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I. Introduction 
Simple monosaccharides are an excellent source of data 

for studying hydrogen bonding.2 The molecules are approxi­
mately ellipsoidal and have an external surface which consists 
primarily of hydroxyl groups. Hydrogen bonding involving 
these groups can be expected to dominate the intermolecular 
cohesive forces, with other polar interactions and van der 
Waals forces playing only a secondary role. The molecules 
consist of singly bonded first-row elements and are therefore 
very suitable for modeling ab initio molecular orbital methods.3 

Although concentrated carbohydrate solutions are prone to 
form syrups, when nucleation is induced well-formed crystals 
of neutron diffraction quality and size can frequently be ob­
tained. These crystals have relatively high melting points and 
the thermal motion of the molecules in the crystal lattice is 
relatively small and isotropic for molecular weights of less than 
200 consisting of first-row elements only. These factors sim­
plify the problems of obtaining the high-precision structural 
data relating to the hydrogen atoms necessary to understand 
the structure of the hydrogen bonds. 

In this paper we consider from a theoretical point of view 
the factors which bear on the hydrogen-bond angle ( < 0 H - 0 ) 
and compare our predictions with experimental data from 
single-crystal neutron diffraction analyses. We will address 
two questions: (1) What is the most probable O-H—O angle 
for a "linear" hydrogen bond? (We use the term "linear" in 
a general sense to refer to the simple open hydrogen-bonded 
structure, -O-H—O, and not simply to the limiting case when 
-KOH-O = 180°.) (2) To what extent can departures from 
the most probable angle be facilitated by the involvement of 
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an additional proton acceptor, in a configuration which we 
denote as a bifurcated hydrogen bond (i)? This is the standard 
usage of the term in the crystallographic literature.4 Theo-
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retical workers have tended to use "bifurcated" to denote a 
different double hydrogen-bond configuration;5 i.e., the type 
ii. Since this is never observed in carbohydrate crystal struc­
tures, we shall not consider it in the present study. 

A detailed comparison of theoretical and experimental as­
pects of hydrogen bonding based solely on neutron diffraction 
data is appropriate at the present time, since there have been 
four recent analyses6-10 based primarily on X-ray diffraction 
results. In these X-ray data, the hydrogen positions are subject 
to large errors, usually in the direction of appearing closer to 
the covalently bound oxygen, by as much as 0.3 A. In conse­
quence, the 0—0 separations may be accurate to better than 
0.005 A, but the covalent O-H bond lengths and the hydro­
gen-bond H-O bond lengths can have errors as large as 0.3 
A and the O-H—O angles are subject to errors of ~5-10°. 

There are now sufficient neutron diffraction crystal struc­
ture determinations of carbohydrates to permit an analysis of 
the geometry of the O-H—O bonds from data in which the 
hydrogen-atom positions are as accurately located as are those 
of the oxygen atoms. In general, all the bond lengths have 
standard deviations of 0.002-0.003 A, and the angles of 0.3°. 
We shall defer discussion of the systematics which have 
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Figure 1. Schematic representation of bent O H - O hydrogen bond. The 
torsion angle ip is equivalent to angle <px in the more detailed structure 
shown in Figure 2. 

emerged from this data until section IV, where the present 
theoretical results are compared with experiment. 

II. Linear Hydrogen Bonds 

A. Specification of Model. At the simplest level, one might 
hope to understand the energetics of the hydrogen-bond angle 
in terms of the abbreviated structural model depicted in Figure 
1. If one assumes isotropy with respect to the azimuthal angle, 
ip, and further assumes that the minimum energy corresponds 
to ^O1H-Ch = 180°, then a simple one-parameter potential 
energy function suggests itself, which, when incorporated into 
a Boltzmann factor and modified by an appropriate Jacobian 
factor (sin Bx), leads to the following temperature-dependent 
differential probability: 

1(6I1) sin Bx (If)1 = A exp|-(/lV 2)/{2KT)\ sin Bx d0, (1) 

where A is a normalization constant,/is the assumed harmonic 
bending force constant, Bx' = (Bx - 180°), and K is 
Boltzmann's constant. 

