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The proton affinities of 1,2-ethane diol (1), 1,3-propane diol (2), and 1,4-butane diol (3) were calculated by
ab initio molecular orbital calculations at the G2(MP2) level. The values (PA(1) ) 795.3, PA(2) ) 851.5,
and PA(3) ) 882.4 kJ‚mol-1) are in agreement with recent determinations using the kinetic method but at
variance with previous results obtained from equilibrium constant measurements. Entropy differences,∆pS°-
(M) ) S°(MH+) - S°(M) (M ) 1-3), were estimated by explicitly considering the rotational barriers of the
torsional modes in both the neutral and the protonated molecules, M. Absolute values of calculated∆pS°
(-5, -22, and-32 J‚mol-1‚K-1 for M ) 1, 2, and3, respectively) are lower than that presently available in
the literature. Combining the calculated PA(M) and∆pS°(M) leads to gas-phase basicities GB(M) equal to
761.4, 812.4, and 840.4 kJ‚mol-1 for M ) 1, 2, and3, respectively.

Introduction

Gas-phase protonation energetics of bidentate bases are
information of fundamental interest particularly because of their
sensitivity to the existence of intramolecular hydrogen bonding
in the neutral molecule and in its protonated form. From this
point of view, diols are molecules of choice because they are
involved in various chemical and biochemical processes. During
the last years, the first members of the series ofR,ω-alkane
diols, 1,2-ethane diol (1), 1,3-propane diol (2), and 1,4-butane
diol (3), have been experimentally studied.1-5 A clear enhance-
ment of the gas-phase basicities of these molecules, with respect
to primary alcohols of comparable polarizability, is observed.
This is readily explained by the formation of a strong internal
hydrogen bond in the protonated forms of the diols, a proposal
that has been corroborated by the observation of an entropy
loss upon protonation.1 However, if the experimental results
qualitatively agree, surprisingly large differences are to be noted
between data obtained using the equilibrium method1 and the
kinetic method2-5 of determination of gas-phase protonation
energetics. Differences between the proton affinity values
obtained by the two procedures are as large as 17-34 kJ‚mol-1;
conflicting results are also obtained for protonation entropies.
To identify the origin of these discrepancies, we decided to
investigate1-3 and their protonated forms with the help of
high-level molecular orbital calculations. Accordingly, it is now
established that combined methods such as G2 and their variants
provide heats of formation and proton affinities values within
an accuracy of(5 kJ‚mol-1.6 We thus examine neutral and
protonated molecules M) 1-3 using the G2(MP2) method to
obtain theoretical estimates of heats of formation,∆fH°(M) and
∆fH°(MH+), and proton affinities, PA(M). Second, calculation
of the protonation entropies, that is, differences∆pS°(M) )
S°(MH+) - S°(M), has been done after considering explicitly

the rotational barriers associated with the torsional modes. This
procedure has been shown previously to correct the usual
approach, which uses the harmonic oscillator approximation and
consequently leads to underestimatedS° values.7-9

Computational Section

Standard ab initio calculations have been carried out using
the Gaussian 98 series of programs.10 Heats of formation have
been evaluated from the G2(MP2) total energies by considering
the atomization reactions.11 With the use of this approach, the
heat of formation at 0 K for a given species X,∆fH°0(X), is
given by

The heat of formation at 298 K is therefore given by

where the difference between the enthalpy at 298 K and that at
0 K is represented by the terms∆298H° (∆298H° ) H°298 - H°0).
For the elements, experimental∆298H° values have been used
(i.e., 8.468, 1.050, and 8.68 kJ‚mol-1 for H2(g), C(s), and O2-
(g), respectively), whereas, for the other species, the translational
and rotational contributions were taken equal to 3RT and the
vibrational contribution was estimated from the scaled (by a
factor 0.8929) HF/6-31G(d) vibrational frequencies, except for
the internal rotations as described below.

