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ABsTRACT

Theoretical analysis by simple molecular orbital-perturbation method has shown that the
characteristic shift in the electronic spectra of various methyl and tertiary butyl phenols could
be understood in terms of hyperconjugative and inductive effect of the alkyl groups on the
m-electronic energy levels of phenol.

It has been known for a long time that alkyl group has a peculiar electron repel-
ling property and when present in an aromatic hydrocarbon shifts the longest wave-
length absorption band either in the forward direction or in the backward direction
depending on the nature of the parent molecule. If the longest wave-length
absorption band of the m-electron system is associated with the energy change in the
transition of an electron from the highest bonding to the lowest anti-bonding orbital,
it may be suggested that the introduction of an alkyl group brings about a change
in the energy of one or both of these orbitals. Now the change in the energy of the
molecular orbital of an aromatic compound by the introduction of one or more alkyl
groups is due to the inductive and the hyperconjugative effect of the alkyl groups,
as shown by Coulson and Crawford (1953) for methyl substitution. Longuet-Higgins
and Sowden (1952) have worked out a simple perturbation method for calculating
the change in orbital energy due to hyperconjugative and inductive effect of methyl
groups in a case of a non-alternant hydrocarbon, namely azulene. This method
has been extended with considerable success by Chandra and Basu (1959) to the
case of hetero-aromatic compounds, particularly methyl-pyridines. In the present
paper the réle of methyl and tertiary butyl groups in causing spectral shift in phenols
has been assessed by a simple perturbation calculation. :

MeTHOD OF CALCULATION

The molecular orbitals of the m-electrons of phenol were determined by the
method due to Matsen (1950). In this method molecular orbitals of phenol are
expressed as linear combinations of seven orbitals ;8 of which first six are ortho-
normal LCAO benzene orbitals while the ¢7 = ¢4, the 2p, atomic orbital of the oxygen
atom. The phenol M.0’s are thus expressed as

7

X= > Mgt R 1

t=1
The energies and the forms of the correct orbitals may be obtained by the perturba-
tion theory using the orbitals 4’8 as bases. According to second order perturba-
tion theory (Pauling and Wilson, 1935) the energy E; of an electron in X; is given by

H2y;
i=H;— — .. .. oo (2
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iFj5

where Hy = { Y, Hidr, ete., and H is the effective one electron Hamiltonian.

VOL. 26, A. No. 6.



ASISH KUMAR CHANDRA: SPECTRAL SHIFT IN ALKYL-PHENOLS 599

From the U3, symmetry of the molecule together with the orthogonality of
benzene orbitals, it follows that all integrals of the type Hj; (i = j) vanish except
Hiq, Hgy, Hey and Hgy, which can be evaluated easily in terms of ¥y, the Coulomb
integral of carbon and B, the resonance integral of C—C bond in benzene. But
Hp = Eo+ 0B, where 8 is equal to 1-8, which takes account of the difference in electro-
negativity of carbon and oxygen. Since perturbation theory fails when H,; is
approximately equal to H;; it will be necessary to solve the secular equation which,
because of the symmetry of the molecule, can be factored into two first order and
one fifth order equations. It can be shown that the M.O’s belonging to the group
B remain unperturbed and are the same as those of benzene, while those belonging
to group 4, are all modified. Using 8 = 1-8, the secular equations were solved for
orbital energies and A, the coefficients of the unperturbed M.O’s in the equation (1).
From these coefficients the coefficients of the atomic orbitals were evaluated and
are shown in Table I along with the corresponding energy values.