In the present study we shall take a more detailed look at the 
assumptions noted above and shall consider the problem from 
the more general framework represented by the linear (i.e., 
open; see section I) methanol dimer shown in Figure 2.'.' The 
six intermolecular coordinates used here are especially ap­
propriate for comparison with neutron data, which provide 
accurate values for /1H-O2

 an<^ -fcOiH—C .̂12 

In principle, we could calculate i(8x) by performing a 
complete Boltzmann average over the four remaining angles, 
Vi. V2. 82,

 ar]d X. ar>d the H—O2 distance, r, In the following 
we develop a simpler approach and attempt to understand the 
degree to which the approximate expression in eq 1 can be 
justified. 

Selection of Values for r, B2, and x- Ou r first approximation 
is to employ average values for r, B2, and x. since analysis of 
the neutron data2 given in section IV indicates that (1) these 
parameters are only weakly correlated with the parameter of 
primary interest, Bx, and (2) the observed values are reasonably 
well clustered about their mean values. 

The value adopted for r is 1.94 A.2a It is close to the optimal 
value (1.99 A) yielded by an SCF MO calculation for the 
methanol dimer (6-31G* basis)3c and is based on a sample of 
17 neutron and corrected X-ray data points corresponding to 
hydrogen-bonded carbohydrate OH groups, where the proton 
donor OH group is not also serving as an acceptor for another 
OH group.2a This type of bonding corresponds most closely 
to our dimer model. The values of r tend to be appreciably 
smaller when the donor OH group also serves as a proton ac­
ceptor. 2a'3b At first glance, the use of a fixed r might seem 
questionable, since correlations between Bx and r have been 
postulated.7 However, these correlations were on a large 
sample of both X-ray and neutron data, which included very 
strong and very weak H bonds. As we will show later, the 
correlation between r and Bx is so small for the range of OH-O 
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Figure 2. Methanol dimer geometry. The torsional angles <p\, 1P2, and x 
are defined by the sequences C-O1-H1-O2, X2-O2-H1-O1, and C-
O2-X2-H1, respectively (O2-X2 bisects the CO2H2 angle, X being a 
dummy atom), and are governed by the conventions introduced by Klyne 
and Prelog.25 The arrows (•-») show the sense of rotation of the vectors 
C-Oi, X2-O2, and C-O2 associated with increasing the values of <px, ^p2, 
and x. respectively. The figure corresponds to tp\ = 180°, <p2 = 0°, x = 

90°. 

bonds spanned by the carbohydrate neutron data (/• = 1.70-2.0 
A) that it is barely observable from the experimental data. 
Accordingly, our use of an average value is appropriate for 
studying the angle dependence of these hydrogen bonds of 
moderate strength. 

The value of 132° adopted for B2 is the optimal value ob­
tained from SCF MO dimer calculations (6-3IG* basis)30 and 
is close to the average value of 139° exhibited by a set of 12 
typical hydrogen bonds (neutron data).13 The average devia­
tion from the mean is 12° (maximum, 38°). Finally, we con­
sider the torsional angle x- From consideration of lone-pair 
directionality in the proton acceptor molecule, we expect en­
ergetically accessible x values to be clustered close to ±90°. 
Del Bene found x = 85° for the equilibrium structure of the 
methanol dimer, based on STO-3G MO calculations.14 The 
sample of 12 H bonds discussed in the previous paragraph 
shows that the average departure of x from either +90° or 
—90° is only 15° (maximum, 33°). Accordingly, x is restricted 
to ±90° in the averaging defined below. 

Sampling of the Torsion Angles, <p\ and <pz. In contrast to the 
parameters just considered, the values of <p\ and <p2 in the 
sample of 12 hydrogen bonds effectively span the entire pos­
sible range (O —* 27r). This is consistent with the fact that ab 
initio calculations carried out in the present study (see below) 
yielded many different energetically favorable ip\, <p2 values. 
Accordingly, the whole range of <p\ and <p2 was included in our 
averaging procedure through the use of a crude grid (O, ±90, 
180°). It should be noted that in the limit, B1 = 180°, only one 
independent torsion angle, <p, survives, and we associate it with 
the sequence X-O2-O1-C in Figure 2. 

