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Abstract: Ab initio SCF calculations with a minimal STO-3G basis set have been performed in this study of hydrogen bond
ing and proton transfer in formic acid dimer and /3-hydroxyacrolein. The computed structure and stabilization energy of the 
formic acid dimer are in good agreement with experimental data, except for an underestimation of the intermolecular dis
tance. Changes which occur in intramolecular coordinates in this dimer are small, but significantly larger than changes ob
served in dimers stabilized by a single hydrogen bond. The Cs and C2v forms of /?-hydroxyacrolein are predicted to be ener
getically similar, with the Cs form being slightly more stable by approximately 6.6 kcal. Potential curves for the transfer of 
hydrogen-bonded protons in these systems have been obtained. In the formic acid dimer, such curves show a dependence on 
the intermolecular distance, and on the mechanism of proton transfer. 

Within the past several years, there have appeared in the 
literature many ab initio molecular orbital studies of hydro
gen bonding. The great majority of these studies have dealt 
with the formation of a single hydrogen bond between a 
pair of interacting molecules. From the results of such stud
ies, it has been possible to characterize the structures and 
energies of hydrogen-bonded dimers, and to identify those 
factors which influence dimer structures and stabilities. 
There is little doubt that our understanding of hydrogen 
bonding has greatly increased as a result of such investiga
tions. 

There are, however, some aspects of hydrogen bonding 
which by comparison have received little attention. Among 
these are questions related to ring closure due to the forma
tion of more than one hydrogen bond or through intramo
lecular hydrogen bonding, and inter- and intramolecular 
proton transfer, which are important considerations in 
many chemical and biological systems. An ab initio study of 
the formation of multiple hydrogen bonds in the guanine-
cytosine base pair, and in the cyclic formic acid dimer, has 
been reported by Clementi, Mehl, and von Niessen.1 In that 
study, these authors generated potential curves for the si
multaneous transfer of the two hydrogen-bonded protons in 
formic acid dimer, keeping the HCO2 fragments fixed at 
the experimental geometry. The data which they obtained 
will be used extensively for comparison with the results of 
the present study. The same procedure for investigating 
proton transfer in formic acid dimer was also used by Mo-
rokuma, Iwata, and Lathan in studies of symmetric proton 
transfer in the ground and some low-energy excited elec
tronic states.2 The formic acid dimer was also studied by 
Ady and Brickmann, who investigated the rearrangement 
between the two tautomers, again using the experimental 
geometry.3 Ring closure through the formation of pairs of 
hydrogen bonds in some cyclic dimers has been discussed 
previously in earlier papers of this series.4'5 Ring closure 
through the formation of a symmetric intramolecular hy
drogen bond in the hydrogen maleate ion has been exam
ined in ref 2. Finally, the question of whether or not the in
tramolecular hydrogen bond in /?-hydroxyacrolein is sym
metric was addressed by Roos et al., who carried out partial 
geometry optimization of the Cs and Czv forms of this mol
ecule.6 

In this present study, hydrogen bonding in the cyclic for
mic acid dimer and in /3-hydroxyacrolein has been investi
gated. These two systems present an opportunity to com
pare ring closure through inter- and intramolecular hydro

gen bonding, and the energetics of inter- and intramolecular 
proton transfer. In this study, the structure of the formic 
acid dimer has been fully optimized, allowing for changes in 
both inter- and intramolecular coordinates, with the restric
tion of Cih symmetry. It is of interest to examine the extent 
to which changes in intramolecular coordinates are predict
ed, since in dimers stabilized by the formation of a single 
hydrogen bond, only small changes in these coordinates 
have generally been found.7 In addition, experimental data 
on the structure and stability of this dimer are available, 
and therefore comparisons of computed and experimental 
results may be made. Two different modes of symmetric 
proton transfer in this dimer have been examined, and cor
responding potential curves obtained. These curves are 
compared to those of ref 1. Intermolecular proton transfer 
in the formic acid dimer may be compared to intramolecu
lar proton transfer in /3-hydroxyacrolein, where fully opti
mized Cs and C20 structures have been determined, and the 
potential curve has been obtained for the interconversion of 
these two structures through proton transfer. Experimental 
data on the enol form of the related /3-dicarbonyl compound 
acetylacetone are available, and comparisons of experimen
tal and theoretical results are made. 

