get closer to each other in order to allow electrostatic interactions,tarough spacéarrier. Qualitatively,
the proton transfer. through bondinteractions occur among partners that present
Nature of 2PT Potential Barriers. To get more insight on similar local electronic population whereakrough space
the reaction mechanisms and the nature of potential barriers, ainteractions occurs among partners presenting quite different
guantitative characterization of the electronic population in bond local electronic populations, and this is the reason this later
regions and atomic (or fragments) centers along the reactioninteraction is commonly associated to non-bonded interactions.
coordinate is necessary. The Mulliken population in relevant Recently we have shown that the analysis of the electronic
bond regions and atomic centers along the IRC are displayedpopulations and dipole moments helps characterize the nature
in Figure 6. The evolution of the electronic populations in bond of potential barrier§® In the present case however this is not
(ox—n) and hydrogen bondog...4) topological regions follow possible because formic acid and dithioformic acid dimers have
opposite trends; when a proton is transferrgg,y decreases  inversion centers and therefore their dipole moments are equal
whereax... increases, indicating that there is a charge transfer to zero all along the IRC. In the absence of permanent dipole
in the opposite direction to the proton motion. It is interesting moments we can use the polarizability to perform the qualitative
to note that the most noticeable changes in these populationsanalysis we require. The polarizability of a molecule is
occurs after the poinby (indicated by the arrows on the figures), proportional to its size or to its number of electrons; Table 3
in the region where the process is mainly proton transfer. On indicates that this proportionality also holds for the difference
the other hand, in formic acid dimer the proton charge increasesAco* (but not forAa°). On the other hand, Figure 3a indicates
slightly even at the TS as shown in Figure 6a, whereas in the that AE* is proportional toN, so we expect it to be also
dithioformic dimer this quantity is quite constant but framg proportional toAa®. Figure 7a shows a good linear correlation
it suddenly increases to attain a maximum at the TS (Figure betweenAE* andAc for the complexes identified by their total
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number of electrons (foN = 64 we have used the average
values of the properties of reactions R3, R4, and R6). We see

that high barriers are associated to high valuesafindicating
that they are mostly othrough spacenature whereas low
barriers are associated to lato* values indicating that their
nature is mostly of thehrough bondtype.

Through bondnteractions can be explained by means of the

local version of the well-known Pearson’s haigbft acid-base
(HSAB) principle®® The local HSAB principle, invoked to
explain soft-soft interaction$? 6! states that the interaction

J. Phys. Chem. A, Vol. 104, No. 5, 2000003

(14) Bertie, J. E.; Michaelian, K. Hl. Chem. Phys1982 76, 886.

(15) Wilson, C. C.; Shankland, N.; Florence, A. J. Chem. Soc.,
Faraday Trans.1996 92, 5051.

(16) Turi, L. J. Phys. Chem1996 100, 11285.

(17) Qian, W.; Krimm, SJ. Phys. Chem1996 100, 14602.

(18) Qian, W.; Krimm, SJ. Phys. Chem. A998 102 659.

(19) Miura, S.; Tuckerman, M. E.; Klein, M. L1. Chem. Phys1998
109, 5290.

(20) Meyer, R.; Ernst, R. Rl. Chem. Phys1987, 86, 784.

(21) Shida, N.; Barbara, P. F.; Almlof, J. Chem. Physl991, 94, 3633.

(22) Kim, Y.J. Am. Chem. Sod.996 118 1522.

(23) Lim, J.-H.; Lee E. K.; Kim, YJ. Phys. Chem. A997 101, 2233.

(24) Chajnacki, HMol. Eng.1997, 7, 161.

between two species occurs through atoms having nearly equal (25) Rabold, A.; Bauer, R.: Zundel, @. Phys. Cheml995 99, 1889.

softness. The local HSAB principle provide an independent
criterium in terms of specific interactions proton acceptor to

(26) Toro-Labbe A.; Cadenas, Clnt. J. Quantum Chenil987, 32,
685. Toro-LabbeA. J. Mol. Struct. (Theochen)988 180, 209.
(27) Smeyers, Y. G.; Villa, M.; Qaenas-Jiro, G. |.; Toro-labbeA. J.

characterize the nature of potential barriers. Gazquez andyg). Struct. (Theochen998 426, 155.

Mende2?® have defined a quantity which provides the informa-

tion we need:

0=(Sh— S+ (S~ S)° (15)

whereS; is the local softness of the atom X [hydrogen (H) or
the corresponding acceptor (A)] defined from the global softness

(28) Delaere, D.; Raspoet, G.; Nguyen, M.JI.Phys. Chem. A999
103 171.

(29) Parr, R. G.; Yang, WAnnu. Re. Phys. Chem1995 46, 701.

(30) Parr, R. G.; Pearson, R. G. Am. Chem. Sod.983 105 7512.

(31) Pearson, R. Gl. Am. Chem. S0d.985 107, 6801.

(32) Pearson, R. Gl. Chem. Educ1987, 64, 561.

(33) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(34) Dreizlrer, R. M.; Gross, E. K. VDensity Functional Theory

asS; = px SN. If the specific interactions can be explained in  Springer: Berlin, 1990.

terms of the local HSAB principle, thea should be small

because the softness of the interacting partners are expected 188

be close to each other (tiseft likes sofpart of the HSAB). So

large values ofr indicate that the interaction is more of the
through spaceype. In Figure 7b we display a nice correlation
between the 2PT barrier and thigparameter. The result shows

that the barrier for formic acid dimer can be explained in terms

of the HSAB principle (smalb) confirming itsthrough bond

nature. Dithioformic acid dimer is the opposite, it present a

relatively large value ofr confirming that its 2PT barrier is
mainly of through spaceature. It should be possible to classify

the physical origin of the barriers for proton transfer of the five
remaining systems as weighted averages of these two extrem

DFT Calculations. Finally, with the purpose to validate our
results we have performed DFT/B3L¥alculations using the

RHF optimized molecular structures to determine formation
energies. The results reproduce the same trends of the Hartree
Fock calculations as illustrated in Figure 8 that shows a beautiful

linear correspondence between the DFT and RHF results.
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