Distribution Function. We can now write a generalized 
differential probability function. 

g{8x,r,82,x,(px,(P2)smB{ dr 
= A' zxp\-V(8x,r,82,x,<px,<P2)/KT\ sin B1 dr (2) 

where A' is an arbitrary normalization constant (cf. eq 1), V 
is the potential energy, and dr is the product of differentials 
of each of the parameters which are varied in the present model 
(i.e., Bx, x, (P], (P2)- By averaging over x, Vi. a nd (Pi, using ap­
propriate values of V, we can generate the analogue of the 
assumed relation, eq 1. However, in order to test the assump­
tion of isotropy implicit in eq 1, it is useful first to consider 

g{Bx,(px)smBx d8x d<pi 

1,X.V1V2) sin 0i d8x d(px (3) 
X = ±90° 
*;2=0,±90,18 

where the parameters r and B2, which are kept at their fixed 
average values, have been suppressed. The averaging is per­
formed over 02 and not <j>x, so as to allow close correspondence 
with Figure 1, in which 0 is clearly equivalent to 4>x. At this 
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Table I. Calculated Values of g, g, 

0|,deg 

180 
172.5 
165 
157.5 

0,:O° 

0.930 
0.684 
0.379 

j ? ( 0 i , 0 i ) a ' 6 

±90° 

—1.0001 ' 
0.908 
0.683 
0.419 

and P 

180° 

0.886 
0.660 
0.409 

f(*i)*-c 

1.000 
0.908 
0.678 
0.407 

p{e\Y 

0.000 
0.119 
0.175 
0.156 

" Defined by eq 3. b Normalized to unity for 0, = 180°. c Defined 
by eq 4. d Based on eq 4. The most probable value of Q\ is 163.2° (P 
= 0.176), based on interpolation of the data. e $\ not defined for #i 
= 180°. 

point, we must specify a means of evaluating V. We have 
adopted SCF MO theory in the 4-3IG level.15 This level has 
been very useful in modeling a number of structural aspects 
of carbohydrate chemistry, including conformational and 
hydrogen-bonding phenomena.' 6-3b'3c 

B. Results. The calculated values of g(d\,<p]) are displayed 
in Table I, for a grid of the polar angles, d\ and <p\. For 0] = 
180°, only a single entry is given since <p\ is undefined. It is 
apparent that, for a given value Of̂ 1, g(0\,<p\) is roughly in­
dependent of <p\, and our calculations thus give numerical 
justification to the notion of isotropy with respect to the tor­
sional motion represented by <p in Figure 1 (recall that this <$> 
is equivalent to <t>\ of Figure 2). Detailed examination of the 
calculated energies shows that the invariance off with respect 
to <p\ arises from the fact that V(6U^1,^2) attains a nearly 
constant minimum value when the relation <p\ + <p>2 = 180° is 
maintained. Of course, this relationship was only verified for 
the grid of values defined above (0, ±90,180°). It should also 
be noted that only 3 out of 11 cases from the sample of neutron 
data13 came close to following the above <p\, <p2 correlation (the 
12th case has d\ = 180°; hence there is only one torsion angle, 
<p, as noted above). Nevertheless, the calculations indicate that 
the observed <t>\, 4>2 values in the remaining eight cases should 
be energetically accessible, since they correspond to energies 
within 1-2 kcal/mol of the minimum energy structure (0i = 
180°, (P= 180°). 

Averaging of g(d\,<p\) over <p\ (of minor numerical signifi­
cance in view of the near invariance) and multiplication by sin 
Q\ yields the (unnormalized) probability function 

/>(0,) = f(0i)sin0, = 
= 0,±90,180° 

sin ^, (4) 

which is included in Table I and plotted in Figure 3, revealing 
a most probable value of 0| near 163°.ThedataofTableIand 
Figure 3 are compared with experiment in section IV. For 
completeness we note that averaging of g over <j>\ instead of 4>2 
(as in eq 3) yields a function which depends rather strongly on 
4>2, in contrast to the situation for g(0,,^1). 

