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A pew impetus has been given to the study of the electronic band systems of
poly-atomic molecules by the successful solution of the vibrational classification
of the well-known near ultraviolet bands of benzene. Experimental investigations
on Benzene and its Deutro-derivatives by Ingold and his collaborators (1936),
and the theoretical calculation of the energy of electronic excitation in the highly
symmetrical structure of the benzene molecule by M. Goeppert-Mayer and Sklar
(1938), led to the complete correlation of the spectra of heavy and ordinary benzenes
in solid, liquid and vaporous states by Sponer, Nordheim, Sklar and Teller (1939).
As a logical extension, the study of the monosubstituted benzenes was taken up
by & number of workers, Sponer and Teller (1941), Sponer and Wollman (1941),
Wollman (1946), Matsen, Ginsberg and Robertson (1945) Ginsberg and Matsen
(1945), Ginsberg, Robertson and Matsen (1946), Hirt and Hower (1948), Asundi and
Padhye (1949), Padhye (1949), Sreeramamurty and K. R. Rao (1949) and
Sreeramamurty (1949 and 1950). These investigations are important in that they
give us the vibrational frequencies of both the normal and excited electronic states
of the molecules concerned. Raman and infra-red studies, though they relate to
the normal state only, are also of immense value in the interpretation of the vibra-
tional structure of the ultra-violet absorption bands. The author has taken up
for study a di-substituted benzene molecule, ortho-chloro-phenol, and the results
are given in this paper.

The general experimental set up is that employed in an earlier investigation
on (S, molecule (Ramasastry and K. R. Rao, 1947). The absorbing gas has been
maintained at various conditions of pressure and path length but always at the room
temperature., The pressure in the absorption tube was altered by keeping the
liquid container in ice and freezing mixtures in a thermos flask. Path lengths
ranged from 5 cms. to 100 cms, and the container temperatures from —16°C. to
40°C. Hilger Medium Quartz Spectrograph having a dispersion of about 7-5 A./mm.
at 2700 A. was employed as the dispersing instrument. The Iodine source (Rama-
sastry, 1947) supplied the continuous background. Times of exposures varied
from 15 minutes to two hours on Ilford Special rapid plates.

REesuwuts.

Pictures showing the absorption of the vapour of Ortho-Chloro-Phenol at
various effective path lengths are presented in Plate VIII. The bands altered in
appearance as the path length and/or pressure is varied. With increase of these
factors, the strong bands grew stronger and also broadened while new ones made
their appearance. The wavelengths of the bands given in Table I correspond to
the measurements made when they are narrowest and sharpest; usually the wave-.
length of a band is adopted from measurements of the spectrogram in which it made
its first appearance, i.e. just visible. The intensity classification is made on the
basis that the bands appearing with the lowest effective path length are to be con-
sidered as strongest, The data are selected from various spectrograms and collected
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inTableI. The appearance of the bands shows that no high accuracy can be expected
in their measurements and as such can only be claimed to be correct to two to three
wave numbers in favourable cases.

INTERPRETATION.

The molecule Ortho-Chloro-Phenol, CL.CgH,.OH, has got only one element of
symmetry, namely the plane of the molecule (o), if it is assumed that the chlorine
and hydroxyl substitutes also lie in the plane of the ring. The molecule then belongs
to the Point Group Cs = Cy. Of the 3N —6 = 33 non-degenerate fundamental
vibrations that the molecule should have, some will be symmetrical and others
antisymmetrical to this symmetry operation of reflection in the molecular plane.

