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The Infrared Spectra of Aromatic Compounds

II., Evidence Concerning the Interaction of 4T -Electrons

aﬁd O~ -Bond Orbltals in C-H Out-0f-Plane Bending Vibrations

R..D. Kross, V., A. Fassel, and M. Margoshes

Abstract

In certain mono- and para¥disubétituted benzenes the frequency

of" one of the C-H out-of-plane bendiﬁg vibrations félls outside”

of ‘the characteristie frequency range usuall&-assigneé to that
vibration. 'The phenomenon is aseribed to bond rehybridization
accompanyling the out-of-plane vibrations, whereby the C-H @ -bonds
~of -the benzene nucleus overlap with therTr-eleétrons of the molecules
and tend to form sp3 hybrids. The rehybridization results in
‘decreased effective farce cmnétants for the vibrations, The

extent of rehybridization depends on the concentration of the

T -electrons around the benzene ring, which in tﬁrn i1s dependent on
the nature of the substituent. Nitro and Carboxyl groups deplete

the ring of Tr;electronic charge so that tﬁe g--bonds undergo a
-smallér rehybridization. This leads to greatef effective force
conétants, and higher freqﬁencies for the C-H out-of-plane vibrations
as compared with compounds in which the substituent 1is relatively
inert with respect -to the ring. Bond rehybridization also provides
an explanation forvthe‘smallef relative intensities of the C-H

out-of-plane bending vibrations of compounds. such as nitrobenzene



as compared with the vibrations of compounds falling in the
' a/
normal frequency range. Other anomglous spectra are adequately

explafﬁéd on the same basis.

Various observationsls2s3 have indicated that the frequencles

(1) M. Margoshes and V. A, Fassel, Spectrochim..Acta, 7, 14 (1955).
(2) M. St. €. Flett, J. Chem. Soc. (London), 962 (1951).
(3) L. J. Bellamy, The Infrared Specfra of Complex Molecules,

John Wiley & Sons, Inc., New York, p. 68.

of-one of the out-of-plane C-H bending vibrationsnin monosubstituted
benzenes falls outside of the characteriétic frequency range for
compounds such as benzoic acid, sodium benzoate, benzoyl chloride,
and nitrobenzene, It has also been observed that in para-
disubstituted benzenes the same substituents glve rise to anomolous
shifts in frequency. The purpose of this paper 1s to discuss
certain other observations on the frequencies of these Qibrations

and to present a self-consistent explanaﬁion for this effect.

Experimental

All the opectra were recorded under the sume condltions as

1
were described in the first paper of this series.
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"Evidence Indicating the Interaction of 7T%E1ectrons

and Arpmatic Q-H Bonds

In paper I of this seriesl.it was shown that certaln substituent
groups ecaused a shift‘of the out-of-plane C=H bending vibrations
ih monosubstituted benzenes at T25-775 cm~l outside of the
frequency range generally assigned to this Vibration. Spectra of
a typigal group - of monosubstituﬁed benzenes 1n which the frequency
falls in the normal range below 775 cm~1 are shown in the upper
porti&n of Figure 1, whefeas the Speetra of the group of compounds
in the 10Qef portion of'Figufe‘l‘all exhibit a shift of this
frequency above 775 em~l. A pronouﬁded decrease in intensity with
tne shift to higher frequency is also genérally observed,‘although
a ioﬁ intensity may also be observed with a normal frequency, as'in_
éthylbenzene. | _

To illustrate the shifgé'innfrequency caused by the same sub-
stituent groups in para—diéubstituted‘benzenes, Table II summarizes
the frequencies of the 12 miéroq band in several para-disubstituted
benzenes and the related compéuna, p-quinone, For the substituted
toluénes and dihalobenzenes,'the characteristic'absovption band
is between 800 and 820 cm’lf‘In éach of the compounds in which one
of the substituents is é ﬁitro dr‘carboxyl group this band is
displaced to 840-855 em~1. If both of the sﬁbstituents are nitro
or carboxyl groups there is an additlonal .displacement to about