We can now employ our calculated values of g(8\) to obtain 
a value for the effective force constant,/, which appears in eq 
1. A least-squares fit of -(KT) In g(d\) to a quadratic function 
of 0] (using the data of Table I) yields 

V(B1) = (2.2 X lO-3)(0, - 180°)2/2 (5) 

where V is in kcal/mol and the range of 0) is 0-180°. The 
finding of a minimum at 180° was not constrained, but was a 
result of the least-squares criterion (to within ~0.1°). The 
derived effective force constant (2.2 X 10~3 kcal/(mol deg2)) 
is ~5% of typical bending force constants for single covalent 
bonds and indicates the softness of the hydrogen bond potential 
energy with respect to bending.17 

The closeness of the equilibrium value of 0, to 180° also 
emerged in a more direct fashion from the ab initio calcula­
tions. Thus, values of 178.0 and 177.1° were obtained when 
Vi, <P2 were given the values 180, 0 and 90, 90°, respectively. 

1 3 0 -

CALCULATED DISTRIBUTION 11(S1)SmS1 

EXPERIMENTAL DISTRIBUTION 

Figure 3. Comparison of theoretical (solid smooth curve, eq 4, peaking at 
163°) and experimental (dashed histogram, peaking at 165-170°) S\ 
distribution functions. The mean value of the experimental data is 166°. 
The height of the theoretical curve is arbitrary and is drawn so as to have 
the peak heights of the two curves coincide. 

The corresponding quadratic force constants were found to be 
1.94 X 10-3 and 2.19 X 10-3kcal/(mol deg2). The important 
point to. note is that there is no unique bending force constant, 
since there are two linearly independent bending motions, ir­
respective of the value of d\. Once again, however, the nu­
merical results show near isotropy, since the two force con­
stants listed above are similar in magnitude and are also close 
in value to the effective force constant associated with eq 4 and 
5. 

As a final comment, we note that the equilibrium values of 
rHl...o2 calculated for 0, at 180 and 165° differed by only 0.007 
A (1.882 and 1.889 A, respectively), thus confirming our 
earlier assumption that r and 0 are not strongly coupled. (These 
calculations were based on î> <P2 = 180, 0°, these being the 
lowest energy values for 0) ^ 180°; for 6\ - 180°, <p was set 
equal to 180°.) 

III. Bifurcated Hydrogen Bonds 

The previous discussion indicates that at room temperature 
the most probable angle in a "linear" hydrogen bond will be 
~165°. Appreciably larger deviations from ~180° will become 
costly in energy; e.g., the minimum-energy18 configurations 
associated with 8\ = 150 and 135° are calculated to lie ~0.8 
and 2.1 kcal/mol, respectively, above the energy of the 0\ = 
180° structure (KT = 0.592 kcal/mol at room temperature). 
However, as 0\ decreases, the donated proton becomes in­
creasingly accessible to additional proton-acceptor molecules, 
since, by virtue of the bond bending, the heavy atoms of the 
proton-acceptor molecules can avoid contact within their van 
der Waals radii. Accordingly, in anticipation of our discussion 
of experimental data in section IV, we have calculated and 
compared the energies of a few linear and bifurcated hydrogen 
bonds, so as to understand the degree to which two proton ac­
ceptors can offset the effects of angle strain. The bifurcated 
trirher structure is depicted in Figure 4. The trimer calculations 
were based on water molecules19 for reasons of economy in 
computing. Similar results would be expected for methanol. 
In the calculations, certain parameters were fixed (X2, X3 = 

90°, 02, 03 = 132°) and various values of ipi,0i,0i', ifa, and (p3 
and the two Hp-O distances were considered. Inspection of 
experimental data2 suggested two general situations of interest: 
the symmetric case (0, = 6\'\ rH...o2 = ^-H-O3) and the strongly 
asymmetric case, which is best described as a bent linear hy­
drogen bond perturbed by an additional long-range bent hy­
drogen bond. In both cases, Hi and the three oxygen atoms are 
nearly coplanar, and coplanarity was assumed in the calcula­
tions, the results of which are summarized in Table II. The 
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Figure 4. Water trimer with bifurcated hydrogen bond. Angles are defined 
analogously to those in Figure 2. As drawn, the figure corresponds to <p\ 
= 180°,^ = 0 ° , w = 0°;x2 = X3 = 90°. 