Following Herzberg (1945), the total number of atoms in the molecule is

N = 2m+mo
m = No. of sets of equivalent nuclei not on any element of symmetry.
mo = No. of nuclei lying on all symmetry elements present.
No. of A’ vibrations (symmetrical) 3m+2my—3 =0+426—3 = 23
No. of A” vibrations (anti-symmetrical) 3m+ m¢—3 = 0+413—3 =10
Total .. 33

The replacement of two of the hydrogen atoms of benzene by a chlorine atom
and hydroxyl radical in ortho-chloro-phenol reduces the high symmetry, Den, of
benzene to that of Cs. In certain other disubstituted benzenes in which both the
substituting groups are identical (e.g. ortho-dichloro-benzene) the symmetry is
Cgzy, much higher than Cs. Of course, for para substitution, there exists better
symmetry in each case. Tn view of this lowering of symmetry in the case of Ortho-
Chloro-Phenol, the selection rules for the transitions in benzene no longer hold
good and the near ultraviolet absorption band system should show the characteristics
of an allowed transition. The restrictions on the permissibility of the appearance
of certain vibrations become less. Consequently its electronic absorption spectrum
should be expected to show a complicated appearance.

Nevertheless, an extensive experimental study of the absorption of the vapour
of this molecule under various conditions of pressure and path length has made it

TasLe 1.
Absorption Bands of Ortho-Chloro-Phenol.

Purvis and McClelland Auth
(1913). athor. W Distance
ave- from Assignment.
Wavelength Int Wave- Int mumber. 0—o.
guh. ' length. nt.

2870 vw .. .. 34833 —1059 0—1059

2853 w 2851-8 vw 35055 —837 0—837

2840 w 28395 vw 35207 —685 0685
2834-0 w 35275 —617 0—414—-2x102

2830 2830-0 w 35325 —567 0—-567
2826-0 w 35276 —516 0—414—102
2823-3 w 35409 —483 0—483
2819-7 w 36455 —438 0—4x109
28178 w 35478 —414 0-—414
2816-5 w 35495 —397 0—292--105

2809 fs 2810-8 2 35567 —325 0—3x108
2808-2 w 35600 —292 0—292

2807 vw 28054 1 356356 —257 0—257
2801-9 4 35680 —212 0--2x108

2804 2799-2 2 35714 —~178 | 0-—-178

0—104—64
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Purvis and McClelland
(1913). Author, w Distance
ave- from Assignment.
Wavelength. Int Wave- " number. 0—0.
avelength. nt. Length. Int,
strong 27968 2 35745 —147 ..
absgorption| 2793-8 6 35783 ~109 | 0—109
2790-3 1 35828 —64 0—64
2785-3 v 35892 0 00
2775 2776-0 53 36102 120 04120
2770-7 1 36081 189 04189
2767 vw 2766-9 1 36131 239 | 04+2x120
0-+495—257
2763 vw 2761:6 2.5 36200 308 041204189
2760 vw 2759-0 1 36234 342 04342
2755 vwW 2755 1 36286 394 N
2752 vw 2749-9 2.5 36354 462 041204342
2747-4 3 36387 495 04495
27420 .. 36459 567 L043x189
2735 vw 2736-9 4b 36527 635 04635
2734 2732-6 3 36584 692 042 %346
04953 —257
2729-1 w 36631 739 | 04+3x189
2726-8 3 36662 770 0+4+953—178
2724-5 7 36693 801 0-+801
2721-2 4 36738 846 | 04+953—107
27181 2 36780 888 | 04+953—65
27133 9 36845 953 04953
2703-2 35 36982 1090 041090
2700-3 vw 37022 1130 044954635
04-1200—170
2696-8 2 37070 1178 | 042 x 4954189
2695-2 2 37092 1200 041200
2691-3 1 37146 1254 | 04+1200+4+120—66
2685-5 w 37226 1334 041445109
2677 2677-5 2 37337 1445 041445
2671 2668-8 3 37459 1567 0414454120
2666-0 w 37498 1606 042 x 801
2663-8 w 37529 1637 04801 +953-—-109
2661-4 w 37577 1685 0-+8014-953—65
2656-0 4 37639 1747 | 048014953
2653 w, diff. 2653-7 vw 37672 1780 04342635+ 801
2643 26455 4 37789 1897 | 049534944 or
042 %949
26385 w 37889 1997 | 0480141200
2630 26283 w 38036 2144 | 0495341200
2623 26247 w 38088 2196 | 04801-}-1445—64
2620-5 w 38149 2257 O+ 80141445
2616 .. .. 38215 2323 042 x9494+495—65
2612 26116 w 38281 2389 | 04+2x949+495
04120041190 or
0+2x1195
2608 2607-8 w 38335 2443 04251265
2604 26031 w 38404 2512 042512 or
0+42619—107
2601 2600 vw 38450 25568 | 04+2619—64
2696 vw 38511 2619 | 042619
2593 2590-8 w 38587 2695 | 0+2x9474801
2583-6 w 38694 2802 ..
2581 2581-0 vw 38733 2841 0+ 953+ 9444944 or
043 x 947
2578 .. .. 38778 2886 | 042 x1445
2574-7 vw 38828 2936 | 0801494041195
2571 2570 vw 38899 3007 042 x1445—120
2556 vw 39112 3220 04-944-410814+1195
2550 vw 29204 3312 | 04+945+2x1195
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possible to pick out some of the fundamental vibrational frequencies of the upper
and lower states of the molecule; in terms of these the rest of the bands are sought
to be analysed.