The calculation of absolute third-law entropies uses standard
statistical thermodynamic formulas.7 Each vibrational contribu-
tion to entropy was computed according to the standard equation

where θ ) hν/kB, where h and kB are the Planck’s and
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∆fH°0(X) ) ∑∆fH°0(atoms)-

∑E[G2(MP2)](atoms)+ E[G2(MP2)](X) (1)

∆fH°298(X) ) ∆fH°0(X) + ∆298H°(X) - ∑∆298H°(elements)
(2)

S° ) R[(θ/T)/(eθ/T - 1) - ln(1 - e-θ/T)] (3)
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Boltzman’s constants, respectively, and using the scaled har-
monic vibrational frequenciesν calculated at the HF/6-31G(d)
level. Entropies for internal rotations were computed by using
the hindered rotor model. In this approach, the energy levels of
a rotor associated with a potential energy barrier of the form
(V0/2)(1 - cos nφ), whereφ is the dihedral angle, are found
with the help of a one-dimensional Schro¨dinger equation.
Calculations were done by exact solving of the Schro¨dinger
equation12 and in the frame of the model developed by Pitzer.13

In this latter case, the entropy of a given rotor is obtained by
addition of a corrective term to the entropy calculated under
the free rotor approximation,S°fr:

wheree ) 2.718 28 andIred is the reduced moment of inertia
of the two rotating groups around the axis containing the twisting
bond. When the energy barrierV0 is significantly higher than
RT, it is generally observed that the harmonic oscillator model
reasonably works if the harmonic vibrational frequencies of the
torsional modes are calculated using the relationship

In the present study, the required rotational potential energy
barriers,V0, were obtained at the HF/6-31G(d) level using a
relaxed rotation approach without symmetry constraint (i.e., all
geometrical parameters were optimized except the dihedral angle
considered). A complete scan of the dihedral angle, between 0
and 360° by steps of 5°, was explored for each torsional mode.
The global internal rotation potential so obtained is invariably
the sum of several cosine potentials. TheV0 values used in the
entropy calculations were equated with the difference between
maxima and minima of the smoothed potential energy curves.
The rotation of asymmetric rotors generates nonequivalent
conformations corresponding to various minima of the potential
energy curveV0(φ). The total entropy of such a mixture of
conformers may be determined according to expression 6, where
xi represents the molar fractions of conformeri:

If the energy differences between conformers are small, the
entropy of mixing,-R∑xi ln xi, may be approximated byR ln
nc, where nc is the total number of conformers. Thus the
correction for mixing exactly compensates for the degeneracy
of the rotors, which is accounted for by the factorn in
expressions 4 or 5. For the conformers considered, theS°i
terms should be similar because the internal rotations do not
produce considerable changes in the principal moments of inertia
or in the vibrational frequencies. We thus consider that the term
∑xi S°i may be equated with theS° of the most stable
conformation.

The detailed geometries and vibrational frequencies used in
the present work are available as Supporting Information.

Results and Discussion

The presently available experimental protonation energetics
data of diols1-3 are summarized in Table 1. In an earlier study
of the gas-phase basicity of 1,2-ethane diol,1, using a Fourier
transform ion cyclotron resonance mass spectrometer, we
observed that1 was able to abstract a proton from [CH2d
CHCHOH]+ and [CH2dC(CH3)CHOH]+ but not from [(CH3)2-
COH]+.2 Considering the gas-phase basicity values of the
concerned molecules,14 this means that GB(1) is less than 780

