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The mean molar susceptibilities of some methyl derivatives of benzoic acid have been measured. From
these measurements and the calculated value of the in-plane susceptibilities (K;, K,) of each molecule, the
semiexperimental magnetic anisotropy of the acid molecule has been determined. The obtained magnetic data
are explained on the basis of the hydrogen bonding systems of these molecules.

The peculiar magnetic properties of aromatic com-
pounds (besides exaltation, there are large magnetic
anisotropies and anomalous nmr chemical shifts) are
widely held to be results of the relatively large magnetic
moment induced in the fully delocalized n-electrons
characteristic of these molecules.!-® This has come
to be called the ‘“ring current.” The contribution
of the ring current to the magnetic susceptibility is
amenable to theoretical calculation. The literature in
this field is extensive.t~9

Although the contribution of the ring current to
the magnetic susceptibility is comparatively large and
is the main cause of the anisotropy of the diamagnetic
susceptibility of a molecule,® yet other contribution
of o-electrons and localized z-electrons are also im-
portant.1® Hoarau!!) suggested that the ring current
probably accounts for not more than half of the ob-
served anisotropy of benzene. He discussed the ani-
sotropy of benzene and other aromatic hydrocarbons
according to the scheme:

AKopsa = AKvondon + AK, + n>SAK, . (l)
The first term is the anisotropy according to London
theory, i.e. the component due to the ring currents
in the delocalized m-electrons; the second term repre-
sents the anisotropy due to ¢-electrons, and the third
term is the sum of anisotropies due to localized z-
electrons. The effect of the last term is to increase
the anisotropy, not through the usual enhancement
of the out-of-plane susceptibility (Kj;), but by a de-
crease in the in-plane susceptibilities K; and K,.
Davies'® calculated the m-electron susceptibility AK*
of benzene and other system and gave the empirical
equation :12)

AK" = K3 — S Xatomie (2)
where Kj is the experimental out-of-plane susceptibility.
A more recent calculation of AK® was given by
Edwards and McWeeny.® A complete discussion of
the use of ring current concept in the magnetic sus-
ceptibility, magnetic anisotropy and nmr chemical shift
was given recently by Gomes.13)

In general, the principal susceptibilities (K;, K,, and
K;) and therefore the anisotropy of the diamagnetic
susceptibility for a molecule can be found from the
measured values of the crystal susceptibilities (%, Xq,
and 13) along the principal axes of the crystals, com-
bined with the orientation of the molecule in it. The
set of equations that commonly used is:

%1 = K, cos?a; + K, cos?a, + K cos?a,,
X2 = K cos?B; + K, cos®B, + K cos2B,, (3)
%3 = K cos?y; 4+ K, cos?y, + K, costy,,

where (cos a;, cosf;, and cosy,) are the direction
consines of K, relative to the axes of the triaxial ellip-
soide. These direction consines are determined from
the atomic coordinates as given by X-ray structure
analysis, but after performing the transformation needed
for systems other than the orthogonal one. Several
investigators have been made in this way.14-21) Ac-
cording to Akamatu,® such a method is the orthodox
one. Recently both the magnetic susceptibility and
the anisotropy are calculated semiemperically or theo-
retically.6-8,22-24)

In this paper, the method suggested by Hoarau!V)
is used. Accordingly, the value of (1/2)(K;4K3)ce1ea
is given by:

(1/2)(K1+K2)ca1cd = 3 Xatomic + 70, (4)

where n is the number of trigonally hybridized carbon
atoms and « is a constitutive correction (=~-43.8x
10-% emu mol-?!) expressing quantitatively the effect of
AK, of Eq. 2 on the in-plane susceptibilities.
Since the magnetic anisotropy of a molecule is given

by

AK = Ky — (1)2)(K;+Ky),
and

X = (1/3) (K + Ky + Ky),
therefore

AKgemi = 3[15* — (1/2) (K + K)].

Experimental

The compounds studied in this paper are:
a) o-Methylbenzoic acid (o-Toluic acid).25
b) m-Methylbenzoic acid (m-Toluic acid).2®
c) p-Methylbenzoic acid (p-Toluic acid).??

Fig. 1. The 8-membered ring.
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d) 2,6-Dimethylbenzoic acid.?®
e) 3,5-Dimethylbenzoic acid.?®
f) 2,3,4-Trimethylbenzoic acid.?®
g) 2,4,6-Trimethylbenzoic acid.?®
h) 3,4,5-Trimethylbenzoic acid.3V

The unit cell parameters of these compounds were pre-
viously obtained by different authors.?-3) The purity of
these compounds was tested by measuring their melting
points. Purification by vacuum distillation and/or recrys-
tallization from suitable solvents were carried out when
the melting point of the compound is slightly different from
those given in the literatures.

The Gouy method was employed for the measurements of
the mean magnetic susceptibility of each compound. The
apparatus consists essentially of an electromagnet and a
sensitive Mettler balance. The magnetizing current is taken
from a stabilized unit supplied with the electromagnet. The
degree of stability of current amounts to 10—%. The elec-
tromagnet is kept in a glass cabinet on top of which a sensitive
Mettler balance is placed.

