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TABLE VII 

M A S S SPECTRAL DATA" FOR (CH3)3N (A.P.I. CATALOG AND OUR 

DATA) AND FOR TRIMETHYLAMINE FROM DEUTERATED CHOLINE 

CHLORIDE 

Trimethylamine from deuterated 
choline chlorides0 

Mass 
(m/«) 

14 
15 
16 
57 
58 
59 
60 

(CHi) iN 
A.P.I. 

6.3 
33.7 

0.5 
7.4 

100.0 
38.7 

1.3 

Ours6 

5.4 
45.5 
0.6 
8.5 

100.0 
44.3 

1.5 

> NCD2-
CH2OH 

6.8 
43.0 

1.1 
7.5 

100.0 
43.7 

1.6 

> NCHi-
CDsOH 

4.9 
37.1 
0.6 
7.5 

100.0 
46.9 

1.8 

> NCH1-
CH2OD 

5.4 
35.0 
0.7 
6.5 

100.0 
45.0 

1.3 

° Relative peak heights. b Trimethylamine, from the radi-
olysis of ordinary choline chloride, after G.L.C. purification on 
dimethylsulfolane. c Representative data only—either two or 
three experiments were done on each deuterated choline. For 
each compound, the separate determinations of trimethylamine 
mass spectra were in good agreement. 

decomposition of crystalline choline chloride. Unfor­
tunately, however, we still have no understanding of 
why choline chloride is so sensitive to ionizing radiation. 
What we now further know about the mechanism, as a 
result of the present work, is : 

(1) The carbon atoms of the ethanol moiety main­
tain their identities during the mechanism leading to 
the production of acetaldehyde—i.e., the oxygen atom 

I. Introduction 
Recently one of us reported a rather naive calcula­

tion of the internal bond angles of the triazine mole­
cule.23 This calculation was based on the assumption 
that the lone pair electrons on the nitrogens are sp2-
hybridized. By performing an approximate calcula­
tion of the molecular energy as a function of the internal 
C-N-C and N-C-N bond angles and by subsequently 
minimizing this expression it was found that the C-N-C 
angles should be 110°, which agrees reasonably well 
with the experimental value4 of 113°. Recently we 
reconsidered this calculation and found a minor error 
in one of the integrals involved. We also noticed that 
the repulsion between the <r- and 7r-electrons had er­
roneously been omitted. If we correct for these two 
effects the theoretical value becomes 114°, as will 
be shown later, and the agreement with experiment 

(1) This study is in part a contribution from the Laboratory for Re­
search on the Structure of Matter, University of Pennsylvania, supported 
by the Advanced Research Projects Agency. The work was also supported 
by a grant from the U. S. Army Research Office (Durham) to the Univer­
sity of Pennsylvania. 

(2) H. F. Hameka and A. M. Liquori, J. Chem. Phys., 24, 1262 (1956). 
(3) H. F. Hameka and A. M. Liquori, Koninkl. Ned. Akad. Wetenschap. 

Proc. Ser. B, 89, 242 (19S6). 
<4) P. J. Wheatley, Acta Crysl.. 8, 224 (1955). 

remains attached to the same carbon, and there is no 
symmetrical intermediate. 

(2) None of the hydrogen atoms of the three methyl 
groups of choline chloride appear in the radiolytically-
produced ace taldehyde. 

(3) The five hydrogen atoms of the ethanol moiety 
show considerable mobility during the radiolysis. I t is 
difficult to give quantitative values for these hydrogen 
transfers, particularly since H-D isotope effects are 
involved, but the following intramolecular processes do 
occur: 

(a) Unexpectedly, protons (sometimes both) may 
be lost from the N-methylene group during its transition 
to the methyl group of the ace taldehyde. Hydrogen 
from this group may appear in the CHO group of the 
acetaldehyde. Far more often (10-20 times) an N-CH2 
hydrogen is simply eliminated from the ethanol moiety 
and appears as HCl. 

(b) O-Methylene hydrogens appear to have about 
equal probabilities of elimination and of appearance in 
the acetaldehyde methyl group. 