kJ‚mol-1 and probably lies in the range 770( 10 kJ‚mol-1.
Chen and Stone1 used high-pressure mass spectrometry, which
allows measurement of the equilibrium constant for proton-
transfer reactions over a range of temperatures, to obtain GB-
(1) but also the corresponding proton affinity, PA(1), and the
protonation entropy,∆pS°(1) ) S°(1H+) - S°(1). Several
difficulties were encountered by the authors during their
experiments; it was found in particular that1 possesses a high
propensity to form proton-bound dimers and1H+ invariably
gives rise to a significant water loss, so the system generally
evolves toward a steady state rather than an equilibrium state.
For these reasons, only one proton-transfer reaction involving
1 and toluene, as reference base, was studied in the limited 600-
530 K range. Assuming that the∆S° and∆H° determined from
the van’t Hoff plot are identical to∆S°298 and∆H°298 and using
GB(toluene) ) 756.3 kJ‚mol-1 and ∆pS°(toluene) ) 16
J‚mol-1‚K-1,14 the following estimates are obtained: GB(1) )
774.3 ( 3.1 kJ‚mol-1, PA(1) ) 817.0 ( 2.9 kJ‚mol-1, and
∆pS°(1) ) -34.6 ( 0.8 J‚mol-1‚K-1. More recently, we
determined the proton affinity of 1,2-ethane diol,1, by using
the kinetic method in its so-called full entropy analysis
extension. Proton-bound heterodimers involving1 and various
reference bases Bi were produced either under chemical ioniza-
tion conditions3 or by electrospray ionization.5 Proton affinity
values coming from both experiments (Table 1) show a
difference of ca. 15 kJ‚mol-1 with respect to that obtained by
the equilibrium method. More dramatic is the deviation observed
between the various estimates of the protonation entropy because
the kinetic method detects essentially no entropy change while
the equilibrium method leads to a significant entropy loss.

1,3-Propane diol,2, has been subjected to three proton-transfer
experiments with mesitylene, acetophenone, and styrene by
Chen and Stone1 in the temperature range 500-600 K. Using
their experimentally determined∆S° and∆H° and the tabulated
thermochemistry14 of the reference bases, we evaluated the GB-
(2), PA(2), and∆pS°(2) indicated in Table 1. The comparison
of these values with those obtained by the kinetic method3,4

shows again a large discrepancy; the deviation in proton
affinities attains here more than 20 kJ‚mol-1.

Finally, two-proton-transfer equilibrium involving 1,4-butane
diol, 3, and acetophenone or 2-methyl furan were studied by
Chen and Stone.1 Their experiments allow the estimates of GB-
(3), PA(3), and∆pS°(3) presented in Table 1. Again, the proton
affinity determined by the kinetic method within the full entropy
analysis approach is well below that determined by the
equilibrium method; the deviation is now equal to 34 kJ‚mol-1.

The clear disagreement observed between the proton affinity
values determined from equilibrium constant determination and
the kinetic method is disappointing in view of the large use of

S°fr ) 1/2R ln[8π3eIredkBT/(n2h2)] (4)

ν ) (n/(2π))(V0/(2Ired))
1/2 (5)

S° ) ∑xiS°i - R∑xi ln xi (6)

TABLE 1: Experimental Protonation Energetics of Diols
1-3

M
GB

(kJ‚mol-1)
PA

(kJ‚mol-1)
∆pS°

(J‚mol-1‚K-1)a method

1 774.3( 3.1 817.0( 2.9 -34.6( 1.0 equilibrium1

770( 10 bracketing2

800.2 (3) kinetic3

801.3 (3) kinetic5

2 826.6( 1.7 877.4( 2.9 -61.8( 4.3 equilibrium1

853.2 (-2) kinetic3

857.6 (-6) kinetic4

3 855.7( 4.5 917.0( 6.3 -97.2( 5.9 equilibrium1

883.0 (-7) kinetic3

884.3 (-18) kinetic4

a Values obtained by the full entropy analysis method are given in
parentheses.
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the latter procedure to obtain thermochemical data. Such
discrepancies are generally attributed to the existence of a
reverse activation barrier, which may lead to an underestimate
of the proton affinity determination. However, no such barrier
seems to be associated with proton-transfer processes even when
it involves bidentate bases such as 1,2-ethane diamine15 or 1,2-
ethane diol.5 Moreover, reverse critical energies as large as 34
kJ‚mol-1 have not been suspected from the examination of the
kinetic energy released during the dissociation of the protonated
dimers.3 The origin of the observed difference remains conse-
quently to be determined. Concerning the protonation entropy,
the observation that∆pS° estimated by the kinetic method is
far from that determined by the equilibrium method at variable
temperature is not surprising. It corroborates other investigations,
which demonstrate that indeed the kinetic method (even in its
full entropy analysis variant) does not provide the true∆pS°
term but only a fraction of it.3-5 However, the precise
understanding of the large∆pS° values revealed by the equi-
librium constant determinations is not yet achieved. Clearly,
another mean to estimate the proton affinities and the protonation
entropies of the diols1-3 to control the origin of these
cumulated discrepancies is of interest. This was the goal of our
investigation of these three systems by quantum chemical
calculations, the results of which are described in the following
paragraphs.