880 em~l; Finally in p-quinone -the shift is to 895 em~1,
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It 1is well known&‘7 that the infrared spectra of many

(4X'R.“E. Richafds and H. W. Thompson, Proc. Royal Sdc. (London)’
Al195, 1 (1948). |

(5) R. E. Richards and H. W. Thompson, J. Chem. Soc. 1947, 1248,

(6) T, A. Kletz and W. C, Priée, J. Chem. Soc.'lgﬂz, 644,
T, T

(7) Hérding and S. €. Wallwork, Acta Cryst. 6, 791 (1953).

compounds show sharp differences in fréquency‘and intensify aé
the compounds are measured invsolid, liquid, and solution states.
Some of the complex factors underlying these spectral changes are
now well understood4'7, but a completeAunderstanding is not yet
available. In order to interpret the change in frequency of the
out-of-plane C-H bending vibrations, 1t is of primary importaﬂce to
establish whether'intra- orlintermolecular interactions are
responsible. Since intermolécular forces between solute molecules
are destroyed in dilute solutions of the compounds in non-polar
solvents, the spectra of dilute solutions of many of the compounds
were studlied. The data summérized in Table I and II show that
the increase in.frequency’caused by certain groups‘is basically
an intramolecular interaction. | |

It is not unreasonable to expect that the 1 -electrons located
above and below an unsaturated chain or ring can exert a direct
effect upon the vibfations of hydrogens perpendicular to that .chain
or ring. This influence can be inferred from C-H bond moment
determinations. A convenient method for obtaining bond moments .
is.based on measurement of the intensities of C-H bending vibrations,

which are directly related to the dipolar nature of a bond.



Table I
Characteristic Frequencies for Various Substituenﬁ Groups

in Monosubstituted Benzenes 1in Various States

Substituent Frequency (cm-1)

Compound - _ Group Liquid Solid Dilute.Sol'n.
Toluene | ~ -CH3 - 728 729
Aniline HCL' | © -NHg* B 81

Benzyl Alcohoi . -CH,0H . T36 735
Ethylbenzene —CgHéA T4T

Phenylacetate , -00CR 752

Phenol . L : —dH , 753 750
Sodiumbenzenesulfonate -S03Na © 754

Aniline _ -NHo 755
Benzenesulfonylchloride -S0oC1 757

Anisole . h . .-OCH3 756 : 753
Triphenylmethane . -CH 762
" Benzonitrile -CN 758 756
Acetophenone - v -COR 761 757
Trans-3tilbine: -C* ) 767
Benzamide ' -CONHp 771
Benzoylchloride - -COC1l 779

Benzolc Anydridc , ~-C00CO , 779
Nitrobenzene | -NO, . TOU | - 790
Benzolc Acid ~ -COOH . 808

Ethyl Benzoate = . -COOEt - 782 780

o o ok

Sodium Benzoate -C00~ 820 .

All solution spectra were obtained using CSp as solvent.



Table II
Out-0f-Plane C-H Bending FrequencieS'for Some

Paraédisubstituted Benzenes

Frequencies (cm~1)

Compound | Liquid Solid Dilute Solution
p-Xylene 794 793
p-Iodotoluene 800
p-Bromotoluene - 803 800
p-Chlorotoluene ‘ 809 804
p-Dibromobenzene _ 811 809
p-Chloroiodobenzene | 811 809
p-Tolunitrile 814
p-Chlorobromobenzene 816
p-Fluorotoluene 818
p—Dichlorobenzene . ' 820 . 817

- p-Hydroquinone : | 827
p-Nitroaniline ' 837 us*
p-Nitrobromobenzene - ' 839 839u
p-Nitrochlorobenéene ) ' 843 847
p-Aminobenzoic acid 8h41 8ug**

© p=-Toluic acid ' 843
p-Chlorobenzoic acid , 853

© p-Bromobenzoic écid' - 853
p-Hydroxybenzoic 856
p-Dinitrogenzene ' : 870 . 86T
p-Nitrobenzoic acid. , 874
Terephthalic acid : 882
p-Quinone | 895

