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Introduction

There appeared already numerous papers
dealing with the energy of hydrogen bond. In
most of these papers, it is estimated from
experimentsal data of substances in pure liquid
or solution state. Generally, in the pure liquid
or solution state, the molecular arrangement
is not known so accurately that the net con-
tribution of the hydrogen bond cannot be
sorted out exactly. -On the other hand, the
energy of association of some carboxylic acids
determined from the temperature variation of
equilibrium constant for the hydrogen bond
dimerization in the gaseous state? would be
of unambiguous significance for the derivation

(1) (=) Davies, Ann. Report Chem. Soc., (194T); (b) F.
W. Johnson snd L. U. Nash ; J. Am. Chem. Soc., T2, 54T
(1950).

of the hydrogen bond energy, since the molec-
ular structure of these dimers have already
been determined by the electran diffraction
method.® In the same sense, the energy data
of a crystalline substance, of which the struc-
ture is known by the x-ray analysis, will be
also useful for this purpose. The only one
example of such investigation hitherto carried
out is the case of the hydrogen bond energy
for ice.®»® Now that the crystal structure of
pentserythritol is completely determined in-
dependently by one of the present authors and

(2) (a) J. Earle, L. O. Brockway, J. Am. Chem. Soc.,
66, 574 (1944); (b) V. Schomaker, J. U. 0’Gorman, J. 4m.
Chem. Soc., 69,.2638 (1947).

(3) Unfortunstely, the unit cell of ice is not deter-
mined uniquely.

{4) (=) Bernsl snd Fowler, J. Chem. FPhys., 1, 515(1533);
(b) T. Ogura, Busseiron (in Japsnese), No. 12, L. (1M8);
(¢) A. W. Searcy, J. Chem. Phys., 17,.210. (1940).
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by Cox and his co-workers,’®” this substance
may be suitable for the defermination of
strength of hydrogen bond: in the crystalline
state. Thus, we attempted to determine the
heat. of sublimation of this material and com-
pare the results with the calculated values of
the lattice energy.

Experimental

The sample used in the present investigation
is the product 'of Kahlbaum Company. It was
recrystallized from distilled water and was puri-
‘filed by fractional sublimation under high vacuum
(below 1x10—% mm, Hg) at about 130°. By the
method of differential thermal analysis, the
melting point of the extremely purified sample
.finally employed for the experiment was deter-
mined to be 265.5°®, The vapor pressures were
measured by the effusion method, of which we
have already described in a previous paper.(™
"The obtained numerical values are summarized
in Table 1 and the wvapor pressure eguation
derived from these experimental data is given at

the bottom. Some thermodynamical data cal-
culated from it are shown in Table 2.
Table 1
Vapor Pressures of Pentaerythritol
0 Pmrm. 5g  (log ..Pmm. Hg (log Pmm. Hg
x 10 ) opae +3) cates
123.8 1.70 0.230 0.235
126.1 2.25 0.350 0.345
129.8 3.16 0.498 0.496
132.2 3.93 0.594 0.599
134.5 4.96 0.696 0.697
136.9 6.19 0.792 0.791

log Pmm. Hg=14.525—6861.1/T

Table 2

4H, = 31.4 x 0.2 keal./fmole

48, = 53.3 = 0.6 e.u./mole

4G 3., =15.50.4 keal [mole

4H,: Heat of sublimation

48, : Entropy of sublimation

4G : Free energy of sublimation

Calculation of Lattice Energy

(a) van der Waals Energy. —In a series
of papers,® we have calculated the lattice

(5) (=) F. J. Llewllyn, E. G. CoX, T. H. Goodwin. J.
Chem. Soc., 883, 1937; (b) L Nitts, T. Watanabé, Nafure,
140, 385 (1937); Sci. Papers. Inst. Phys. Chem. Research, 34,
1689 (1088).

(6) Ebert, 260.5°; Mark, 252:5°; Seifert, 252°; Schleede,

° . .

(T) J. Nitta, B. Beki, M. Momotani and E. Bato, J.
Chem. Soc. Japan, 71, 878 (19560). .