Conformational Analysis. As a first approach, a conforma-
tional analysis of the neutrals1-3 and their protonated forms
1H+-3H+ has been conducted at the HF/6-31G* level. It
allowed us to locate the various minima in the corresponding
potential energy surfaces and to estimate the rotational barriers
separating the conformers (Table 2). In a second step, each
minimum has been reconsidered at the correlated MP2/6-31G*
level to identify more safely the lowest-energy conformers
(Figures 1-3).

According to previous calculations2,16 and microwave spec-
troscopy,17 the most stable conformation of 1,2 ethane diol,1,
presents a dihedral angle OCCO close to 60.0° allowing the
formation of an intramolecular hydrogen bond (Figure 1). A
barrier of 29.8 kJ‚mol-1 is calculated at HF/6-31G* level for
the rotation around the CC bond. It is noteworthy that this value
compares within less than 1 kJ‚mol-1 with the MP2/6-311+G-
(2d,p) calculation by Yeh et al.16 The transition structure is the
eclipsed conformation in which the oxygen-oxygen repulsion
is at the origin of the corresponding energy barrier. A second
minimum has been located at a OCCO angle of 180°; its energy
(10.3 kJ‚mol-1) may be taken as an estimate of the lower limit
of the internal hydrogen-bond energy in1. Rotation around one
of the two CO bonds passes through a transition structure,
situated 16.4 kJ‚mol-1 above1, in which the intramolecular
hydrogen bond OH‚‚‚O(H) is broken while the (H)O‚‚‚HO
complementary one begins to be established. To this structural
change is associated the constraints because the rotating H is
eclipsed with the CH2OH moiety.

Protonated 1,2-ethane diol,1H+, is most stable in a confor-
mation characterized by a dihedral OCCO angle of∼44° (Figure
1). As discussed previously,18 this conformation leads to a strong
intramolecular hydrogen bond, that is however limited by steric
and electrostatic constraints. Accordingly, the O‚‚‚HO distance
in 1H+ is larger than that calculated for the complex between
protonated and neutral methanol, and the intramolecular stabi-
lization energy is well below the stabilization energy of the
complex between protonated and neutral methanol. The stabi-
lization afforded by the intramolecular hydrogen bond may be
estimated by the energy difference between the most stable

conformation of1H+ and the anti conformation. The value, 44.8
kJ‚mol-1 at the HF/6-31G level or 50.0 kJ‚mol-1 at the MP2/
6-31G* level, is clearly less than the 150 kJ‚mol-1 of stabiliza-
tion energy calculated for the complex between protonated and
neutral methanol.18,19The transition structure separating the two
localized minima of1H+ during the OCCO rotation is an
eclipsed conformation with the two CO bonds at 120° and a
relative energy of 50.0 kJ‚mol-1 (HF/6-31G*). Rotation around
the C-OH bond needs a considerable critical energy (68.4
kJ‚mol-1, CCOH dihedral angle equal to 0°) in keeping with
the strong electrostatic repulsion between the hydroxylic
hydrogen and the OH2+ moiety. Finally, rotation along the
C-OH2

+ bond is accompanied by an intermediate barrier of
32.4 kJ‚mol-1 (CCOH dihedral angle∼120°) where the internal
hydrogen bond is virtually absent but a favorable electrostatic
interaction is preserved.