(c) Hydroxyl hydrogens usually are eliminated, 
but their elimination probability is only about twice that 
of their appearance in the acetaldehyde methyl group. 
This latter appearance is, in turn, about ten times as 
probable as appearance in the acetaldehyde CHO group. 

(4) Although they are only minor processes, inter-
molecular hydrogen transfers do take place. Transfers 
to another molecule occur in the cases of the N-meth­
ylene and hydroxyl hydrogens, but do not involve O-
methylene hydrogens. 

becomes almost perfect. However, it is easily shown 
that this good agreement cannot be anything but fortui­
tous. For this purpose we draw a comparison with the 
results of much more exact and complete calculations, 
for example the work of Ellison and Shull6 on the water 
molecule. These authors found that the theoretical 
H-O-H angle is about 120°, which differs by 15° 
from the experimental value of 105°. Since this 
calculation, which is much more reliable than our work 
on s-triazine, gives such a large difference between the 
theoretical and experimental bond angles, we are forced 
to conclude that the excellent agreement that we ob­
tain for 5-triazine must be coincidental. 

However, it is important to speculate about the nature 
of the coincidence: Is the good agreement between 
theory and experiment only a freakish occurrence, 
limited to the triazine molecule only, or is it caused 
by the fact that in stating our basic assumptions we 
fortunately derived a general method to perform a reli­
able calculation of the part of the molecular energy that 
depends on the bond angles? One way of finding the 
answer to this question is to perform a complete calcula­
tion of the molecular energy of triazine, but this would 
be such a difficult problem that we do not even wish to 

(5) F. O. Ellison and H. Shull, J. Chem. Phys., 23, 2348 (1955). 
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Bond Angle Calculations in Aromatic Nitrogen-containing Heterocycles1 

BY HOJING KIM AND H. F. HAMEKA 
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A calculation is performed of the bond angles in pyridine, pyrazine, pyridazine, pyrimidine, s-triazine and 
i-tetrazine by considering interactions between the cr-electrons only. First the approximate molecular energies 
are determined as functions of the various bond angles which are then obtained by a subsequent minimalization 
of the energy. The agreement between theory and experiment is reasonable for pyrazine, s-triazine and s-
tetrazine and poor for pyridine and pyrimidine. The possible significance of this trend is discussed. 
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try. There is a second, less rigorous, but more practical 
way to arrive at an answer. Here we perform the same 
calculation on a series of different molecules. If the 
agreement between theory and experiment is satis­
factory for all molecules that we have considered, 
we may claim that we have accidentally derived a 
reliable theoretical description for the phenomenon 
that we are studying. If the agreement is good for some 
molecules, but poor for others, we may try to correlate 
the agreement with some chemical properties of the 
molecules that have been considered and thus try to 
predict for which additional molecules our theoretical 
description might give reasonable results. This pro­
cedure may almost be called the experimental approach 
to theoretical chemistry; it has been widely applied, 
especially to larger conjugated organic molecules. 
For example, the Hiickel MO description of ir-electron 
systems and many of its refinements fall in this category. 

In this paper we wish to apply this experimental-
theoretical approach to a study of the internal bond 
angles of six-membered aromatic ring systems, com­
posed of carbon and nitrogen atoms. Calculations are 
performed on pyridine, pyrazine, pyridazine, pyrimi-
dine, s-triazine and s-tetrazine. An inspection of the 
available experimental values of the internal bond 
angles in these molecules shows that the C-N-C, 
C-N-N and N-N-N bond angles are consistently 
smaller than 120°, whereas the C-C-C, C-C-N and 
N-C-N angles are generally, but not always, larger 
than 120°; the deviations are always less than 10°. 
We wish to investigate the possibility that these varia­
tions in the bond angles may be explained assum­
ing an sp2-hybridization of the lone pair electrons on 
the nitrogens and by considering the energy of the <r-
electrons only. This approach is based on the belief 
that the effect of the ir-electron distribution on the 
molecular dimensions is negligible in this case. 