TaBLE I

Energy levels and atomic orbital coefficients of phenol

Ener, ¢
Symmetry (B— Eog))/,B Cy Cy C3 Cy C,
A, 2-4938 0-4975 0-2694 0-1598 0-1169 0-7362
A, 1-7490 0-0278 0-2644 0-4356 0-4974 | —0-4811
B, 1-000 0-0000 0-5000 0-5000 0-0000 00000
Ay 0-7220 0-4266 0-4092 | —0-2156 | —0-4768 | —0-4270
B, —1-0000 0-0000 —0-5000 0-5000 0-0000 0-0000
A4, —1-1162 0-5667 —0:2165 | —0-3241 0-5785 | —0-2020
A, —2:0520 0-4595 —0-4116 0-3834 | —0-3735 | —0-1221

InpucTive ErFEcT: When a ring hydrogen atom is replaced by an electron
repelling alkyl group, the Coulomb integral of the alkylated carbon atom is changed
due to inductive effect of the alkyl group. If @ and b refers to the highest filled
and the lowest empty orbitals of phenol respectively, the net change in transition
energy due to inductive effect is given by

2 ~2 2 2
2 2 ~ P 22\ 2
(AEab)Inductive = (Obr —Oar) Sar+ ( z E:'—‘éy - Z Ea —E]' ) Smr i (3)
YE) I J#a I

where C,; refers to atomic orbital coefficient of the rth carbon atom in the jth mole-
cular orbital. Sa,, the alteration in the Coulomb integral, was taken as —0-1 for
both methyl and tertiary butyl group. The effect of two or more alkyl groups was
considered additive. (A Eb)mauc calculated for various mono and dimethyl phenols
are summarized in Table II.

HYpPERCONJUGATIVE EFFECT: From the molecular orbital point of view
methyl group is considered to have the orbitals of ur-character which can undergo
mesomeric interaction with the electronic system at the adjacent position. The
three methyl groups in a tertiary butyl radical may be considered as equivalent
to one such =-electronic system, which can interact with the adjacent phenyl ring
(I'Haya, 1955). It can be shown by Coulson and Longuet-Higgins (1947) perturba-
tion treatment that the orbital energies of two conjugated systems will change if
they are joined by a single bond across which conjugation can be established.
If B, be the resonance integral of the bond formed between the rth carbon atom
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of phenol and the sth carbon atom of methyl or tertiary butyl group, then it can
be shown that the transition energy will change by

02 02 02 02
(AEab)hypercou = ﬁ?s ( br ks ar ks .o .o (4)
k;r; Eb—Ek k;a E,, -—-Ek ’

The various Coulomb and resonance parameters for methyl and tertiary butyl groups
used in the present paper are given below :
For methyl group

Brs =078 E.=E¢—01B, Buc=20f Euy;=E,—058
For tertiary butyl group
Brs =058 E, = Ey—0-18, Brvusi= 2-88 E(Me)s = Ey—1-08

(These values have been used by previous workers in their calculations with simple
hydrocarbon systems).

The hyperconjugative effect of more than one alkyl group was considered
additive. The calculated values of (A Eu)nypercon for various alkyl-phenols are given
in Table II. The mere addition of two separate effects to get the resultant effect
is justified in this approximation, 50 (A Ha)iota = (A Hab)inauc+ (A Eab)uypercon AA
is the energy difference converted to wave-length (mp) taking B = 23,000 cm.™ 1,
as is usually the practice with aromatic systems.

Taste II
Calculated and experimental spectra ; shift in alkyl-phenols
Ey—Ea = —1-72208

{5 Eab)induc. | (& Eab)hyper. | (& Eab)ltotal &M mp)
Compound 1 1 2
P X B X B X B Calculated | Observed
o-cresol —0-0064 0-0286 0-0222 3-3 0-0
m-cresol —0-0178 0-0158 —0-0020 —-0-2 1-0
p-cresol 0-0229 0-0259 0-0488 7-4 7-0
2 : 3.xylenol —0-0242 0-0444 0-0202 30 1-0
2 : 4-xylenol 0-0165 0-0545 0:0710 11-0 7-0
2 : 5-xylenol —0-0242 0-0444 0-0202 3-0 4.0
2 : 6-xylenol —0-0128 0-0572 0-0444 6-0 0-0
3 : 4-xylenol 0-0051 0-0417 0-0468 6-8 7-0
3 : 5.xylenol —0-0356 0-0316 —0-0040 —0-4 20
o-t-butyl phenol 0-0112 0-0048 0-7 —
p-t-butyl phenol 0-01567 0-0386 58 3-6
2 : 4-di-t-butyl phenol 0-0269 0-0434 6-6 40
2: 4 : 6-tri-t-butyl phenol 0-0381 0-0482 7-2 4-7
2-t-butyl : 4-methyl phenol 0-0371 0-0536 81 6-2
2 : 6-di-t-butyl : 4.methyl ,, 0-0483 0-0584 87 65
3-methyl : 6-t-butyl phenol 0-0270 0-0028 0-4 2:4
2.methyl : 4 : 6-di-t-butyl,, 0-0555 0-0656 9-5 3-8
2 : 6-dimethyl : 4-t-butyl ,, 0:0729 0-0830 12-0 4-2