The most stable conformation of 1,3-propane diol,2, is a
pseudo-chair structure (Figure 2) in which an intramolecular
hydrogen bond is clearly established. Rotation along one or the
other CC bond shows two minima at OCCC dihedral angles of
∼60° (the global minimum) and 180° (a conformation less-
stable by 9.3 kJ‚mol-1 because of the breaking of the hydrogen
bond). The transition structure separating theses two con-
formers possesses a relative energy of 22.7 kJ‚mol-1. When
the rotation along the C-O bonds was considered, it was

TABLE 2: Summary of G2(MP2) Calculations on Neutral
and Protonated Diols 1-3a

M Etot (0 K) ∆fH°0 Etot (298 K) ∆fH°298
b

1 -229.893 768 -380.8 -229.887 693 -399.4
1H+ -230.194 555 358.2 -230.188 225 335.3
2 -269.118 886 -395.8 -269.111 692 -419.8
2H+ -269.440 462 288.6 -269.433 227 258.7
3 -308.343 529 -409.6 -308.335 205 -439.6
3H+ -308.676 868 243.9 -308.668 600 208.0

a Total energies,Etot, in hartree; heats of formation in kJ‚mol-1.
b Values corrected with theH°298 obtained using the hindered rotor
model.

Figure 1. MP2(full)/6-31G* geometries of 1,2-ethane diol,1, and its
protonated form,1H+, in their most stable conformations.
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observed that the highest barrier (situated 11.9 kJ‚mol-1 above
the global minimum) corresponds to the hydrogen-bond inver-
sion OH‚‚‚O(H) f (H)O‚‚‚HO. Note that this critical energy
is slightly less than that calculated for1, in agreement with a
less-constrained transition structure.

The most stable conformation of the2H+ ion is also a pseudo-
chair structure characterized by the existence of a significant
intramolecular hydrogen bond (Figure 2). This is illustrated by
the high critical energies associated with the rotations around
the CC bonds: 61.8 kJ‚mol-1 for the C-COH2

+ rotation and
82.0 for the C-COH rotation. In both cases, the conformations
corresponding to a dihedral angle of 180° and the transition
structures are very close in structure and in energy. As already
noted for protonated 1,2-ethane diol, rotation along the C-OH
bond is associated with a higher critical energy; for2H+, it
attains 97.2 kJ‚mol-1 (for a CCOH dihedral angle of 0°).
Rotation of the OH2+ group along the CO bond presents a
transition structure characterized by a CCOH dihedral angle of
120° and a relative energy of 57.2 kJ‚mol-1. Obviously, the
increase in rotational barrier height observed for2H+ with
respect to1H+ is in agreement with the fact that the intramo-
lecular hydrogen bond is higher in the former case than in the
latter.

Figure 3 shows 1,4-butane diol,3, in its most stable
conformation, in which an intramolecular hydrogen bond is
established. The second stable conformation, situated 7.4
kJ‚mol-1 above, is obtained after rotation along the central CC
bond, for a dihedral angle of 180°, that is, after breaking the
internal hydrogen bond. The barrier separating these two
conformers is equal to 14.7 kJ‚mol-1. Rotation around the two
other CC bonds, which also involves a hydrogen-bond breaking,
is associated with a slightly higher barrier of 17.4 kJ‚mol-1.

Finally, rotation along the C-O bonds is easier because
intramolecular hydrogen bonding is preserved most of the time;
the critical configuration corresponds to the partner exchange
as already noted for the two lower homologues. The corre-
sponding energy barrier is 10.5 kJ‚mol-1.

Protonation of3 gives rise to3H+ ion strongly stabilized by
the intramolecular hydrogen bond (Figure 3). Rotations around
one of the three CC bonds always needs a considerable critical
energy because it involves the breaking of the hydrogen bond;
this explain why the corresponding barriers are as high as 78.8-
97.1 kJ‚mol-1, that is, values greater than that calculated for
2H+ or 1H+. A comparable result is obtained for the C-OH
rotation; the barrier of 119.5 kJ‚mol-1 is higher than those
calculated for 2H+ and 1H+. Concerning the remaining
C-OH2

+ bond, it has been found that the rotation allows the
conservation of a significant hydrogen bonding and thus the
barrier is markedly reduced with respect to2H+ (22.6 compared
with 57.2 kJ‚mol-1).