Method and Procedure 

Basis Set. The wave functions for the monomers and di
mers have been expressed as single Slater determinants, 
constructed from doubly occupied molecular orbitals. Each 
molecular orbital (MO) i/<,- is written as a linear combina
tion of atomic basis functions Q11 (the LCAO approxima
tion) 

with the expansion coefficients determined by solving the 
Roothaan equations.8 The atomic orbital basis set used in 
this work is the minimal ST0-3G basis set with standard 
scale factors.9 It has been demonstrated that ab initio MO 
calculations with the STO-3G basis set are capable of satis
factorily reproducing molecular geometries.10,11 Moreover, 
where comparisons with experimental data can be made, it 
appears that dimer structures and energies are also reason
ably reproduced with this basis set, except for an underesti
mation of the intermolecular distance by about 10%.12'13 

Use of the STO-3G basis set in this study has made tracta
ble the computational task of full geometry optimization of 
the formic acid dimer and of both the Cs and C20 forms of 
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Figure 1. The formic acid dimer. 

/3-hydroxyacrolein. The results obtained with this basis will 
be compared with those of related studies employing larger 
atomic orbital basis sets. 

Geometry Optimization. The optimized STO-3G geome
try of formic acid has been reported1 ' and used in the initial 
part of this study in which the dimer geometry was opti
mized subject to the constraints of Cih symmetry (which is 
consistent with experimental data) and rigid monomers. 
Under these restrictions, only two geometrical parameters, 
a distance and an angle, remain. Optimization of this dimer 
was carried out to ±0.01 A in R, the intermolecular O2-
O10 distance (see Figure 1), and ±1° in 9, the Hj-C^-Oio 
angle, which measures monomer rotation about an axis per
pendicular to the dimer symmetry plane at the hydroxyl 
oxygen, O2. At 6 = 0°, the O2-H1 bond is colinear with the 
O2-O10 line, and thus 9 is a convenient measure of the lin
earity of the O2-H1—O10 (and by symmetry the O7-H6— 
O5) hydrogen bond. This dimer was then reoptimized allow
ing for changes in both inter- and intramolecular coordi
nates. Geometry optimization was again carried out to 
±0.01 A in R and the intramolecular bond lengths, and to 
±1 ° in 9 and the intramolecular bond angles, subject to the 
constraint of C2/1 symmetry. 

The molecule /3-hydroxyacrolein (enolic malondial-
dehyde) was geometry optimized in two forms. In the first, 
C symmetry was assumed. Bond lengths were optimized to 
±0.01 A, and bond angles to ±1° , except for the angles 
C3-C4-H8 and C5-C4-H8 (see Figure 2), which were opti
mized to ±0.5°. In the second form, Civ symmetry was as
sumed, and optimization of bond lengths and bond angles 
was carried out to ±0.01 A and ±1° , respectively. The posi
tion of the hydrogen-bonded proton Hi was optimized to 
±0.01 A along the Ci symmetry axis, measured from the 
midpoint of the O2-O6 line. All calculations were per
formed in double precision on an IBM 370/145 computer. 

Results and Discussion 

Formic Acid Dimer. In the formic acid dimer constructed 
from the rigid optimized monomers (to be called the con
strained dimer), optimized values of the intermolecular 
coordinates R and 9 of 2.64 A and 1°, respectively, were 
found. Thus, essentially linear O-H—O hydrogen bonds are 
predicted. The intermolecular energy of the constrained 
dimer, computed as the difference between the total dimer 
energy and the energy of two isolated monomers, is 12.4 
kcal, which compares with the experimental value of 14.8 ± 
0.5 kcal.14 

With the constrained dimer as a starting point, the for
mic acid dimer was reoptimized in all inter- and intramolec
ular coordinates with the restriction of Cu symmetry. The 
structure of this equilibrium dimer (called the fully opti
mized dimer) is shown in Figure 1, and reported in Table I, 
along with the experimental structure.15 In this fully opti
mized dimer, the intermolecular distance has decreased 
from the constrained dimer value of 2.64 to 2.54 A, which is 
somewhat less than the experimental value of 2.73 A. The 
hydrogen bonds in this dimer remain essentially linear, with 
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Figure 2. Cs and Civ forms of /3-hydroxyacrolein. 