All solution spectra were obtained using CSp2 as solvent except those
marked *-in N,N-dimethylformamide ¥¥_in acetone



Tnorndike§,We11s, and Wilson,8 using both the in-plane and

(8) A, M, Thorndike, A, J. Wells, and E B. Wilson, Jr,, J. Chem,
Phys. 15, 157 (1947).

out-of-plane C-H bending vibrations‘in ethylene, found that the

-1 out-of-plane mode

-1

bond moment value obtained from the 950 cm
‘wae almost twice that obtained from the. 1444 or 995 cm in-plane
bands., The values calculated from the.latter modes were approximately
equal to the bond moment value usually associated‘with C-H bonds,
Recently, a theory has bheen proposed which can be directly
applied to the anomalous bond moments in ethylene as well as to
the interpretation of the frequency and intensity variance of C-H
out-of-plane bending vibrations in substituted benzenes., This theory
concerns the variation of bond hybridization with molecular deforma-

9,10,11

tion, by which the bonding erbitals of the central atom change

(9) C. A, Coulegon, V. Henri Mem. Nol., Desoer, Liege, 1948, p. 15.

(10) J. Duchesne, Bull. Acad. roy. Belg. 38, 197 (1952),

(11) J. W. Linnet and.P; J. Wheatley, Nature, 161, 971 (1948);
Trans. Faraday Soc. 45, 33 (1949). |

their hybridization in such a manner as to follow the’outer atoms
during the vibration. _'I'he greater the change in hybridization
the greater will be the’reduotion in effective force constant for
the particular vibration,

In ethylene, the.in—plane bending vibrations of sp2 C-H bonds

are not affected by the 7Tr-electron bond, which has a node in the’



plane of the ethylene molecule. However, in vibrating perpendicular
to the plane, the C-H bonds enter the field of the T-bond and

through overlap tend to become §p3 hybrids.lo Since it 1s known

12

that the bond moments of sp2 and Sp3 hybrids differ, the theory

(12) C. A. Coulson, Trans. Faraday Soc., 38, 433 (1942).

explains the ethylene anomoly. It sﬁould be noted that bond

moment calculations from out—of—plahe vibrations are of no real
physical significance, since the bond moments are constantly chang-
ing with the degree of penetration into theiqr-bond. The value
obtained from any calculation using an out-of-plane C-H mode 1is,
at‘most, a time average. The difference between this "bond moment"
and one calculated from an in-plane mode merely points up the role

played by the /r-electrons,

3

2 ' bond

The degree of transformation of an sp“ bond into an sp
depends, of course, on the concentration of ¥ -electrons above.the
atom in‘quéstion. For benzenoid systems, the A" -electron density
depends upon the naturé of ﬁhe substituents, i.e., whether they
increase, decrease, or have ho effect upon the qT'-elthrons ol
the ring. The force constant, and thus the frequency, of the out-
of-plane C-H bending vibrations of the benzene ring# theréfore
depends on the sp3Abond tendency, and thus the concentration of
fﬁ“;electfons ébove énd bélow the'ring. The smaller the coﬁcentra—
tion, the higher theifrequency, and vice versa (other factors being
equal). | |

Ele¢§rophilic groups,.such as hitro or carboxyl, when coplanar

with the aromatic ring, resonate with the ring with a resultant
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Qithdrawal of.ﬁT-electrons to themselves. This lowers the
concentration of T -electrons above and below the ring and, in
accord with the above theory, the smaller change of hybridization
results‘in higher C-H out-of-plane bending vibrations,

. The effect of electron donating groups on the C-H outsof-plane
bending vibrations can also be considered from theTr-electron
viewpoint. Thus,'although the amino group is generally consldered
as a stronger doﬁor than the methyl group, the latter can
hyperconjugate with the ring to give a structure 1in which the
47’—eléctrons are concentrated above and below the five ring C-H
bonds, thus |
: : ot