Protonation Entropies. Molecular third-law entropies,S°,
were calculated as described in the computational section, that
is, by explicitly considering the internal rotations of hindered
rotors. The resultingS° values and the details concerning the
contributions associated with each rotor are given in Table 2.

Before discussing these results, it is of interest to examine
the incidence of the barrier height on the contribution to entropy
of the corresponding hindered rotor. Figure 4 shows two extreme
cases encountered in the present study. The first rotor is
characterized by a small reduced moment of inertia (I ) 0.14
× 10-39 g‚cm2); it typically corresponds to a rotation around a
C-O(H) bond for the diols1-3. The second rotor withI )
10.6 × 10-39 g‚cm2 has been chosen to illustrate a rotation
around a central C-C bond. As expected, starting withV0 ) 0
(the free rotor limit for whichS° is calculated using eq 4), the

Figure 2. MP2(full)/6-31G* geometries of 1,3-propane diol,2, and
its protonated form,2H+, in their most stable conformations.

Figure 3. MP2(full)/6-31G* geometries of 1,4-butane diol,3, and its
protonated form,3H+, in their most stable conformations.
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entropy of the hindered rotor rapidly decreases with increasing
V0. It is interesting to note that, attainingV0 values of∼100
kJ‚mol-1, that is, the largest barriers calculated for the protonated
species1H+-3H+, the entropy loss is equal to 15 J‚mol-1‚K-1.
In this range of energy barriers, it appears also that the
corrections to free rotorS° values are only marginally sensitive
to the reduced moment of inertia. WhenV0 is less than 100
kJ‚mol-1, the two curves in Figure 4 are quasi-superimposable
and theS° values do not differ by more than 2 J‚mol-1‚K-1.

The points corresponding to the harmonic oscillator ap-
proximation (eqs 3 and 5) are also reported in Figure 4 for the
case I ) 0.14 × 10-39 g‚cm2. It appears clearly that this
approximation holds correctly in a large part of the explored
V0 domain, particularly for the upperV0 values, as expected.
This comparison is also illustrated by the results given in Table
2. The differences between theS°(M) values calculated using
the hindered rotor model and those calculated using the
harmonic oscillator approximation are 2.4, 3.5, and 6.1
J‚mol-1‚K-1 for M ) 1-3, respectively. Concerning the
protonated forms, the rotational barriers are so high that the
approximation of the harmonic oscillator exactly applies. It
should be emphasized, however, that the present calculations
employed eq 5 to evaluate the equivalent harmonic frequency.
The results are generally different from the values given by
Gaussian at the HF/6-31G* level, even with the suggested
corrective factors21. We observed, on the present system, that
the entropy values calculated by Gaussian are situated 6-16%
below the estimates based on the harmonic frequencies given
by eq 5.

At this stage, indications on the precision of theS° calculated
by the hindered rotor model may be given. Possible errors on
these estimates may originate from a bad value of the rotational
barrier or a crucial change in the reduced moment of inertia
during the considered rotation. Concerning the first point, we
observed that to produce an increase inS° of 1 J‚mol-1‚K-1,
the decrease in the barrier height should be as high as 20%.
Similarly, an increase ofIred (see eq 5) by a factor of 2 induces
an increase inS° of ∼4 J‚mol-1‚K-1. Thus, combining these
two effects, an error of(5 J‚mol-1‚K-1 per internal hindered
rotation should be expected onS°(M). The accuracy of the
present entropy estimate can be tested by comparison with
results obtained by other means. Seemingly, only the entropy

of ethane diol1 has been experimentally determined; the
reported value of 315.5 J‚mol-1‚K-1 has been satisfactorily
approached by Yeh et al.16 with a theoretical value of 312.2
J‚mol-1‚K-1 and is nicely reproduced by our estimate of 314.3
J‚mol-1‚K-1 (Table 2).

For comparison,S°(M) values calculated using the Benson’s
incremental method are also given in Table 2 for1-3. It is
expected that this latter procedure, which does not include the
influence of intramolecular hydrogen bonds, would lead to
overestimatedS° values. This is indeed observed for1 and2
but not for3.