The theoretical results are obtained by calculating 
and minimizing the molecular energy as a function of 
the bond angles. An essential condition for the applica­
bility of the theory is that the bonds are not bent; 
that is, that the hybridized atomic orbitals point exactly 
in the directions of the corresponding adjacent nuclei. 

Let us now consider the details of the energy calcula­
tions. In previous work on the .v-triazine molecule23 

the part of the energy that depends on the bond angles 
was taken as a sum of three contributions: (1) the 
repulsion energy between electrons in the various ad­
jacent bonds and lone pairs; {'2) the energy of the 
C-H and C-N bonds; and (3) the energy necessary to 
bring the atoms to their valence states, which depends 
on the promotion energy—that, is the energy required 
to promote an electron from a 2s- to a 2p-state. We 
discovered that there is a fourth comparable contribu­
tion to the molecular energy which may influence the 
calculation of bond angles, namely the Coulomb repul­
sions between the ir- and c-electrons. In addition, we 
discovered a minor error in one of the integrals that 
occur in the calculations; we plan to correct for this. 

Apart from the many approximations that are in­
herent in our proposed model, we will introduce some 
additional simplifications. In evaluating the interac­
tions between the electrons, only the Coulomb terms are 
considered and all exchange integrals are neglected. 
Furthermore, all overlap charges are not explicitly 
considered and only short range interactions are taken 
into account. 

Apparently we cannot even attempt to estimate the 
possible errors due to our approximations. All that 
we can say is that the approximations are consistent 
with one another. Therefore the significance of our 
approach depends completely on the accuracy of our 
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Fig. 1.—Hybridized atomic bonding and lone pair orbitals of 
nitrogen. 

results; if the agreement between theory and experi­
ment is good, we may conclude that we have derived 
a reasonable theory, even if it lacks a proper founda­
tion; otherwise our method is obviously not practical. 
It should be pointed out that the same criteria should 
be applied to Hiickel MO calculations on organic con­
jugated molecules. 

II. Energy Calculations 
A detailed account of the calculation of the molecular 

energy as a function of the bond angles along the lines 
indicated in section I may be found in previous work.3 

It may be helpful to repeat the main points of the argu­
ment. 

Before calculating the energy we must construct the 
molecular wave function. Since we intend to neglect 
exchange terms, this function may be represented as a 
single product with each factor containing one or more 
hybridized atomic orbitals. Each hybridized atomic 
cr-orbital will be constructed from atomic Slater or­
bitals s, px and py, where we take the z-axis perpendic­
ular to the plane of the molecule. The atomic Slater 
orbital pz is taken to participate in the formation of the 
ir-bonds. If we take the direction of the lone pair on 
a nitrogen atom as the x-axis then we obtain the fol­
lowing hybridized orthonormal orbitals (see Fig. 1) 

h = as* + (1 - O')»'»PXN 

I2 = i/2 V2( l - a*)i<*sN - 1/2 V2a£XN + 1A V2>yN 

«3 = 1A V2( l - a'yi*st, - 1A V2a£XN - 1 A ^ y N (D 

where the bond angle a between the bonding orbitals 
/2 and h is given by 

a = cotg :A« (2) 
Similarly, we have for a carbon atom the hybridized 
orbitals 

M1 = bsc + (1 - i2)"2Kc 
«2 = 1A ^ 2 ( 1 - b'y'sc - 1A V26/, l 0 + 'A ^2pyc 

U3 = 1A V^(I - bWsc - 1A ^2bpsC - Vi ^2pyc (3) 
if we take the x-axis here along the C-N bond. The 
bond angle /3 between the orbitals M2 and K3 is deter­
mined by 

b = cotg lA3 (4) 

Each hybridized u-orbital contains an unknown 
parameter a or b, which may be directly connected 
with the bond angle on the corresponding atom through 
eq. 2 or 4. It may be helpful to observe that in the 
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Fig. 2.—Molecules and definitions of bond angles that are calcu­
lated. 

case of three equivalent sp2-hybridized orbitals the 
hybridization parameter is 3~1/2 and the bond angles 
are all 120°. If a or b become smaller than 3~1 /2 

the angles a or /3 become larger than 120° and vice 
versa. 