H SHQ

IIIB,
The frequency of toluene is therefore lower (728 em™1) than
| aniline (755 em~1), . | |

The differénce'in thé C-H 6ut-of-plane bending frequencies
of benzonitrile (756\cm"1) and nitrobenzene (790 cm“l) lends
support to the arguments of this paper;4 Although the nitrile and
the nitro groups are of approximately equal strength as meta-
orienting substituents, the two groups have different effects
upon the Tr-electron distfibutibn of the benzene ring. The nltro
group has mainly a mesomeric infiuence upon the ring, because it
readily conjugates with the aromatic system and depletes it of
™ -electrons. The nitfile gréup, onvfhe pther hand, basiéally
exerts an inductive effect on the benzene ring by modifying the

potential acting on the Tr-electrons.13 Consequently, the ﬂ'-electron

(13) J. N; Murrel and H. C. Longuet-Higgins, Proe. Phys. Soc.,
A68, 329 (1955). |
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concentration of the benzonitrile ring is greater than the concentra-
tion in nitrobenzene and so the C—H.out-of-plane bending vibrations
of the latter are of higher frequency .

The pronounced intensity changes which accompany the shift in
frequency of the out of plane C-H bending vibration can be
directly correlated with the degree'of rehybridization of sp2 into
sp3 hybrids. For~example, since C—H bond moments‘are'greater for
sp3 bonds than for sp2 bonds, tne lomer degree of rehybridization
in nltrobenzene leads to smaller C~H bond moments than in phenol,
where rehybridization is greater. Because infrared intensities are
proportional to dipole moment changes during vibrations, the vibra-
tions showing anfrequencyAincrease also exhibit the decrease in
intensity. For compounds whose frequency falls in the normal
range, the observed intensities are relatively great, indicating
a high degree of rehybridization into sp> bonds.

The withdrawal of Tr--electrons from the ring can be directly
assoclated with the contribution'of quinoid structures to the
ground states of the molecules. Thus, all the monosubstituted
benzenes having C—H,out-of—plane bending vibrations greater than
770 cm’l, as listed: in Table I, have electronic structures in
which a quinoid form plays a considerable role. Sodium benzoate,
having the highest frequencY‘in'the Table, undoubtedly has the greatest
contribution of :this. structure due to the symmetrical nature of
the resultant form. Filgure 2 illustrates some contributing quinoid
structures.

The large shifts observed for the.para-disubstituted benzenes

are also interpretable on the basis of bond rehybridization and
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quinoid resonance contributions: Figure 2 includes a major resonance

form for p-dinitrobenzene, which accounts for the increased C-H

out-of—piane bending frequency (listed in Table II). Carboxyl

groups and other substituents which can contribute similar

resonance Structures affect.the frequency similarly. If the para-

. disubstituted benzene contains only one substituent which is

electrophilic the shift is approximately only half as gregt.

A comparison of the C-H out-of-plane frequencies for-p-dibromqbenzene.

(811 em~1) and ﬁ—ﬂitrobrémobenzene (839 em~1) reveals that‘the

introduction of one‘nitro group causes a shift of 28 cm‘l, while in p-

dinitrobenzene (874 cm"l) there is an additional shift of 35 em~ 1.

The displa;ements tq-higher frequency in these compounds ére there-

fore directly related to @he per cent of quinoid stfucture mgking

up the’ground states of the various molecules, .
p-Quinone and pfhydroquinone provide particularlj-strong

confirming data for the role of the ¢T—eléctrons. p—Quinbhe has

almost a pure quinold structure and shows the highest frequency

in Table II (895 cm’l), whereas p-hydroqulnone, with a predomlnant

benzeﬁoid sfrucpﬁre, has the cofresponding vibration.at 827 em~ 1,

The theory of orbital réhybridiéation-prdvides a consisteng

explanation of anomolous frequency shifts in'C-H out-of-plane

bending vibrations which have come to the authors' attention.