Heats of Formation and Proton Affinities. The total
energies of the most stable structures of1-3 and1H+-3H+

have been calculated using the composite G2(MP2) method to
determine precisely the heat of formation of each species and
the corresponding proton affinities. Table 3 gathers the total
G2(MP2) energies of1-3 and1H+-3H+ and the relevant heats
of formation calculated using eqs 1 and 2.

Calculated∆fH°298(M) (M ) 1-3) can be compared with
values estimated using the Benson’s incremental procedure.20

The latter method leads to∆fH°298(M) ) -385, -406, and
-426 kJ‚mol-1 for M ) 1-3 respectively, that is, a constant
amount∼15 kJ‚mol-1 above the G2(MP2) results. The differ-
ence expected between the two estimates comes from the
existence of an intramolecular hydrogen bond, which is not taken
into account in the Benson’s procedure. Accordingly, as
indicated above, the most stable conformations of neutrals1-3
are situated in a limited energy range,∼8 kJ‚mol-1 below the
conformations in which the intramolecular hydrogen bonds are
broken. The G2(MP2) calculated∆fH°298(M) thus seems to be
satisfactorily evaluated, that is, in the chemical accuracy range
of (5 kJ‚mol-1.6

Figure 4. Entropy decrease of two typical hindered rotors as a function
of the corresponding rotational barrier.

TABLE 3: Entropy Calculation at 298 K for the Neutral
and Protonated Diols 1-3

species bond V0
a S° b S°t c S°t d S°te

1 O1-C2 16.4 314.3 18.7 11.4 10.4
C2-C3 29.8 (325) 31.2 20.7 20.3
C3-O4 16.4 18.9 11.6 10.6

1H+ O1-C2 68.4 309.4 18.5 5.0 5.0
C2-C3 50.0 31.8 19.0 18.7
C3-O4 32.4 21.8 11.3 10.8

2 O1-C2 11.9 358.7 18.7 12.8 11.7
C2-C3 22.7 (364) 33.0 23.9 23.3
C3-C4 22.7 33.0 23.9 23.2
C4-O5 11.9 18.9 13.0 11.9

2H+ O1-C2 97.2 336.2 18.5 3.4 3.4
C2-C3 82.0 33.3 17.8 17.8
C3-C4 61.8 33.8 19.2 19.1
C4-O5 57.2 22.1 8.9 8.8

3 O1-C2 10.5 405.3 18.7 13.7 12.3
C2-C3 17.4 (404) 33.5 25.7 24.8
C3-C4 14.7 36.6 29.6 28.6
C4-C5 17.4 33.4 25.6 24.7
C5-O6 10.5 18.9 14.3 12.4

3H+ O1-C2 119.5 373.1 18.6 3.4 3.4
C2-C3 97.1 33.7 17.9 17.9
C3-C4 95.5 36.9 21.1 21.1
C4-C5 78.8 34.2 19.2 19.2
C5-O6 22.6 22.5 13.5 12.8

a Potential energy barrier of the internal rotation around the “bond”;
value in kJ‚mol-1 calculated at the HF/6-31G(d) level.b Total entropy
(J‚mol-1‚K-1) of the species considered calculated using the Pitzer’s
procedure for the torsional modes. Values estimated by the Benson’s
procedure are given in parentheses.20 c Contribution to the entropy of
the torsional modes calculated within the rigid free rotor approximation.
d Contribution to the entropy of the torsional modes calculated using
the Pitzer’s method.e Contribution to the entropy of the torsional modes
calculated within the harmonic oscillator approximation.
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Table 4 summarizes the present computational protonation
thermochemistry of molecules1-3. It first appears that G2-
(MP2) calculation correctly reproduces the increase in proton
affinity experimentally observed from1 to 3 (Table 1). However,
the absolute values of the computed PA(M) are 21.8, 27.1, and
35.5 kJ‚mol-1 lower than those deduced from equilibrium
constant determinations for M) 1-3, respectively. Such
deviations are not usual with G2 methods. Interestingly enough,
these deviations are considerably reduced when considering the
experimental proton affinities determined using the kinetic
method in its “full entropy analysis” version. In those cases,
the differences in proton affinities are only 5.6, 5.1, and 2.1
kJ‚mol-1 for M ) 1-3, respectively, that is, more in line with
the expected accuracy of the G2 method.