Table II. Energies of the Bifurcated 
Trimers" 

f\, <p2, <ft. 
deg deg deg 

4ydrogen Bonds in Water 

En\» 
ref 

trimer dinner 

180 

180 

A. Symmetric Oxygen Framework^ 
0 180 -10.3 -%.Qd 

±90 -8.8 

B. Asymmetric Oxygen Framework1, 

0 180 -10.9 -7.10/ 
±90 -9.1 

C) -T9 

" Structural parameters are defined in Figure 4. b Energy (kcal/ 
mol) relative to separated monomers. ^ ^Hi-O = 2.15 A, ^i = 135°. 
d Energy of linear dimer (0, = 180°; torsion angle ^X2-O2-Oi-H 
= 180°; other parameters the same as in trimer calculations).e /-Hi-O2 
= 1.95 A,/-H1-O3 = 2.50 A, 0i = 150°, (V= 110°./Energy of dimer 
obtained by removing third water molecule (O3) from asymmetric 
trimer, keeping other parameters fixed. 

tabulated energies are relative to the separated monomers, and 
the entries in the last column refer to "linear" dimer structures, 
with the third monomer at infinite separation. The data in­
cluded correspond to those choices of <p\, ^2, and ^3 (0, ±90, 
or 180°) for which the stabilization of the bifurcated trimer 
(relative to 3H2O) is at least as great as that for the "linear" 
dimer (relative to 2H2O). 

For the symmetric case (Table HA), the specification of the 
framework geometry was completed by assigning typical ex­
perimental values,2 Q\ = 135° and rH...0 = 2.15 A (subsequent 
optimization20 of the calculated values yielded 132° and 2.22 
A). The symmetric bifurcated bond is seen to be more stable 
than an equilibrium linear dimer by ~ l - 2 kcal/mol.21 

For the asymmetric model the fixed parameters were set at 
/-Hi-O2= 1.95 A, rHl...o? = 2.50 A, 0, = 150°, and 0 , ' = 110°. 
We find (Table HB) that addition of a third water molecule 
(O3) to the bent (0, = 150°) "linear" hydrogen bond (O] -
H i - O 2 ) leads to appreciable further stabilization ( ~ l - 4 
kcal/mol, depending on ^ 3 ) . 2 1 

Thus, while the bifurcated hydrogen bond does not appear 
to be twice as stable as a normal linear hydrogen bond, it does 
nevertheless constitute an energetically favorable interaction 
in both the symmetric and asymmetric cases, and provides a 
mechanism which more than compensates for energy costs 
associated with strongly bent hydrogen bonds. As in the case 
of linear hydrogen bonds, the bifurcated interaction would be 
expected to be enhanced if the acceptor oxygen atoms also 

2.10 

Figure 5. Plot of O-H-O angle vs. H-O distance, based on 65 neutron 
diffraction data points (two other points are off-scale). The letters a 
through r identify the 18 carbohydrates from which the data are 
taken.22 

serve as proton donors.2a-3b 

IV. Comparison with Experimental Data 

Figure 5 shows a plot of hydrogen-bond distance against 
hydrogen-bond angle for the "linear" hydrogen bonds observed 
in the 18 neutron diffraction analyses of the simple mono- and 
disaccharides that constitute the experimental data base for 
this study.22 No distinction was observed between hydroxyl 
groups which were both donors and acceptors and those which 
were donors only, and both are included in the plot. Nor was 
there any basis for separating the hydrogen bonds with hy­
droxyl and acetal or hemiacetal oxygens as acceptors. Within 
the range of H - O distances observed in these structures, a 
correlation between H - O distances and O - H - 0 angle is 
barely observable,23 in agreement with the theoretical con­
clusion that r and 0 are very weakly coupled. 