Table I. Structures and Energies of Formic Acid Dimers 

Distances, A 

C3-O5 

C3-O2 

C3-H4 

O2-H1 

O2-O10 

Angles, deg 
O5-C3-H4 

O2-C3-O5 

C3-O2-H1 

e 
Stabilization 

energy, kcal 

Constrained 
dimer" 

1.214 
1.386 
1.104 
0.991 
2.64 

125.9 
123.7 
104.8 
1 

12.4 

Fully optimized 
dimer6 

1.23 (1.25 ±0.03) 
1.35 (1.36 ±0.04) 
1.11 
1.01 
2.54(2.73 ±0.05) 

122 
126 (121. ± 2.) 
108 
1 

15.1 (14.8 ±0.5) f 

" Intramolecular coordinates are those of the optimized monomer, 
taken from ref 11. * Experimental values in parentheses, taken from 
ref 15. In the fully optimized dimer, the O5-C3-Cs angle has a value of 
58°, which is in excellent agreement with the experimental value of 58' 
± 1°. c Reference 14. 

8 equal to 1°. The predicted stabilization energy of 15.1 
kcal is in excellent agreement with the experimental value 
of 14.8 kcal. A stabilization energy of 16.2 kcal was ob
tained in ref 1 with a "9/5 plus polarization" basis set. 

It is interesting to examine the changes in the intramolec
ular coordinates in the equilibrium dimer. As evident from 
Table I, the optimized monomer carbonyl C-O distance in
creases from 1.21 to 1.23 A upon dimer formation, while 
the C-O single bond distance decreases from 1.39 to 1.35 
A. Since a correlation is generally found between bond dis
tance and bond order, the above changes suggest that the 
carbonyl C-O bond loses some of its double-bond character, 
while the C-O single bond gains double-bond character. 
The change in the double-bond length is less than that in 
the single bond, which is consistent with the larger force 
constants for double bonds. The O2-H1 bond length in the 
dimer increases as anticipated from 0.99 to 1.01 A. These 
changes in bond distances are also accompanied by changes 
in bond angles. The more significant of these are the in
creases in the O-C-O and C-O-H bond angles from 124 
and 105° in the monomer, to 126 and 108°, respectively, in 
the fully optimized dimer. It is important to note that the 
O-H—O hydrogen bonds are essentially linear in the con
strained dimer, and remain linear in the fully optimized 
dimer. However, a rather significant result of the changes 
in the intramolecular coordinates is the reduction of the 
O 2 -Oi 0 -C 8 and O 7 -O 5 -C 3 angles from 132° in the con
strained dimer to 127° in the fully optimized dimer. This 
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Table H. Mulliken Gross Electron Populations (Formic Acid) 

Atom 

H, 
O7 

C, 
H4 

O5 

Monomer 

Total 

0.793 
8.285 
5.745 
0.793 
8.251 

7T 

1.879 
0.900 

1.221 

Constrai 

Total 

0.746 
8.319 
5.726 
0.746 
8.289 

ined dimer 

ir 

1.850 
0.851 

1.299 

Fully optin 

Total 

0.728 
8.327 
5.718 
0.728 
8.304 

lized dimer 

TT 

1.811 
0.838 

1.351 

change is in the direction which approaches the idealized 
value of 120° for a proton acceptor carbonyl group, the 
value which has been associated with a directed carbonyl 
lone pair in the general hybridization model for the hydro
gen bond.5 In an absolute sense, the changes in the intramo
lecular coordinates are small, but they are significant when 
compared to intramolecular coordinate changes in dimers 
stabilized by a single hydrogen bond.7 In the fully opti
mized dimer, the destabilization of the monomers is com
pensated by the formation of two stronger hydrogen bonds 
which result as lone pairs of electrons become more proper
ly oriented for hydrogen bond formation, and the Hi-Oio 
and H6-O5 distances decrease. Even when the intermolecu-
lar distance in the fully optimized dimer is lengthened to 
the experimental distance of 2.73 A, the resulting dimer has 
a stabilization energy of 12.8 kcal, and is therefore slightly 
more stable than the constrained dimer, which has a stabili
zation energy of 12.4 kcal, at the shorter intermolecular dis
tance of 2.64 A. Finally, a comparison of the computed and 
experimental data in Table I shows that the computed 
structure of the equilibrium dimer is generally in good 
agreement with available experimental data, except for the 
usual underestimation of the intermolecular distance. 