In the absence of regular rigorous rules for the transition probabilities from
different vibrational levels of the ground electronic state to different stages of vibra-
tional excitation in the first excited electronic level of the molecule, the interpreta-
tion of the bands occurring on the lower energy side of the 0—o0 transition can be
only qualitative. However, one guiding principle is that the intensities of these
bands are governed to some extent or other by the Boltzman factors which, generally
stated, means that the intensities of bands arising from vibrating ground state are
smaller the larger the energy of vibration in the ground state, other factors remaining
the same. The following considerations are, therefore, subject to the limitations
of our knowledge of the selection rules and the weightage factors regarding these
transitions.

At the lowest effective path length used, namely 5 cms. absorption tube with
the liquid container at —15°C., Plate VIII (2), about four bands appear with measur-
able prominence. The strongest one at A 2785-3, » 35892, is taken as the 0—0 band.
That at A2713-3 is of slightly lower intensity. Separated from the (0—0) by
953 em. 1, this, perhaps, represents one of the carbon vibrations of the upper state.
Less intense than these are two more bands on either side of the (0—0). The shorter
wavelength one is interpreted as corresponding to an upper state vibration of
frequency 120 cm.—1 This vibration whose fundamental appears with such intensity
that it is present on all the plates on which the (0—0) and the (04953) bands are
recorded, also occurs in combination with many of the upper state vibrations.

The band on the long wavelength side oceurs at 2793-8 A. and is displaced
from the (0—0) by 109 units. In Plate VIII, strips (@) and (%), very prominent among
the bands on the long wavelength side of the 2785-3 A. band representing the 0—0
transition, are those at 2793-8(6), 2801-9(4), 2810-8(2), 2819-7(1), gradually decreasing
in intensity with their distance from the 0—0. They are equispaced at an average
interval of 108 cm.-!  As no Raman frequency of this magnitude is as yet reported,
one may be inclined to interpret it as a difference frequency arising out of a 1—I
transition. But the very high intensity of these bands suggests that this 108 cm.~1
may be an as yet unnoticed ground state vibrational frequency. Consideration of
the intensities of the difference frequency 64 cm.-1 and other lower state frequencies
in this spectrum also support this view.