Since phenols can undergo acid dissociation in solution the effect of medium is
rather strong on the absorption spectra. The calculation refers to undissociated
phenols, so the comparison should be made with those systems for which the phenol
is least dissociated. The experimental values recorded above refer to sulphuric acid
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golution for methyl phenols and iscoetane solution for t-butyl phenols (Herington and
Kynaston, 1957; Coggeshall and Lang, 1948). The inductive effect of t-butyl group
is the same as that of methyl group, 8o ( A Eap)icduc values for t-butyl compounds
will be the same as the corresponding methyl compound, hence they are not
re-entered in the above table for t-butyl compounds.

D1scussIoN

The calculation shows that whenever the alkyl group is at the ortho or the meta
position the inductive effect opposes the hyperconjugative effect, but the latter
generally outweighs the former, so the spectral shift is bathochromic. The negative
inductive effect of the alkyl group at the ortho and meta positions of phenols may
be easily understood from the consideration of charge distribution in the compound.
In phenol an electron on promotion from the highest bonding orbital with electron
distribution as in (I) assumes a distribution (IT) in the lowest anti-bonding orbital

(Fig. 1). That is the electron migration takes place to the ortho and meta position
01823 0
01822 0 ‘
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02275 4
7 o

Fi1a. 1. Relative electron distribution in the ground and the excited state of phenol.

on excitation. An electron repelling substituent at 2 or 3 position will therefore
raise the energy causing a blue shift while the same substituent at 4 position will
lower the energy with a consequent red shift in the absorption band.

From Table II it may be observed that the hyperconjugative effect is less
intense than the inductive effect for m-methyl phenol and 3 : 5-xylenol, the calcu-
lated shift is therefore hypsochromic contrary to the experimental bathochromic
effect. This may be attributed to the selection of Coulomb parameter of phenolic
oxygen from the consideration of electronegativity difference. The electro-
negativity scale is not unique and different values have been given to oxygen by
different authors. 8 used in the above calculation is from Pauling’se=scale. If 3 1s
set equal to 1-5 from Mulliken’s scale the calculation shows the right sequence as
shown in Table IIIL.

' Tanre 111

Calculated energy change for some alkyl-phenols

1 (A Eab)hyperconjugative 1

Compound (A Eap)inductive X % tl_i (A Eab)total XB
o-cresol —~0-0152 0-0164 0-0012
m-cresol ~0-0144 0-0164 0:0020
p-cresol 0-0342 0-0231 00573
3: 5-xylenol —0-0288 0-0328 0-0040
o-t-butyl phenol —0-0152 0-0039 -0-0113
m-butyl phenol —0-0144 0-0039 —0-0105
p-butyl phenel 0-0342 0-0152 0-0494

4
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The results in Table III show that the calculated shift is bathochromic as
expected. There is another cause from which anomaly may arise in the case of
ortho substituted compounds and that is steric effect. In this calculation it
‘has been tacitly assumed that the molecule along with the substituent is planar.
It is to be admitted, however, that there will be some amount of overcrowding
distortion with bulky substituents at ortho and meta positions. There is no reason
to expect that inductive and hyperconjugative effects will be equally affected by
such steric distortion and there is no method available for estimating this effect
theoretically. We cannot therefore predict the absolute magnitude of the spectral
shift in these compounds. One point, however, becomes clear from this analysis:
the alteration of the absorption spectra of alkyl-phenols is not due to inductive or
hyperconjugative effect alone; both these effects play equally important parts in
modifying the m-electronic energy levels of substituted phenols.
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