The plot of the experimental distribution of hydrogen-bond 
angles is shown in Figure 3. The 67 observations were grouped 
into 5° angular ranges so the statistics are not especially good. 
There appears to be a trend for the observed angle distribution 
to be narrower than the theoretical and to peak at a few degrees 
above the theoretical value of 163°. The mean value of the 
experimental values is 166°. 

The neutron data on the symmetrical and asymmetrical 
bifurcated hydrogen bonds are given in Table III. These bonds 
were identified by examining the 18 crystal structures22 for 
nearest-neighbor oxygen atoms in the direction of the bisector 
of the O-H—O angle of the shorter H - O bond in those cases 
where the O-H—O angle was less than the expected value of 
~165°. Of the 79 hydrogen-bond interactions observed in the 
18 structures examined, an appreciable fraction ( M 5%) are 
of the bifurcated type, which is consistent with the theoretical 
prediction that bifurcated bonding involves energies compa­
rable to those of normal linear bonds. When an oxygen atom 
was found at a distance of less than 2.8 A (i.e., /"H1-O3 < 2.8 
A, Figure 3), the data were excluded from Figures 3 and 5 and 
placed in Table III. 

Figure 6 shows the correlation between the covalent O-H 
bond lengths and the hydrogen bond length. Here there is ev­
idence of a weak relationship, going from 0.98 A for a short 
H - O hydrogen bond of 1.60 A to 0.96 A for a long hydrogen 
bond of 2.0 A. It is important, however, to realize that there 
is no experimental evidence from these diffraction data that 
this relationship is a consequence of any changes in the elec­
tronic structure of the molecules at rest. In the crystal struc­
tures, the hydrogen bonding affects the thermal motion of the 
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Table HI. Geometry of Bifurcated Bonds" 

»1, »r, a, 
deg deg r, A r', A deg ref* 

symmetrical ,O3 117 135 2.138 2.185 98 22j 

O 1 -H, 

asymmetrical 
O3 

/. 

O1-H, a 

130 
136 
146 

152 
169 
149 
147 
163 
139 
147 
139 

140 2.085 2.140 89 22j 
141 2.15H 2.209̂  81 22h 
123 2.112« 2.634f 91 22c 

104 
114 
120 
107 
120 
96 
135 
90 

1.965 
1.977 
1.949 
1.957 
1.953 
1.958« 
1.989 
1.947 

2.349 
2.593 
2.715 
2.300c 

2.582 
2.568 
2.495 
2.696 

92 
75 
120 
106 
73 
125 
77 
111 

22f 
22f 
22g 
22c 
22h 
22o 
22o 
22o 

a In sucrose,22 there is a trifurcated hydrogen bond with H-O 
distances of 2.309,2.534, and 2.539 A, with jangles of 117,103, and 
152°. b Letters refer to data key.22 c Intramolecular. d This inter­
action occurs in the minor component (37%) of a crystal structure 
where the primary alcohol group of a ketopyranose molecule is dis­
ordered. The major component forms a linear hydrogen bond with a 
H-O distance of 1.867 A and a OH-O angle of 167°. e This inter­
action might more properly be designated as asymmetrical, but is 
included in the symmetric group since both r values are greater than 
2.00 A, as is characteristic of the more nearly symmetric cases. 

hydrogen atom, which rides on the oxygen atom to which it is 
attached. This riding motion results in a foreshortening artifact 
in the O-H bond length of a magnitude which could account 
for the observed trend shown in Figure 6. Unfortunately, the 
presently available methods of bond length corrections for 
thermal motion, which are based on the assumption of har­
monic librations and oscillations, are inadequate to deal with 
this problem. 

There appears to be good evidence that shorter hydrogen-
bond lengths correspond to longer covalent bonds for very 
strong hydrogen bonds, i.e., with distances of 1.20-1.60 A,24 

but for the bonds greater than 1.60 A observed between hy-
droxyl groups, and between hydroxyls and acetal oxygens in 
carbohydrates, there is no direct evidence that this is other than 
a thermal motion effect. 