The band at 2790-3 A., interpreted in Table I as 0—64 is to be regarded as a
difference frequency, in agreement with the similar explanation of bands with
shifts of such small magnitudes in the absorption spectra of allied molecules (benzene
and substituted benzenes). Further the value of about 60 cm.-? is actually found
to be the difference between a ground state vibration and an upper state vibration.
From Table 11, either 178-—120 or 257—189 can give rise to a difference frequency
of this magnitude. Whether both the above transitions are there or not can best
be decided only if the spectrum is recorded in higher dispersion and resolving power,
because of this accidental coincidence. The difficulty in choosing between the two
arises from the fact that bands representing all the above four vibrations, 178 and
257 of the lower state and 120 and 189 of the upper state are present in the absorption
spectrum. However, their very presence lends support to regard 64 cm.”! as a
difference frequency. A reference to Table IT shows that among the known vibra-
tional frequencies of the lower and excited states of this molecule, there exists no
difference of the magnitude of 108 to explain it as a difference frequency. One
notices from the spectrograms that the (0—108) band is of far greater intensity, the
(0—2x108) is of greater intensity and the (0—3 x 108) band is of lower intensity
than the (0—64) band. If the Boltzman factors only are considered, this suggests
tha' the 0—64 band arises out of a ground state vibration of higher energy than
the vibrations which give rise to 0—108 and 0—2 x 108 bands. Even if it is assumed
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that the 0—108 band arises as a difference frequency from the lowest observed
Raman shift of 168 cm.-1, it cannot explain the higher intensity of 0—2 x 108 band
over that of the 0—64 band because the —2x 108 band arising from 2x168 =
336 cm.~1 energy in the ground state should normally be of lower intensity than the
—64 band arising from either 178 or 257 vibrations. So one is led to consider that
108 cm.-1 is a vibrational frequency of the ground electronic state and that the
64 cm.-1 is probably a difference frequency arising from the 257 vibration of the
same electronic state.l Also, the —257 band at A2805-4 is though slightly weaker,
is of comparable intensity with the —64 difference frequency band. This again
is quite convineing because both these bands arise from the same vibrational level
(energy™257 cm.~1) of the ground electronic state. A few other bands making their
appearance at longer path lengths could be correlated with some of the observed
Raman shifts and as combinations thereof. Particular mention may be made of
the three long wavelength absorption bands at 2840 A., 2853 A. and 2870 A. recorded
by Purvis and MeClelland (1913) in their investigation on the ortho-chloro-phenol
vapour maintained at a temperature of 45°C. in an all quartz tube of 20 cms. length.
Their separations from the (0—0) band are 690, 850, and 1060 c¢m.-! respectively,
agreeing with the observed Raman lines at 680, 840, and 1030 cm.~! Inthe present
investigation only the first two bands were recorded faintly at 2839-5 A. and 2851-8 A,
when a 100 cm. absorption column was used. These give 685 and 837 cm.-1 for
the lower state vibrational frequencies in better agreement with the Raman shifts.
The 2870 A. band, though it is not recorded on our plates, is interpreted in Table I
as 0—1060 which obviously corresponds to the Raman shift of 1030 cm.-1  The
various vibrational frequencies of the ground electronic state of the molecule, ortho-
chloro-phenol, that could be derived from the ultraviolet absorption spectrum of
its vapour are given in Table IT.
Tasre II.
Vibrational Fregquencies of Ortho-Chloro-Phenol.

Lower state. Upper state.
Raman Spectrum. .
Ultraviolet Ultraviolet
R Reynolds and absorption. absorption.
Morris (1931). Williems (1930).
.. 108
168(1) .. .. ..
. 180(7) 178 120
254(1) .. 257 189
.. 270(4) 292 ..
380(3) .. ..
420(2) 414 342
.. 490(3) 483 ..
569(1) 570(2) 567 495
680(1) 680(3) 685 635
.. 770(2) .. ..
829(1) 840(5) 837 801
890(1) .. .. ..
.. 960(1) .. ..
1022(2) 1030(4) 1069 953
. 1260(3) .. 1090
.. 1290(3) .. 1200
1585(1) 1580(2) .. 1445
2138(1) .. .. 2512
3081(1) 3070(3) .. 2619