Since we plan to neglect the exchange integrals in 
evaluating the molecular energy we will represent the 
molecular wave function of the <r-electrons as a product 
of one-electron functions, where each one-electron func­
tion corresponds to either a c-bond or lone pair and 
may be derived from the functions defined in eq. 1 
and 3. This molecular wave function will be used as a 
basis to calculate the various contributions to the 
molecular energy that were mentioned in section I as 
a function of the various parameters a and b. 

We first consider the Coulomb repulsions between the 
a and lone pair electrons centered on one particular 
nitrogen atom or between the cr-electrons on one par­
ticular carbon. If we neglect the exchange integrals, 
the variations in electronegativity and the overlap 
charges we may approximate these energies by 

Ec = 2Ui,2 + Ui,, 
£N' = Tul + 4rll2 + r2l! (5) 

where 
Un.m = < « n ( l ) « m (2) \(e»/m) \un ( l ) « m ( 2 ) > 

r n , m = Ktn (l)*m (2) |(e2/r12) \tu (l)«m (2)> (6) 

By substituting eq. 1 and 3 we may express the energies 
in terms of the integrals I and / , whose definitions and 
numerical values are reported in Table I. 

TABLE I 

DEFINITIONS AND VALUES OP THE ATOMIC INTEGRALS K FOR 

NITROGEN" 

Definition Integral 

/ l 

Ii 
h 
h 
h 
U 

< 0 * N ( 1 ) pM2)he*/rii)\pxnW pM2)> 
<«f( l ) SN(2) (f ' / rn) SN(1) S N ( 2 ) > 

Value 

100.2 
93.0 
89.4 
93.0 

5.4 
20.6 

<£*N(l)£y N(2) (e>/ra)\pxx(l) py*(2)> 
<«j ( l ) PMZ) (eVi2)| SN(1) pM2)> 

< £ * N ( 1 ) £yN(2) (e'/fu)I pyn(l) PM2)> 
<tt»(l) PM2) (e2Ai2)| ^ N ( I ) S N ( 2 ) > 

° The energies are expressed in terms of Qs = (aNe2/512ao), 
where qs is the effective nuclear charge of the nitrogen Slater 
orbitals. The corresponding integrals /k for carbon are similarly 
defined; they have the same values if they are expressed in terms 
of Qo = (2ce7512<z0). 

E 0 = 3/t(-Ji + Ji + iJtW + '/2(2J1 + J1-
J3 - 2Ji - 2Jb - 4Je)b' + const. 

E N ' = s/i(-I, - Ii + 2Ii + 4/6)a4 - 1A(SZ2 -
3I3 - 2h - 476)o

2 + const. (7) 

We should also consider the Coulomb repulsions be­
tween the 7r-electron centered on the nitrogen and the 
corresponding cr-electrons (the analogous term for the 
carbons does not depend on the hybridization param­
eter) . This energy term is given by 

E N " = (J4 - /s)a2 + const. (8) 

and the sum E^ of EN' and .EN" is 
EN = 3A( -Ii - J2 + 2/4 + 4h)a* - VsOJs -

5J3 + 2Ii - 2I-, - 4J6)a
2 + const. (9) 

Substitution of the values of Table I yields 
E0 = 18.8Qc (364 - 2b2) + const. 
E N = 18.8<2N (3a4 - 2a2) + const. (10) 

where Qc = (gce2/512a0) and Qx = (<7Ne2/512a0). 
The quantities qc and <?N are the orbital exponents for 
the carbon and nitrogen Slater orbitals; their values 
will be taken as 3.18 and 3.90, respectively. 