The total and r electron densities obtained from Mullik
en population analyses16 are reported in Table II. The total 
electron densities of the hydroxyl and carbonyl oxygen 
atoms increase in going from monomer, to constrained 
dimer, to fully optimized dimer, while the electron densities 
of the hydrogen-bonded protons and of the carbon atoms 
decrease in the same order. The fact that both the carbonyl 
and hydroxyl oxygens gain electron density may be some
what surprising at first, especially when considered in light 
of the changes in the C-O bond distances in the fully opti
mized dimer. However, the changes in the oxygen electron 
densities are quite consistent with electron density changes 
observed previously for atoms X and Y which form the X-
H-Y hydrogen bond,5 and occur through distinctly differ
ent mechanisms. As part of the proton donor group, the hy
droxyl oxygen (X) experiences an increase in negative 
charge due to an increase in electron density in the a elec
tron system, produced primarily by electron flow through 
the O-H bond toward the hydroxyl oxygen. On the other 
hand, the increase in the electron density of the proton ac
ceptor carbonyl oxygen (Y) is due to an increased polariza
tion of the TT electrons toward this oxygen. This increased 
polarization compensates for the a electron density loss at 
this atom. 

/3-Hydroxyacrolein. A relatively simple system in which 
intramolecular hydrogen bonding may occur is /3-hydroxy-
acrolein (the enol form of malondialdehyde). The question 
of whether the proton is symmetrically positioned between 
the two oxygen atoms in this molecule has been addressed 
in ref 6, where ab initio calculations with partial geometry 
optimization of the Cs and Civ forms have been reported, 
using a small Gaussian basis set. In that study, it was con
cluded that the C5 form is more stable than the Civ form by 
approximately 11.5 kcal. Unfortunately, no structural data 

Table III. Structures of the C1 and C2t, Forms of /3-Hydroxyacrolein 

Distances, A 

O2-H, 
O2-C3 

C3-C4 
C4-C5 
C5-O6 

C3-H7 
C4-H8 

C5-H9 

Angles, deg 
H1-O2-C3 

O2-C3-C4 

H7-C3-C4 

C3-C4-Hg 
Hg-C4-C5 

C4-C5-H9 

C4-C5-O6 

Cs 

1.00 
1.36 
1.33 
1.48 
1.23 
1.09 
1.08 
1.10 

104 
125 
122 
121. y 
119.5C 

117 
122 

C2," 

1.168* (1.26) 
1.29(1.287) 
1.40(1.405) 
1.40 
1.29 
1.10 
1.07 
1.10 

102.4* (88.4) 
121 (123.2) 
121 
122.5 (120.9)rf 

122.5 (120.9)^ 
121 
121 

" Experimental data for acetylacetone given in parentheses. h In the 
C21. form, the distance from Hi to the O2-O6 line has an optimized 
value of 0.22 A. c In the C1 form, the C3-C4-C5 angle is 119°.' ' In the 
C2r form, the C3-C4-C5 angle was optimized to ±1°. The computed 
value is 115°, compared to the experimental value of 118.3°. 

for /3-hydroxyacrolein exist, although structural data for 
acetylacetone and other related /3-dicarbonyls have been re
ported, and are summarized in ref 6. Electron diffraction 
studies of acetylacetone suggest that this compound has Civ 
symmetry.17 The experimentally determined values of in
tramolecular coordinates which correspond to intramolecu
lar coordinates in 0-hydroxyacrolein are given in parenthe
ses in Table III. However, an ir study of the same com
pound has suggested that acetylacetone does not have Civ 
symmetry.18 Thus, the equilibrium structure of this com
pound has not been unequivocally established. 