Take, for example, the isomeric cémpounds 2,4- and 2,5Qdiméthy1benzoié

acid. Even though bothare 1,2,4-trisubstituted, the 2,4-dimethyl-

benzoic acid has its characteristic band at 841 cm™) while the

2,5-acid has its band at 822 cm~l, Figure 3 shows that the 2,4-

isomer can contribute a quinoid resonance structure to the ground

‘state of the molecule through a hyperconjugation of the methyl
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group in the 4-position with the benzene ring and the para carboxyl
group. The 2,§-isoner cannot assume this extended form of
conjugation, so that the 7 =electron structure of that molecule

is less affected.

An additional case which 1s easily explained is found in the
spectra of phenylacetic acid, diphenylacetic acid, and triphenyl-
acetic acid, shown in the 13 14 micron region in Figure y, It is
seen that phenylacetic acid has a single absorption band at 13.27
microus (754 cm‘l),'diphenylacetic acid has two absorption bands
at 13.32 and 13.63 microns (750 and 734 cm'l) of about:edual intensity
(notice that: the 1ower frequency band is- slightly less intense), and
triphenylacetic acid has two absorption bands at 13 13 and 13. 60
microns (761 and T35 em™1), with the latter about twice as:
strong as the fcrmer Fisher Taylor-Hirschfelder -models of these
compounds indicate that steric factors do not permit more than one
phenyl ring to be coplanar withfthe carbonyl group. The coplanar
phenyl group can forn a conjugated‘system'with the carhonyl group
by assuming a quinoid structure, which gives rise to the higher
frequency band at 755 cm‘1 Additional phenyl groups that are
Antroduced onto the methyl carbon cannot interact with the
~conjugated system, and thus remain as benzenold configurations. The
latter give rise tn the band at ca. 734 cm"l, whose intensity |
depends on the number of benzenoid éroups present

Electrophilic groups must be coplanar with the aromatic ring
for the full effect of resonance to take place. This is well
1llustrated for the case of a few orthc-disubstituted benzenes.

In o-nitrophenol and o-nitroaniline, where intramolecular hydrogen
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bonding between the nitro group and the OH or NH»p group stabilizes
the nitro group in the plane of the ring, the C-H bending
frequencies are 748 and 747 cm 1, respectively. In o-chlorobenzene
and o-bromobenzene, where the steric influence of the large
halogen subsbibuents causes rotation of the nitro groupsnout‘of tbe
plane of the ring, the C-H bending frequencies are 732 and 731
cm‘l, indicating decreased withdrawal of 4T~e1ectrens from the
ring. Similarly, 1in the correspondinglcarboxylic acids the

carboxyl group is in the plane'of the ring in salicylic acid14

(14) W. Cochran, Acta nyst,,‘é, 260 (1953).

(762 cm‘l) and may be assumed to be in the plane of the ring in
anthranilic acid (755 cm™1) and retated'out of the plane of the
ring in o- chlero‘and o-bromobenzoic acid (744 em~1 for both)l

In a recent infrared study of picric acid molecular complexes

by two of the authors,15 it was shown that the C-H out- of—plane

(15) R, D, Kross and V. A, Fassel, Submitted to this Journal for

publication.

bending vibretions of picric acid molecules involved in W -WV-
complexes were of lower frequency than the same vibration in pure
picric acid. Since picric acid in tbe M- complexes acts as
the acceptor molecule, i.e., a ﬁr-electron is transferred to one
of ‘its vacant molecular orbitals, the T -electron density around
that molecule is thereby increased, Accordingly,.the C-H bonds

_vibrating perpendicular to the plane of the complexed picric acid
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molecules undérgo greater changes in hYbridization than the equi;
valent C-H bondsvip pure‘picric acid, resulting in lower frequencies
- of the out-ofnpiane bending vibrations. 'On the other hand the

C-H out-of-plane bénding vibrations in the electron donor molecules
'1nVolved in the 4T»4f compléxes with picric acld are observed |

at a higher frequency than in the pure molecule.