The various bond energies may all be calculated from 
the formula 

EXY = -SXY (1 + SXY ) " ' (Ix Ir)1 ( H ) 

which was first proposed by Mulliken.6 Here £ x y 
is the energy of bond XY, / x and iy are the ionization 
potentials of atoms X and Y, respectively, and 5XY 
is the overlap integral of the hybridized orbitals form­
ing the bond; it will in general depend on the hybridiza­
tion parameters a or b of the orbitals on atoms X and Y. 
The numerical values of the overlap integrals may be 
obtained from the tables of Mulliken, Rieke, Orloff 
and Orloff.7 

A final contribution to the molecular energy arises 
from the orbital energies of the electrons in the various 
hybridized atomic orbitals. The part of the energy 
that depends on the hybridization parameters contains 
only the difference in energy AN between electrons in a 
2p- and a 2s-state on a nitrogen. For one nitrogen 
atom this energy may be approximated by 

ENp ANa2 (12) 

We will take AN equal to 5.12 e.v. (seeref. 3). 
The part of the total molecular energy that depends 

on the hybridization parameters may now be repre­
sented as 
E = Sc(Eo + ECH) + S N ( E N + E N " ) + 

S(E 0 0 + E0N + ENN) (13) 

where we have to sum over all atoms and bonds. 
This is a function of six hybridization parameters, 
and consequently a function of the six internal bond 
angles. We have determined the minimum of this 
function for a series of six-membered heterocyclic 
molecules containing carbon and nitrogen atoms by 
varying all six internal bond angles in each case with 
the auxiliary restriction that the sum of the bond angles 
is 720°. The sets of bond angles for which the energy 
minima occur have been reported in Table II and Fig. 
2. 

III. Results and Discussion 
The calculations were performed for the molecules 

pyridine, pyrazine, pyridazine, pyrimidine, 5-triazine 
and 5-tetrazine (see Fig. 2). Experimental bond angles 
are available for pyridine,8 pyrazine,9 pyrimidine,10 

5-triazine4 and 5-tetrazine.11 The root mean square 
deviation between the theoretical and experimental 
values is 3.8°; the deviation is largest for the angle 8 

(6) R. S. Mulliken, J. Am. Chem. StX., 72, 4493 (1930). 
(7) R. S. Mulliken, C. A. Rieke, D. Orloff and H. Orloff, J. Chem. Phys., 

IT, 1248 (1949). 
(8) B. Bak, L. Hansen and J. Rastrup-Anderson, ibid., 32, 2013 (1954). 
(9) P. J. Wheatley, Acta Cryst., 10, 182 (1957). 
(10) P. J. Wheatley, ibid., 13, 80 (1960). 
(11) F. Bertinotti, G. Giacomello and A. M. Liquori, ibid., 9, 510 (1956). 
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TABLE II 

CALCULATED BOND ANGLES AND THEIR EXPERIMENTAL VALUES 

Molecule 

Pyridine 

Pyrazine 

Pyridazine 

Pyrimidine 

5-Triazine 

s-Tetrazine 

Angle" 

a 

0 
7 
S 
a 

0 
a 

0 
y 
a 

0 
y 
S 

a 

0 
a 

0 

Calcd. 

110° 
121 
122 
123 
112 
124 
113 
124 
123 
111 
124 
125 
124 
114 
126 
115 
130 

Exptl. 

117° 
124 
118.5 
118 
115 
122.5 

115 
128 
123 
116 
113 
127 
116 
127 

Ref. 

8 

9 

10 

4 

11 

° The various angles are denned in Fig. 2. 

in pyrimidine where we predict a value larger than 120° 
and the experimental result is smaller than 120°. 

In judging the values in Table II we should bear 
in mind that we actually calculate the bond angle 
deviations from 120°. It follows then that the agree­
ment between calculated and experimental values 
is good for s-triazine, reasonable for s-tetrazine and 
pyrazine and poor for pyridine and pyrimidine. It 
seems that the agreement becomes better as the mole­
cules have higher symmetry. 