(8) (s) I Nitts, 8. Seki, J. Chem. Soc. Jupan, 64, 475
(1945); (b) B: Beki,-H. Ohihsrs, Sa.. Papers. OQraka Univ.
1. 1 (1949); (o) I. Nitts, 8. Seki, M. Momotani, J. Chem.
Soc. Japan, T1, 430 (1950)-
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energies of more or less complicated crystals
and ‘showed empirically that the application
of the Slater-Kirkwood formula for the van
der Waals interaction may be used within the
error of about 10% of the observed values.
In these calculations, the contributions of
the atoms or atomic groups, into which the
molecule is splitted, are summed up. The
general agreement between the calculated and
the observed values to about 10% may be
looked upon as suggesting that the higher order
interactions such as Margenau’s force are
roughly compensated by the repulsive forces.®

In the present case of pentaerythritol, the
molecule is splitted into three kinds of force
centers; that is, the central C atom, CH, and
OH groups. According to the Slater-Kirk-
wood theory the interaction energy between
two molecules is given in the form of the
following equation:

3 e ., 1

2 m? T (Q/nme) A+ (ag/ng)*? Rysb

@

where e is the elementary charge, m mass of
electron, i=h /27, n the number of electrons
in the outermost electronic shell, & polariza-
bility of an atom or an atomic group, Ry
distance between the centers of force, suffix ¢
or j denotes one or the other of the considered
pair of the centers.

The molecular arrangement in the crystal
with numbers assigned to molecules for con-
venience is illustrated in Fig. 1. The lattice
constants adopted in the calculation are re-
spectively a=6.074 A. and ¢=8.877A. at 180°.®
The polarizabilities of atomic groups are esti-
mated as follows. To obtain the polarizability
of CH, group, we could make use of either
the difference of molecular refractions cor-
responding to the increase of a CH, group in
the homologous series of normal hydrocarbons
and of normal aleohols or the similar quantities
deduced from the symmetrically branched
hydrocarbon series.®®

For the former two series, there are sufficient
data of refractive indices for wave lengths of
H,, Hg, Hy, and D-line, while the data for the
latter exist only for the wave length of D-line.
Using these velues, it' is possible to calculate
the mean molecular refraction of CH., group
at infinite wave length, (My..) by application

V=

(9) These lattice constants are calculsted from the
experimentsl dats of thermal expsnsion coefficient deter-
mined by x-ray method in this laborstory (unpublished).

(10) We have utilized the refractive indices of
C(CH,) ¢, (CHj) 30(C3Hy), (CHy) 0 (OgHs) 2, (CHy) C (CsHs)
and of C(CqHy) ¢
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Fig. 1.—Crystal structure of tetragonal pentaerythritol
(dotted lines show the hydrogen bonds).

of the Cauchy dispersion formula. In Table
8, there are given mean molecular refraction
of a CH, group from these three sources.

Table 3
Mean Molecular Refraction of CH,y Group
My Mg Mp My Miee

From normal
Fom now }4.72 4.68 4.64 4.81 4.51

From normal
Catnes .}4.73 4.68 4.64 4.61 4.51
From ]

branched ™ I —_  — 4.45 — 4,32

paraffines

* TEgloff, “ Physical Constants of Hydro-
carbon”, (1939).

In Table 8 it can be seen that the values
derived from the upper two series are in very
good agreement with each other, while those
from the third is considerably smaller. The
M. value for the last one is estimated by
assuming the same relative decrement with
wave length as the former. We used the value
of 4.82 for calculation, since the sitmation of
CH, group in pentaerythritol may rather be
approximated to that of the branched chain
hydrocarbon series. The molecular refractions

of a OH group and the central carbon atom
are deduced from the data of normal alcohols
and of branched paraffines. From these values
of molecular refraction at infinite wave lengths
we obtain the polarizabilities of the three
atomic groups, which are tabulated in Table
4'(11)

Table 4
Molecular Refraction(! and Polarizabilities
' Mp Mpew axl0®ce.
CH; group 4.45 4,32 1.709
OH group 2461 2.48 0.981
Central carbon 3.04 2.98 0.928

Inserting these polarizabilities and atomic
parameters into the formula (1) and multipling
by N4/2 (Na; the Avogadro number), we
obtain the results shown in Table 5.

(11) The refractive index of this crystsl measured by
Dr. Eiriyama in this laboratory are w=1.553 and z=1.515
for ordinary and eXtra-ordinary rays, respectively (D-
line). Inserting these values in the Lorentz-Lorenz
formula, we can obtain the values of M,=3127 and Mre
20.27, On the other hsand, assuming the additivity of
stomic refraction, we have obtained from the data listed
in Table 4 the value of molecular refraction; Mp=3128
which is in better agreement with the M, value given
above. .
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Table &