In this present study, both the C5 and Civ forms of /3-
hydroxyacrolein (see Figure 2) have been geometry opti
mized, and the optimized structures are reported in Table 
III. The optimized value of the O-H bond length in the less 
stable Cu- form of 0-hydroxyacrolein is 1.17 A, which is 
longer than the O2-H1 covalent bond distance of 1.00 A in 
the Cs form, but significantly shorter than the 1.65 A dis
tance between Hi and 06. The 0 - 0 distance decreases 
from its value of 2.56 A in the C5 form to 2.29 A in the Civ 
form. These changes are consistent with structural changes 
which would be anticipated for the formation of a symmet
ric hydrogen bond in the Civ form. It is interesting to note 
that the optimized values of the C-O and C-C bond dis
tances in the Civ form of /3-hydroxyacrolein are the mean 
values of the corresponding C-O and C-C single- and dou
ble-bond distances in the C5 form. As shown in Table III, 
the optimized values of the intramolecular coordinates in 
the Civ form of /3-hydroxacrolein are in good agreement 
with the electron diffraction results for corresponding bond 
lengths and bond angles in the enol form of acetylacetone, 
except for the O-H distance and the H-O-C angle. From 
the experimental data it was concluded that the proton lies 
along the 0 - 0 line, but the calculations predict that the 
proton is displaced approximately 0.22 A from that line, 
hence the difference between the computed and experimen
tal values of these two coordinates. 

The STO-3G calculations which have been performed in 
this study predict that the Cs form of /3-hydroxyacrolein is 
more stable than the Civ form, but only by 6.6 kcal. Thus, 
both this study and ref 6 support the greater stability of the 
Cs form. However, these results have been obtained with 
small basis sets, and neither study has taken into account 
the correlation energy corrections, which would be greater 
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Table IV. Mulliken Gross Electron Populations (/3-Hydroxyacrolein) 

Cs C20 

Atom 

H, 
O2 

C3 

C4 

C5 

O6 

Total 

0.742 
8.301 
5.896 
6.161 
5.854 
8.254 

TT 

1.843 
0.894 
1.179 
0.860 
1.224 

Total 

0.691 
8.315 
5.846 
6.203 
5.846 
8.315 

7T 

1.563 
0.796 
1.282 
0.796 
1.563 

7 -

5 . . 

I 
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Figure 3. Potential curve for proton transfer in /3-hydroxyacrolein. 

in the Civ form. Since the difference in the stabilities of the 
two forms is small, it may well be that the C5 and Ci0 forms 
are easily interconverted, and that the equilibrium structure 
may also depend on the physical state. These features would 
account for the differences in the symmetry assignments 
which have been given to the equilibrium structures of the 
enol forms of related fj-dicarbonyl compounds. 

The total and w electron densities in the Cs and Civ 

forms of /3-hydroxyacrolein are reported in Table IV. 
Atoms O2, C4, and O6, which are negatively charged in the 
Cf form, become more negatively charged in the Civ form. 
The carbon atoms C3 and C5 become more positively 
charged in the Civ form, as does the hydrogen-bonded pro
ton H | . A rather dramatic redistribution of ir electron den
sity occurs as the Cs form is converted to the Civ form. The 
hydroxyl oxygen atom O2 in the Cs form loses ir electron 
density in the CiD form, while the carbonyl oxygen O6 of 
the Cs form gains TT electron density. The ir density at each 
oxygen in the Civ form approaches the mean x density of 
the O2 and O6 atoms in the Cs form. It is evident from these 
data that the ir electron density changes at the oxygens do 
not parallel the changes in total electron density as the Cs 

structure is converted to the Civ. 