The purified material was finely powdered and was uni-
formally packed in the specimen tube. The later was made
of Monax glass fitted with a glass stopper. The specimen
in its container was suspended from one arm of the Mettler
balance whose accuracy is 105 g. Suspension was done
such that the tube is symmetrical with the pole pieces; its
bottom being in the strong part of the field and the top well
outside the field gap. The effect of the container and the
correction of porosity of the packed powder were taken
into account. Among a series of measurements, the calibra-
tion was checked with naphthalene and with benzoic acid.

In the Gouy method random orientation might be assumed
since good powdering and packing were followed. The
results obtained from adopting such a procedure gave con-
sistent diamagnetic susceptibilities values with accuracy better
than 19%,.
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Results and Discussion

The specific susceptibility Z,, the observed molar
susceptibility Xi** and the calculated molar suscep-
tibility Xi#'** according to Pascal-Pacult method are
given in Table 1. The atomic susceptibilities and the
constitutive corrections (in 10-% emu mol-1) used in
these calculations are:

,0
Xc = —-7.4’, X = —2.0, Xc = —15.15,
NO

Yo = —5.30, Apengene = —1.40, Acm, = —0.85

These values were given by Hoarau. For the CH,
group, its magnetic susceptibility is taken as —13.24 x
10-¢ emu mol-1.32)

It can be seen from Table | that the observed values
of the molar susceptibilities of the o-, m-, and p-meth-
ylbenzoic acid are not equal. The slight difference
(about one unit) in the x%* of the o- and m-compound
can be explained in terms of positional isomerism.
According to Sriraman,®) the CH, group is o-p di-
recting and when substituted in the benzene ring gives
higher value for ortho than for meta or isomers. The
order of susceptibility should therefore be o0-> p->m-.
French3® pointed out that such an order should nor-
mally be expected. Since the CH; group is not strong
0-p directing and no evidence exists for resonance in
these compounds,?4:2") therefore the difference in X%
is expected to be small. The results shown in Table
1 support these rules.

In Table 2, the values of (1/2)(K;+K,), the out-
of-plane susceptibility (K;) and the semiexperimental
magnetic anisotropy (AK,,.;) of each compound are
listed. For the benzoic acid, 1%**=—71.00x 10—¢ emu

mol-Y,  (1/2)(K;+K}) ca1ea=—47.80 X 10-6 emu mol-1
TaBLE 1. OBSERVED AND CALCULATED MAGNETIC SUSCEPTIBILITIES®)

Compound Mol wt As e xseted Axu
o-Methylbenzoic acid 136 —0.6117+0.001 —83.20 —85.04 —1.84
m-Methylbenzoic acid 136 —0.6036+0.001 —82.10 —85.04 —2.94
p-Methylbenzoic acid 136 —0.6073+0.002 —82.60 —85.04 —2.44
2,6-Dimethylbenzoic acid 150 —0.6300+0.002 —94.50 —97.13 —2.63
3,5-Dimethylbenzoic acid 150 —0.624040.001 —93.60 —97.13 —3.53
2,3,4-Trimethylbenzoic acid 164 —0.6420+4-0.001 —105.30 —109.22 —3.90
2,4,6-Trimethylbenzoic asid 164 —0.645140.002 —105.80 —109.22 —3.42
3,4,5-Trimethylbenzoic acid 164 —0.64024-0.001 —105.00 109.22 —4.22
a) Throughout this paper all values of x’s, K’s, Ax’s and AK’s are to be multiplied by 10~® emu mol-2.

TABLE 2. SEMIEXPERIMENTAL MAGNETIC ANISOTROPIES
Compound > Xatomie (1/2) (Ky+ Ky)earea K, AKgomi

o-Methylbenzoic acid —85.8 —59.20 —131.20 —72.00

m-Methylbenzoic acid —85.8 —59.20 —127.90 —68.70

p-Methylbenzoic acid —85.8 —59.20 —129.40 —70.20

2,6-Dimethylbenzoic acid —97.20 —70.60 —142.30 —71.70

3,5-Dimethylbenzoic acid —97.20 —70.60 —139.60 —69.00

2,3,4-Trimethylbenzoic acid —108.60 —82.00 —151.90 —69.90

2,4,6-Trimethylbenzoic acid —108.60 —82.00 —153.40 —71.40

3,4,5-Trimethylbenzoic acid —108.60 —82.00 —151.00 —69.00
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TaABLE 3. CONTRIBUTION OF THE HYDROGEN BONDING