Lattice Energy Contributions of Different Atomic Groups and the
Numbers of Summation Taken in Calculation

van der Waals interactions

Molecule Di;t:ncu between different atomic groups Total
molecule 0 "0~0 O~CH; C~OH OH,~OH; OH;~O0H OH~OH °*
1 6.073 A. 4.5 70.0 94.4 269.9 702.2 1832.7 2473.7
I 8.178 A, 4.0 58.4 48.6 254.3 852.1 71.2 788.6
1 8.590 A, 0.5 7.8 10.0 24,5 65.8 85.4 194.0
v 8.881 A, 0.9 6.8 3.0 20.8 14.2 3.8 48.5
v 10.770°A. —_ 0.8 0.5 3.3 3.4 0.9 8.9
(part of summation) 53.8 797.4  816.4 8280.0 5944.4 6252.8 17144.8
(part of integration) 6 35 23 205 115 95 477
. Total van der Waals energy 17,622 keal./mole
B o oors taken) g 94 94 376 378 376 1984

In this caleulation, van der Waals interac-
tions between the molecule 0 and the first
neighbors (molecules I and. ITI), the second
neighbors (molecules I1I and IV) and the third
one (molecule V) are summed up one by one,
and for the remaining part of these interactions,
summation is replaced by integration, assuming
the uniform distribution of the centers of
attractive forces. As shown evidently in Table
5, the contribution of OH groups to the van der
‘Waals energy is most predominant. It is also
-shown that the part due to integration does
not exceed more than 8 %, indicating the
approximation by integration is sufficient for
the present purpose.

. (b) Electrostatic Energy. —In the cal-
eulation of electrostatic interaction between
free molecules, the dipole model is usually
employed. However, for the molecular in-
teraction in the crystalline state, the point
charge model would be more adequate than
the dipole model, for the intermolecular dis-
tance is much smaller here. In the present
work, we used the point charge model, putting
an effective charge 4& on the nuclear position
of the carbon atom in CH, group, —(&-+&')
on the oxygen atom and —&' on the hydrogen
atom in OH group. Exact estimation of such
formal charges is of course difficult. In the
present case, following the usual method, the
charge & is deduced from the bond moment
0.8D for C—O by dividing this value by the
corresponding bond distance 1.46A. This
comes out to be 0.551x10-° e,s. u., which
corresponds to 11.5% ionic character of this
bond. The value of &' can be estimated in
the same way. However, the cyclic formation
of hydrogen bonds will cause further elongation
of the bond length as well as the increase of
charge distribution of O—H bond. Taking
this circumsthnces into account, we may use

for trial three bond moments of 1.66 D, (bond
moment of the free OH group in aliphatic
alcohols), 1.79 D and 1.98 D, on the assumption
of the normal bond length of 0.96A. These
three values correspond respectively to the
ionic character of 86 %, 89% and 42%. The
formal charges derived from these wvalues are
&'=1.726, 1.870 and 2.015x10~"? e.s.u. re-
spectively. However, for the reason mentioned
above, the latter two values will be preferable.
The electrostatic potential Ve is expressed by
the following equation:

Vol—g

where & is the formal charge of the i-th atom,
&s that of the j-th atom and Ry is the dis-
tance between these point charges. We have
used this equation only for the first and the
second neighbors and the remaining part has
been calculated approximately in the following
manner.
We can rewrite equation (2) as follows:

&y

Res @

ch'—z'z &es _%. &Ei
*5 R—ri+p)| ! | Btayl
— = =
Cy=ps—ry (8)

where ;: is the radius vector of the i-th point
charge from the center of the molecule 0 (see
Fig. 1) and p; is that of the j-th point charge
from the molecular center which is situated at
I? from the center of the molecule 0. For the
contribution of the molecules of*the third
neighbors and of the molecules lying farther
than these, the interation energies become

AE-§ EcE:
“ [R+0't;|

€))
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where. ,§' implies . the summations excluding
the first and the second neighbors. Using the
velation R ® o this can be expanded by the
Taylor theorem. In terms of components of
these vectors 4E becomes,

ZE | (T RS
gy -0 -2 ‘___ &€y

oZ ) (XP+ Y+
=23 38X+ +¥4)+824 4+ 6X7Y?

—A4Z(X+ )} (X + Y +2°)
X %f?{r’-c+ Pot—2r%0) (P*as+ P%ys
+p%5) &€ (5)

where X, Y, Z; 23, Yis, 255 Tot, Tyt Tee 8DA Dyy,
Dysy Pss 8T the th.ree carbes:an components of

the vectors R a'u and p;. Cutting off the
higher term than the sixth, it is found that
the terms involving the first, the second, the
third and the fifth derivatives vanish on ac-
count of the symmetry properties.

The results calcalated by equations (2) and
{5), multiplied by N./2, are tabulated in
Table 6.