Proton Transfer. Proton transfer upon hydrogen-bond 
formation may occur in /3-hydroxyacrolein as the Cs struc
ture in which O2 is the hydroxyl oxygen is converted to a 
second equivalent Cs structure in which O6 becomes the hy
droxyl oxygen and O2 the carbonyl oxygen. The intermedi
ate is the Civ form. The potential curve corresponding to 
this conversion is shown in Figure 3. The abscissa xO ~ &) 
is a single coordinate which smoothly converts the C5 form 
(S = 0.0) to the Civ form (S = 1.0). The barrier to proton 
transfer (6.6 kcal) is of course the energy difference be
tween these two forms. It is interesting to note that along 
this coordinate, a very shallow minimum surrounds the op
timized Ci1, form. The determination of whether or not this 
is a true minimum on the surface, or only a saddle point, 
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Figure 4. Potential curves for the symmetric transfer of hydrogen-
bonded protons in formic acid dimer. HCO2 fragments are held rigid, 
and CD, symmetry maintained. Solid curve corresponds to an intermo-
lecular distance of 2.73 A, and dotted curve to a distance of 2.54 A. 
(Limiting case I.) 

would require a more complete investigation of the poten
tial surface. 

Intramolecular proton transfer in /3-hydroxyacrolein may 
be compared with intermolecular proton transfer in formic 
acid dimer. It has been fairly well established that the 
transfer of a single proton in formic acid dimer does not 
give rise to a stable ion pair (the potential curve has only a 
single minimum),1 and this process will not be investigated 
here. Rather, proton transfer in formic acid will be exam
ined as the symmetric transfer of both hydrogen-bonded 
protons, Hi to Oio, and H6 to O5. It is reasonable to expect 
that such a process would be accompanied by changes in 
both inter- and intramolecular coordinates in the dimer. 
However, the task of determining the optimal pathway for 
proton transfer on this multidimensional surface is a com
putationally unfeasible one. Therefore, two limiting cases 
will be considered, with (case I) and without (case II) mo
nomer relaxation. 

In the first case, proton transfer involves a simple coordi
nated motion of Hi from O2 to 010, and H6 from O7 to O5. 
For this process, 8 has been set to 0°, so that proton motion 
is along the O-O lines, the remaining HCO2 fragments 
have been held rigid at their computed equilibrium posi
tions, and Cih symmetry has been maintained. It is impor
tant to note that the potential curve for this process is 
strongly dependent on the distance between monomers. 
Therefore, curves have been generated at the computed 
equilibrium intermolecular distance, and at the experimen
tal O-O distance, and are shown in Figure 4. Correspond
ing potential curves have been reported in ref 1 and 2. As 
shown in Figure 4, the potential curve for symmetric proton 
transfer at the computed equilibrium distance of 2.54 A ex
hibits only a single minimum. However, when the intermo
lecular distance is changed to the experimental O-O dis
tance, the potential curve does exhibit a double minimum. 
It is informative to examine these results in light of the re
sults obtained in ref 1. Clementi et al. found that the poten
tial curve for symmetric proton transfer in formic acid 
dimer possessed a single minimum (but with a definite in
flection point) when computed with a small 7/3 basis set. 
However, when larger basis sets (9/5 and 9/5 plus polariza
tion functions) were used for the calculations, curves with 
double minima were produced at the experimental O-O dis
tance. Morokuma also showed that an augmented "STO-
3G + p" basis set produced a double minimum potential 

1976 



2045 

curve for proton transfer, again at the experimental dis
tance.2 This present study indicates that the minimal STO-
3G basis set, unlike the small 7/3 Gaussian basis, does pre
dict a double minimum in the potential curve for proton 
transfer in formic acid dimer at the experimental distance. 
With the 9/5 basis set, a barrier to proton transfer of 43 
kcal and a depth of the second minimum of 13 kcal were 
computed. The 9/5 basis with polarization functions gave a 
barrier of 51 kcal and a depth of the second minimum of 15 
kcal. With both basis sets, the potential maximum occurred 
at an O2-H1 distance between 1.43 and 1.48 A, and the sec
ond minimum was found at an O2-H1 distance of 1.69 A. 
With the STO-3G basis set, the predicted barrier to proton 
transfer is 73 kcal at an O2-H1 distance of 1.48 A. The sec
ond minimum has a depth of 11 kcal at an O2-H1 distance 
of 1.69 A. These results therefore are qualitatively similar 
to those obtained in ref 1 with much larger basis sets, al
though they are quantitatively different since the STO-3G 
basis set predicts a larger barrier to proton transfer and a 
more shallow second minimum. Since only a single mini
mum appears in the potential curve at the optimized 0 - 0 
distance, it should be emphasized that the nature of this 
curve depends not only on the basis set, as shown in ref 1, 
but also on the intermolecular distance.19 It is apparent, 
therefore, that although the computed structure of the for
mic acid dimer and the computed dimer energy obtained 
with the ST0-3G basis set are in good agreement with ex
perimental values, the underestimation of the 0 - 0 distance 
in the equilibrium dimer has a profound effect on the na
ture of the potential curve for symmetric proton transfer. 