Compound AKmol AKbenzene 4 AKseml AKcalcd 4
o-Methylbenzoic acid —45.40 —38.20 —-7.20 —72.00 —65.00 —7.00
m-Methylbenzoic acid —42.10 —38.20 —3.90 —68.70 —65.00 —3.70
p-Methylbenzoic acid —43.60 —38.20 —5.40 —70.20 —65.00 —-5.20
2,6-Dimethylbenzoic acid —45.10 —38.20 —6.90 —-71.70 —65.00 —6.70
3,5-Dimethylbenzoic acid —42.40 —38.20 —4.20 —69.00 —65.00 —4.00
2,3,4-Trimethylbenzoic acid —43.30 —38.20 —5.10 —69.90 —65.00 —4.90
2,4,6-Trimethylbenzoic acid —44.80 —38.20 —6.6 —71.40 —65.00 —6.40
3,4,5-Trimethylbenzoic acid —42.60 —38.20 —4.4 —69.00 —65.00 —4.00

A= AK'1o1— AK'penzene and A= AKgomi— AKcaica-

and AK,,,,=—69.60x10-® emu mol-1. The observed
magnetic data of this compound (in 10~% emu mol-1)
as previously obtained by the author®-18) are:

K, = —48.09, K, = —46.09, K, = —117.32,
(1/2)(Ky+ Ky)opsa = —47.53 and AK = —69.79

It is clear that the values of (1/2)(K;+K,).p.q and
that calculated according to Eq. 2 are identical. This
can be regarded as a check on the accuracy of this
method. It is of interest to correlate the magnetic
data of these molecules with their hydrogen-bonding
systems.

In the crystalline state, these compounds are strongly
hydrogen-bonded. The main feature of the crystal
structure of the acid molecules is that, each two mole-
cules are associated by intermolecular hydrogen bond-
ing to form dimer. The carboxyl groups of the two
molecules and the hydrogen bonds form an 8-mem-
bered ring. In recent years much attention has been
paid to study the effect of hydrogen bonding on the
magnetic properties of aromatic compounds.

Preliminary results on a general investigation of dia-
magnetism and hydrogen bonding were discussed by
Rumpf and Seguin.?? They used Pascal-Pacault meth-
od for the calculation of the mean susceptibility X'
of some aromatic molecules associated with hydrogen
bonds. Upon comparing the calculated value of x§'e
of a given molecule with its observed one, a lowering
was observed. They attributed this small difference
between the calculated and the observed values of
Xy to the effect of the hydrogen bonding. The ap-
plication of this method on the compounds under
investigation is shown in Table 1. The small dif-
ference AX, between Xi'** and X¥* may be due
to the contribution of the intermolecular hydrogen
bonding of these molecules. This conclusion was con-
firmed recently by Haberditz]3® on a similar work,
who observed that a change in diamagnetism of 1—
5% is obtained on the formation of the hydrogen
bonds.

According to Lonsdale,3” any satisfactory study of
the effect of the hydrogen bonds on diamagnetism
must take into account the three principal suscepti-
bilities (K,, K,, and Kj3) of the molecule. Furthermore,
Mason®®) showed that the hydrogen bond can give
rise to electron delocalization resulting in magnetic
anisotropy. The effective delocalization term AK’ as
given by Mason, Davies,!? and by Craig®) is

AK’ = K3 — S Xatomic-

Constitutive corrections are not used.l For benzene
ring, K;=—94.60x10-% emu mol-14) and 3¥,.,0mie=
—56.40 X 10— emu mol-1, thus the value of AK’ is
—38.20 X 10~% emu mol-'. This value of AK’ for ben-
zene ring is in agreement with a value of —37.80 %
10-% emu mol-! as calculated recently by Edwards and
McWeeny.® The values of the effective delocalization
term of each compound are shown in Table 3. As
can be seen from Table 3, the value of AK’ of each
molecule of the eight compounds is numerically higher
than that of the benzene ring. This may be due to
the additional delocalization resulting from the inter-
molecular hydrogen bonding of these molecules as sug-
gested by Mason.

The contribution of the hydrogen bonding on the
magnetic anisotropy of the molecule may also be
investigated by comparing the semiexperimental mag-
netic anisotropy with the calculated one. The most
recent calculated values of the magnetic anisotropy
(in 10-% emu mol—?) of the benzene ring are: —60.90,%
—58.61,% —60.24,22) and 60.00.23) Its observed that
magnetic anisotropy is —59.70.49 The magnetic ani-
sotropy of the benzene ring is taken as —60.00 through
this paper. The magnetic anisotropy of the COOH
group is —5x 10-% emu mol-1.20 The CH, group or
(groups) is or (are) assumed to be magnetically iso-
tropic. Thus the magnetic anisotropy of any acid
molecule is —65 X 106 emu mol-1. The difference be-
tween the semiexperimental anisotropy and the cal-
culated one is taken as the effect of the hydrogen
bonding.

From Table 3, it is clear that the numerical increase
in the semiexperimental magnetic anisotropy over the
calculated one for one molecule is about —5x10-%
emu mol-1. Thus for one dimer (two molecules), this
contribution is about —10Xx10-% emu mol-l. Re-
ferring to the crystal structures, this value is ascribed
to the magnetic anisotropy of an 8-membered ring
formed by the two hydrogen bonds linking the two
molecules of the dimer.
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