Table 6

Electrostatic Energies of Firet and
Second Neighbors

Sort of Number of [Energies per one pair

molecule molecule A B C
I 4 —-3.28 =3.79 —4.35
II 8 -0.72 =0.79 —0.87
111 4 +1.84 42,08 4-2.33
v 2 +0.25 +0.24 40.23
Electréstatic Energy Contributions of
Different Parts )
A B C
First neighbors
(moleules 1 1o m}—ls.ss ~21.48 —24.36)
Second neighbors
(moleculesX and N)}+ 7.86 + 8.80 + 9'78]

Outer part 4+ 0.05 + 0.07 4 0.08**
Total —10.79 —12.61 —14.50
Case A, B and O correspond to the 36 %, 39 %

and 42 % ionic character of OH bond. Unit is

kcal. /mole.
* Calculated by Eq. (2). ** Cale. by Eq. {5).

It is seen that the electrostatic forces of the
gecond neighbors and of the outer part are as
s whole contributing repulsively. This is
evident from the symmetry and arrangement
of the molecules in the crystal.

Energy of Hydrogen Bond in Tetrsgonal Pentaerythritol 67

Dill_:uuion of Results

Adding the van der Waals energy to the
electrostatic one, we obtain three values for the
total energy; 28.59, 80.88,and 82.12 keal./mole
respectively, corresponding to the three degrees
of the ionic characters 86%, 89% and 42 %
of the OH-bond. These values are in general
agreement with the experimental value: 81.4
=+ 0.2 kcal./mole. By the reason mentioned
in the preceding section the latter two of the
calculated values may be more reasonable.
Evidently, to calculate the interaction energy
more exactly, we must take into account the
repulsive energy, the energy due to the induc-
tion effects, the higher -order van der Waals
energy and the resonance energy. However,
as described at the beginning of the third
seotion, we have seen in many examples that
the van der Waals energies calculated by the
Slater-Kirkwood formula come out nearly
equal to, or somewhat larger than, the experi-
mental values. These facts seem to show
empirically that the repulsive energy is nearly
cancelled by the higher order van der Waals
energies. It may be supposed also that the
contribution of the induction effects will be
small. In the above caleulation, the increment
of formal charge of the OH bond may be said
to take this effect partly into account in a
certain sense. As to the so-called resonance
energy of the hydrogen boad, it is estimated
from the deuterium and other effects that its
contribution for the present bond length of
hydrogen bond is very small as compared with
the electrostatic contribution. Hence, it may
be neglected withont introducing any serious
€rror.

For the estimation of the energy of hydrogen
bond, it should be remarked that the definition
of the energy of hydrogen bond is rather
ambiguous and depending on the methods of
determination. For example, in the case of
dimerization of carboxylic acids, the energy of
hydrogen bond is determined from the tem-
perature dependence ©f equilibrium constant
by the application of the van’t Hoff isochore.
Therefore, the energy obtained in this way
involves that of reorganization of the dissociated
molecules and does not correspond exactly to
the hydrogen bond energy in the state of
dimeric association.

Furthermore, it is uncertain whether we
should take into consideration the interaction
energy only of the atoms directly concerned
with hydrogen bonding, or, in addition to it,
the energy due to the remaining atoms. Tt is
actually known that the effect of hydrogen
bond upon the state of the remaihing atoms
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will modify the interaction energy.

For- the estimation of the magnitude of
hydrogen bond energy in this crystal, neglecting
the energy of reorganization, there may -be
considered, for the .present; following three
cases. Of .these the simplest may be such

energy defined .as interaction enpergies only .

between OH groups which are directly linked
together by the hydrogen bond. From Tables
5 and 6, this is found to.be 5.1 or 5.7 keal./
mole one. hydrogen bond, according to whether
we adopt the case B or C.. The second estima-
tion is as follows. The molecules in this crystal
form distinct layers, in each of which they are
linked together by the hydrogen bonds (Fig.
1). Thus, the work necessary to separate all
the molecules of such a layer may be a second
.definition of the hydrogen bond energy. Fol-
lowing this definition, it comes out to he
about 4.5 or 4.8 keal./mole. Thirdly, it can
be seen in Tables 5 and 6 that, although the
intermolecular distances of molecules I and II
from the molecule 0 are nearly equal, both
the van der Waals and electrostatic energies
are considerably different (Table 7). This dif-
ference may be looked upon as due to the
effect of hydrogen bonding, for the molecule I
is hydrogen-bonded with molecule 0, while the
molecule II is-not. From this point of view,
we obtain as the approximated hydrogen bond
energy the value of 4.68 or 5.16 keal./mole.