In the second limiting case (II), the symmetric transfer 
of Hi and H6 is accompanied by total inversion of the dimer 
structure. For this process, the proton motion is once again 
confined to the O2-O10 and O5-O7 lines (8 has been set to 
0°). As the protons move, all intramolecular coordinates 
change, and Cih symmetry is maintained. When proton 
transfer has been completed, a new structure results which 
is equivalent to the original. In the new structure, C3-O2 is 
the carbonyl group, and atoms C3 and O5 are singly bond
ed. Hi is covalently bonded to O10 and hydrogen bonded to 
O2. In Figure 5, the inversion coordinate xG — 5) is the sin
gle coordinate along which the formic acid dimer is trans
formed from the original dimer (<5 = 0.0) to a second equiv
alent dimer (8 = 0.0) through an intermediate of Dih sym
metry (<5 = 1.0). This process of proton transfer is similar to 
the process of intramolecular proton transfer in /3-hydroxy-
acrolein. The potential curves for proton transfer through 
inversion of the dimer structure have also been obtained at 
the computed intermolecular distance of 2.54 A and at the 
experimental distance of 2.73 A, and are shown in Figure 5. 
It is obvious that the barrier to proton transfer in this case 
(II) is also distance dependent. At R equal to 2.54 A, a bar
rier of 23 kcal is predicted, while at R equal to 2.73 A, the 
barrier has increased to 56 kcal. Thus, the shorter intermo
lecular distance is more conducive to proton transfer 
through inversion of the dimer structure. In ref 3, the com
puted barrier for a similar process of proton transfer was 43 
kcal, relative to the energy of the dimer at its experimental 
geometry. This barrier was also found to be lower than the 
barrier to proton transfer involving the motion of hydrogen 
atoms only. 

The results of this work are in agreement with earlier 
studies in suggesting that simultaneous transfer of a pair of 
hydrogen-bonded protons (case I) gives rise to potential 
curves which most probably possess double minima. The 
height of the barrier to proton transfer and the depth of the 
secondary minimum are dependent on the intermolecular 
distance. Indeed, at short intermolecular distances, the sec
ond minimum may even disappear. The fact that the barrier 

S . 15 

6=0.0 

* 11-61 

Figure 5. Potential curves for symmetric transfer of hydrogen-bonded 
protons through inversion of the formic acid dimer. Solid curve corre
sponds to an intermolecular distance of 2.73 A, and dotted curve to a 
distance of 2.54 A. (Limiting case II.) 

to proton transfer through structural inversion (case II) is 
lower than the barrier to simple proton transfer (case I), 
and that the former barrier may be reduced as the intermo
lecular distance decreases, indicates that changes in both 
inter- and intramolecular coordinates would occur during 
such a concerted reaction. Because of the level of treatment 
in this study and the underestimation of the intermolecular 
distance, no attempt has been made to optimize the inter
molecular distance in the Dih structure, or to quantitatively 
estimate populations of dimer vibrational states. However, 
the results which have been obtained suggest qualitatively 
that the barrier to proton transfer through structural inver
sion would be further reduced if proton transfer occurred 
during a vibration in which the intermolecular distance con
tracted. 

The implications which these results have in other more 
complex systems are noteworthy. The probable existence of 
double minima in potential curves for simple proton trans
fer in a pair of hydrogen bonds (case I) may be important in 
systems where inversion is not possible due to structural ri
gidity, or for proton tunneling. This latter phenomenon was 
originally proposed by Lowdin as a possible mechanism for 
proton transfer in biological systems.20 For simple isolated 
cyclic dimers such as formic acid, these results suggest that 
in a concerted reaction, proton transfer accompanied by 
structural inversion (case II) is more favorable than simple 
proton transfer (case I) followed by vibrational relaxation. 