Second, the entropy loss expected to be associated with
protonation is confirmed by the calculation. Moreover, the
increasing absolute value of∆pS°(M), expected when the size
of the diol increases, is also reflected by the results given in
Table 4. Note that the use of theS° calculated by Gaussian
using the scaled HF/6-31G* vibrational frequencies leads to
∆pS° of 2.9,-1.6, and-3.5 J‚mol-1‚K-1, respectively, that is,
values that do not reflect any significant protonation entropy
loss. This large discrepancy is mainly due to the wrong estimate
of the low frequencies which, in the present cases, underestimate
severely the calculatedS° of the neutral molecules as mentioned
above. However, the most prominent observation is that the
calculated protonation entropies∆pS°(M) (Table 4) are system-
atically of lower magnitude than those determined from variable
temperature equilibrium experiments1 (Table 1). Because ex-
periments have been done in a 500-600 K source temperature
range,1 we indicate also the∆pS°(M) values calculated at 600
K. Under these circumstances, the differences between calcu-
lated and experimental∆pS°(M) values are equal to 34, 42, and
68 J‚mol-1‚K-1 for M ) 1-3, respectively. What is surprising
is the fact that the∆pS°(M) values by Chen and Stone1 are lower
than the expected minimum∆pS°(M), which can be estimated
by assuming that all of the internal rotors are free in the neutral
molecules M and hindered in their protonated forms MH+.
Accordingly, in this hypothesis∆pS°(M) should be equal to-30,
-52, and-64 J‚mol-1‚K-1 for M ) 1-3, respectively. Clearly,
the experimental values are beyond these lower limits.

Combining now the G2(MP2) proton affinities and the
protonation entropies∆pS°(M) computed in the frame of the
hindered rotor model, we calculate the estimate of the gas-phase
basicities, GB(M), indicated in Table 4, for molecules1-3. In
keeping with the above observations, the calculated quantities
disagree with the values deduced from proton-transfer equilib-
rium measurements at variable temperature. By comparison with
the experimental determination by Chen and Stone,1 a difference
of ∼15 kJ‚mol-1 in the GB values is observed. It may be pointed
out that, with respect to proton affinities, the difference between
the theoretical and experimental quantities is less-pronounced.

This illustrates a compensation effect between the proton
affinities and theT∆S° term, which reduces the discrepancy to
a constant deviation of∼15 kJ‚mol-1 on the GB values.

Conclusion

The theoretical results presented in this study used state of
the art computational techniques: G2(MP2) method, expected
to provide proton affinities with an accuracy of ca.(5 kJ‚mol-1,
and consideration of hindered rotor constraints in the calculation
of molecular entropy. The latter is expected to give∆pS°(M)
values within(6-10 J‚mol-1‚K-1. The results show consider-
able differences with figures obtained from equilibrium constant
determination at variable temperature.1 Computed proton af-
finities are 22-35 kJ‚mol-1 lower than the values obtained by
Chen and Stone.1 Similarly, differences in∆pS°(M) attain 34-
68 J‚mol-1‚K-1. When considering the gas-phase basicities, the
deviation is reduced to “only” 15 kJ‚mol-1. The origin of the
discrepancies is delicate to be firmly identified. Maybe these
differences originate from experimental difficulties (such as, true
temperature and pressure measurement and existence of com-
petitive dissociation or association processes) or from inad-
equacy of the present theoretical treatment. The good agreement
observed between computed and experimentally determined
proton affinities, if the latter is determined by the kinetic
method,3,4 is indeed in favor of the first hypothesis. However,
the present data more reasonably suggest to explore again this
system to clarify the origin of the observed discrepancies.
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