Table 7

Difference of Interaction Energy
between Molecule 1 and II

Mole- van der E“’é’.‘i‘r’?;““‘ Total
cule Waals " e,
energy B 0 B C
I —2.47 —-3.79 -—4.35 —6.26 —6.82
1 —-0.79 —0.79 —0.87 —1.58 —1.66
Difference —1.68 —3.00 —3.48 —4.68 —5.16

Comparing the energy of hydrogen bond
with the total lattice energy, it is found thab
in any case the contribution of hydrogen
bonding amounts to approximately two-thirds
of the total energy.®® It can be seen also in
Table 7, as an instance, that, although the
electrostatic contribution makes larger part of
the whole energy, the van der Waals energy
is not at all negligible.

(12) At 187.7°, the tetragonal pentserythlitol trans-
forms into the cubic modification. This phase transition
is intimately related to the bresking of the hydrogen
bond. I. Nitta, B. Seki, M. Momotani, Proc. Japan Acad.,
26 (1950) (9) 25; I. Nitta, 8. Seki, H. Momotani, K. Suznki
8. Nakagawa, Ibid. 26 (1050) (10) 11; I. Nitta, T. Wata-
nabé, 8. Beki, M. Momotani, Ibid. 26 (1950) (10) 19.
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To show such a situation by another ex-
ample, we calculated in the same way as
above, the hydrogen bond energy -of formic
aeid dimer. Moelwyn-Hughes® has already
calculated the electrostatic part of this energy,
adopting the dipole model and neglecting the
contribution of the van der Waals energy.
His results are 8.6 and 18.1 kcal./mole cor-
responding to the O—H---0O distances of 2.85
and 2.55 A., respectively. On the other hand,
Davies" has' calculated the electrostatic con-
tribution of this energy using the point charge
model, and the induction energy by the use
of the dipole: model. The sum of these energies
amounts to 18.4 kcal./mole for the hydrogen
bond distance of 2.67 A. These results seem,
at first sight, to give good agreements with the
experimental value of 14.18 keal./mole.9??
However, they ave both not satisfactory in
such regards that the former used the dipole
model and hydrogen bonds distance which do
not correspond to the actual case, and both
authors do not take into account the contribu-
tion of the van der Waals energy. Thus, we
recalculated the electrostatic energy due to the
point charge model, and the van der Waals
energy, using the numerical values of the
polarisabilities of atomic groups and the ionic
character of each bond shown in Table 8. In
this case, the revised molecular configuration.
recently determined by Brockway and others®»
is used. The obtained results are summerized
in Table 9.

Table 8
or Ionic character
J‘};t::.?Jlf:*lic ax 103 Bond mli)orﬁ(elnt ,-2"———&\
group . A B C
0 0.630 C=0 2.50D 429% 44% 46%
OH 0.981 C—0 0.8D 12% 4% 18%
CH 1.350 O—H 1.86D 869% 389% 429%.
C-H 04D 7% 7% 7%

Case A is corresponding to tne observed dipole:
moment.

Table 9
van der Waals energy
O Oy } 1.36
ibid. (excluding O—H--0) 1.37

Electrostatic energy A,12.15; B,13.77; C, 15.17
Total 14.88 16:50 17.89 keal./mole:

It is shown that in this molecule the con-
tribution of van der Waals energy is not so-

(13) Moelwyn-Hughes, J. Chem, Soc., 1938, 1243..
(14) Davles, Trans. Faraday Soc., 36, 883 (1940).
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much as in the case of pentaerythritol, and
still it amounts to about 15% of the whole.
Comparing this result with the experimental
value, the model A 1s apparently in best agree-
ment. However, as already pointed out, it
should be taken into account that the experi-
mental value must contain the energy of
reorganization of the dissociated monomer
molecules. It 18 recognized that in the monomer
state the cis-form 1s more stable by ca. 7
kcal./mole than the trans-form.®> As the shape
of a single molecule 1n the dimer asspciation
state 18 & mudiorm s and #rans, that it will
be less stable by a few kcal./mole than the
cis-form.9% If we assume that almost all

{15) We cannot estimate this energy difference exactly,
b of the change of molecular structure and inter-
stomio distances on dissociation of the dimer into
MONOMmEr.

‘dissocinted monomer' molecnles take thé eis-

form at the. temperature of: experiment,: we
must conzpare: the caleulated value with the
experimental one with an addition of a few
kcal./mole-for such energy of -reorganization.
Thus, it is seen that, again.the case' B or C is
rather in better agreement with the observed
value.

After all, the energy of hydrogen bond for
this substance may be estimated to be about
8 kcal./mole, which 18 somewhat larger than
that of pentaerythritol.
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