Summary 
Ab initio SCF calculations with a minimal STO-3G basis 

set have been performed in this study of hydrogen bonding 
in formic acid dimer and /3-hydroxyacrolein. The computed 
equilibrium structure of the formic acid dimer is in good 
agreement with the experimental structure, except for an 
underestimation of the intermolecular distance. The 
changes in the intramolecular coordinates which occur upon 
dimer formation are small in an absolute sense, but they are 
significantly larger than coordinate changes in dimers stabi
lized by a single hydrogen bond. The changes which occur 
maintain the linearity of the O-H—O hydrogen bonds, de
crease the distance between proton and proton-acceptor 
atom, and provide for lone pairs of electrons which are more 
properly oriented for hydrogen bonding. These changes re
sult in the formation of two stronger hydrogen bonds, there
by compensating for monomer destabilization. The comput
ed dimer energy of 15.1 kcal is in agreement with the exper
imental stabilization energy of 14.8 kcal. 
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Optimized structures have also been computed for the Cs 
and Civ forms of /3-hydroxyacrolein. The calculations pre
dict that the Cs form is more stable than the Ci1. form, but 
by only 6.6 kcal. Since the energy difference between these 
two forms is small, it is reasonable to suggest that the equi
librium structures of this and related compounds may vary 
with physical state. Intramolecular proton transfer may 
easily occur leading to the conversion of one equivalent C5 
form of/3-hydroxyacrolein to the other, through an interme
diate of Civ symmetry. These features may account for the 
discrepancies in the symmetry assignments which have been 
given to structures of related enolic /3-dicarbonyl com
pounds. 

Two limiting cases of proton transfer in formic acid 
dimer have also been investigated. In the first case, sym
metric transfer of both hydrogen-bonded protons occurs 
while the HCO2 fragments remain rigid. This process gives 
rise to potential curves, the characteristics of which depend 
on the intermolecular distance. At the computed equilibri
um dimer distance, this curve possesses only a single mini
mum. However, at the experimental intermolecular dis
tance, the potential curve for this process of proton transfer 
exhibits a double minimum, in agreement with the results of 
other studies which employed larger basis sets. It is obvious 
that the underestimation of the intermolecular distance 
with the STO-3G basis set is critical to the problem of pro
ton transfer. 

In the second case, proton transfer occurs in the formic 
acid dimer through inversion of the dimer structure. The 
barrier to this process is lowered as the intermolecular dis
tance is reduced from the experimental distance to the com
puted equilibrium distance. Since, even at the experimental 
intermolecular distance, the barrier to proton transfer in 
this case is lower than it is in the first case, the approxima
tion of rigid HCO2 fragments during proton transfer is not 
a realistic one. The results of this study suggest that in a 
concerted reaction, proton transfer accompanied by struc-

Recently Patrick1 and Benson and Golden2 published 
analyses of relationships expected between gas-phase and 
liquid-phase rates and equilibria. These followed earlier 
treatments of the subject by Martin,3 Moelwyn-Hughes,4 

and Mayo.5 In this paper we wish to examine certain equi
libria for which enough data are available or calculable 

•Present address: Chemistry Department, University of Southern California, 
Los Angeles, Calif. 90007. 

tural inversion is more favorable than simple proton trans
fer followed by vibrational relaxation. 
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Results and Discussion 
The general form for our calculations is the thermody

namic cycle shown in Scheme I, below. Reagents at a stan
dard state concentration of 1 M in the gas phase were trans
formed to a liquid concentration of 1 M through discrete 
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Abstract: We have studied available data on four selected simple chemical equilibria: (1) cyclopentadiene ;=* dicyclopenta-
diene, (2) ethanol + acetic acid ~± ethyl acetate + water, (3) NO2 ^ N2O4, and (4) norbornene s* nortricyclene. The en
thalpy and entropy changes of each component on proceeding from the gas phase to the liquid phase were calculated with an 
equation that includes heat capacity corrections, but requires only the heat of vaporization, the molar volume, and the nor
mal boiling point of each component. The agreement with experimental results in the liquid phase is improved appreciably 
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