In section I we already mentioned that our calcula­
tions contain so many approximations that it is dif­
ficult to judge the accuracy of the results from purely 

theoretical arguments. However, we can make some 
qualitative statements. The concept of sp2-hybridized 
lone pair orbitals on the nitrogen and the resulting 
theory tend to favor a decrease of the bond angles on 
the nitrogens and an increase of the bond angles on the 
carbons, as follows from the formulas in section II 
and from previous considerations.3 It seems that the 
formulas that result from this concept give a reasonable 
quantitative prediction for these deviations for the 
more symmetric molecules; whether or not this is 
fortuitous is still undecided. This gives us some 
grounds for concluding that for the more asymmetric 
molecules like pyridine and pyrimidine there may be 
some additional effects, apart from the sp ̂ hybridiza­
tion of the lone pair electrons, that play a role in de­
termining the molecular dimensions; for example, 
the interaction between the .!--electrons, the bending of 
bonds, etc. We are tempted to believe that the rela­
tive importance of these additional effects is less for 
s-triazine, s-tetrazine and pyrazine. Whatever the 
accuracy of our considerations is, they show clearly 
that serious errors may result if an attempt is made to 
calculate the molecular dimensions by considering the 
7r-electron interactions only. 

Finally, it may be interesting to speculate about the 
possibility of extending the above method to bond 
angle calculations in other molecules. In five-mem-
bered heterocycles, such as furan, thiophene, etc., it 
is fairly certain that the bonds are bent. This means 
that some additional parameters have to be introduced 
in the energy calculations, namely the angles between 
the directions of the hybridized orbitals and the cor­
responding actual bonds. For more complex aromatic 
molecules, containing more than one ring system, the 
interactions between the 7r-electrons probably play a 
significant role. 

[CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY, N E W MEXICO INSTITUTE OF M I N I N G AND TECHNOLOGY, SOCORRO, N. M.] 

A Correlation of Volume of Activation, Solvent Polarity and Reactant Charge Type for Various 
Organic Reactions 

B Y K . R . B R O W E R 

RECEIVED JANUARY 8, 1963 

The volumes of activation for organic reactions of various charge types, the partial molar volumes of several 
organic solutes, and the volume changes of several reactions have been measured for solvents of contrasting polar­
ity. I t is found that reactions which involve no change of polarization have essentially the same volume of 
activation in polar and non-polar solvents, whereas the variation of activation volume for reactions in which 
ions are created or destroyed amounts to a substantial fraction of the variation of partial molar volumes of 
electrolytes. A semiquantitative measurement of transition state polarization is thereby provided. 

Introduction 
_ It has long been recognized that the volume of activa­

tion for reactions in solution reflects not only the in­
trinsic difference in molecular dimensions of the transi­
tion state and reactants, but also the difference in their 
degrees of solvation.1 For certain reactions of alkyl 
and aryl halides with amines the separation of these 
effects has been attempted by changing the polarity of 
the solvent and noting the effect on the volume of 
activation.2 This method for diagnosing polarization 
changes in the activation process appeared sufficiently 
promising to warrant a test for its reliability for a 
variety of reactant charge types and solvents. The 
correlation of reaction rate with solvent polarity for 

(1) S. D. Hamann, "Physico-Chemical Effects of Pressure," Butterworths 
Scientific Publications, London, 1957. 

(2) (a) K. R. Brower, J. Am. Chem. Soc, 83, 4370 (1961); (b) K. R. 
Brower, ibid., 81, 3504 (1959); (c) B. S. El'yanov and M. G. Gonikberg, 
Doklady Akad. Nauk SSSR, 130, 545 (1960); (d) A. P. Harris and K. E. 
Weale, J. Chem. Soc, 146 (1961). 

various charge types has been investigated by Ingold 
and others,3 and the present study was planned along 
similar lines. The following set of charge types was 
selected 

i 
neutral < ion + ion 

2 

neutral + ion ' 

neutral • neutral 

An effort was made to restrict the choices to reactions 
whose mechanism have already been thoroughly 
studied; thus, type 1 was exemplified by the Menschut-
kin reaction, 2 by nucleophilic substitution on quater­
nary ammonium ions and sulfonium ions by phenoxide 
ion, 3 by nucleophilic substitutions on an alkyl halide 

(3) C. K. Ingold, "Structure and Mechanism in Organic Chemistry," 
Cornell University Press, Ithaca, N. Y., 1953, Chap. VII. 