V. Conclusions 

Although the theoretical and experimental results described 
refer particularly to carbohydrate molecules in the crystalline 
state, we believe that the following conclusions will apply to 
the O—H-O hydrogen bonding between any polyhydric mol­
ecules, as well as water and simple alcohols. 

1. Despite the fact that the equilibrium O-H—O angles are 
very close to 180°, the most probable angle observed at room 
temperature is about 165°. 

2. The energetic isotropy with respect to bending the hy­
drogen bond is demonstrated by the calculation of nearly equal 
values for the two linearly independent bending force constants 
involved in a O-H—O bond. 

3. Within the region of H - O bond distances from 1.70 to 
2.00 A, the correlation between H - O distance and O-H—O 
angle is small and barely observable if bifurcated bonds are 
excluded. 

4. Where O-H—O angles of less than 160° are observed, a 
third oxygen is generally included in the hydrogen bonding so 
as to form a symmetrical or unsymmetrical bifurcated hy­
drogen bond of energy comparable to that of a simple linear 
hydrogen bond. 

5. Bifurcated hydrogen bonding can therefore be expected 

2.10 

Figure 6. Plot of O-H distance vs. H-O distance, based on 64 neutron 
diffraction data points (three other points are off-scale). The letters have 
the same meaning as in Figure 5. 

to occur to a significant degree in condensed phases of pol­
yhydric molecules. About 15% of the hydrogen bonds con­
tained in the neutron data22 discussed herein are of the bifur­
cated type. 
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Abstract: Energy-optimized geometries were calculated ab initio for NH3, NF3, OH2, OF2, PH3, PF3, SH2, SF2, SO2, SOF2, 
SOH2, SO2H2, HSF, SH3+, NH2~, NF 2

- , and NH4
+ using consistent basis sets and optimization criteria. An understanding 

of the predictions of the valence shell electron pair repulsion (VSEPR) model was sought by a comparison of the calculated 
geometries and various properties of the localized bonding and lone-pair orbitals. The calculated relative sizes of bonds and 
lone pairs agreed very well with the VSEPR assumptions. Some apparent failures of the VSEPR model can be explained by 
examining the total angular space requirements of the bond and lone-pair orbitals, rather than restricting attention only to the 
angles formed between bonds. An extensive investigation was made of the effect of polarization functions in the basis set both 
on calculated geometries and on the properties of the resulting localized orbitals. 

Introduction 

The simple valence shell electron pair repulsion (VSEPR) 
model2 is successfully used in explaining variations of molec­
ular geometries in extensive classes of inorganic compounds. 
The model assumes that the geometry around a central atom 
is determined by the number of electron pairs in the valence 
shell of that atom. Finer details of the structure are predicted 
by considering that nonbonding electron pairs require more 
angular space than single bonds, with double bonds requiring 
nearly as much space as lone pairs. When this model was tested 
against recent experimental data on some tetrahedral and re­
lated molecules, it was found3 that most, but not all, of the 
geometrical variations in these systems follow readily the 
original predictions of the VSEPR model. Gillespie noted in 
his book2a t h a t " . . . in the series CH4, NH3 , and H2O the bond 

angle decreases from 109.5° to 107.3° and to 104.5° as the 
number of non-bonding pairs increases." As is demonstrated 
in Figure 1 by recent experimental data,3-17 most analogous 
compound series do not entirely follow this trend. 

Substitution of one of the ligands by a lone electron pair in 
the AX4 molecules is accompanied indeed by a decrease in the 
X-A-X angle and this is well understood in terms of the 
VSEPR model. As a second ligand of AX3E is replaced by 
another lone pair, a further decrease of the XAX bond angle 
would be expected to occur according to Gillespie's original 
statement. This is observed, however, for NH3 and H2O, and 
PH 3 and SH 2 only. For other molecule pairs with chlorine or 
fluorine ligands the opposite trend is realized. 

For systems with double bonds to oxygen, the VSEPR model 
does not make predictions concerning the changes in the bond 
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