1 2x108 is still less than 257 so that the higher intensity of the 0-—2 x 108 band over that
of 0-—64 band is understandable. This will not be the case if 0—64 is taken to arise from the
178 vibration.
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But as regards the intensities of the bands occurring on the short wavelength
of the 0—O0, apart from the lack of definite theoretical conclusions regarding the
transition probabilities and such other factors governing the intensities of these
bands, even the Maxwell-Boltzman distribution law is not in general of much use
except in the case of bands involving vibrating ground state. The Frank-Condon
principle is, however, a rough guide. Further, from the analogy of the already
analysed absorption spectra of benzene and its derivatives, and their relation to the
infra-red and Raman spectra, one expects that the carbon vibrations occurring
round about 1000 em.~1 appear with high intensity in the ultraviolet spectrum.

The 953 em.~! upper state carbon vibration could be traced up to three quanta,
the intensity decreasing with the quantum number. It is also found to Combine
with 801, 1090 and 1200 frequencies but the combination band 95341445 could
not be located. In agreement with what has been said earlier as regards the —64
and —108 displacements from the 0—0, the 04 953—64 band is weaker than 04953
—108 band.

Four other fundamentals, 120, 635 and 801 appear with high intensity while
the 1200 and 1445 c¢m.~1 vibrations are represented by comparatively weaker bands.
The 120 vibration is found excited in combination with a few of the upper state
frequencies. In particular the combination bands 1204189 and 1204342 are of
enhanced intensity than the 189 and 342 bands respectively. On the other hand,
the 801 cm,.-! vibration, which combined with almost all the vibrations of higher
energy than 635 cm.~1, gave rise to bands of considerably lower intensity compared
to the corresponding fundamentals.

As regards the anharmonicities, the 953 c¢m.-1 vibration is found to decrease
in energy slightly when it is excited by more than one quantum or when merely
found in combination with other vibrations of about 1000 cm.-! energy. Similar
is the behaviour of the 1200 cm.-? vibration. Some of the bands occurring towards
the higher energy end of the spectrum had to be explained as combinations of three
different vibrations,

Though the bands appear line like at low pressures, they showed a slight degrada-
tion when recorded using larger effective path lengths. Red degradation is prominent
in the case of the 1090 and 1445 bands and this implies that the excitation of these
vibrations in the upper state considerably reduces the moment of inertia of the
molecule. Other fundamental bands are probably degraded either way or show a
slight degradation towards the red. All the combination bands showed a definite
degradation towards longer wavelengths. The 0—O0 band, however, is degraded
to the violet. This is a unique case in this family of molecules investigated till now,
as in the case of almost all the other substituted benzene molecules and benzene
the 0—0 band showed a red degradation. In this case, therefore, the mere electronic
transition from the lower to the upper state is associated with a slight increase of
moment of inertia. However, if a large vibrational energy is superposed on this
electronic energy, the moment of inertia decreases and the corresponding bands,
as already said, are degraded to longer wavelengths.

The author is indebted to Prof. Dr. K. Rangadhama Rao for his kind interest
in the work and to Dr. D. S. Kothari for his encouragement. He wishes to express
his gratefulness to the National Institute of Sciences of India for supporting this
research financially by the award of an I.C.I. (India) Research Fellowship to the
autho:,

SuMMARY.

The vibrational classification of the near ultraviolet absorption band spectrum of a
disubstituted benzene molecule, Ortho-Chloro-Phenol (Cl.CgH,.OH), consisting of about sixty-
five bands between A 2870 — A 2550 was carried out. Vibrational frequencies of 108, 178, 257,
292, 414, 483, 567, 685, 837 and 1030 were found to be associated with the ground electronic state
while the frequencies of 120, 189, 342, 495, 635, 801, 953, 1090, 1200, 1445, 2512, end 2619 cm.-1,
represented the upper state vibrations. A difference frequency of 64 cm.-2 has also been noticed
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Absorption Spectran of Ortho-Chloro- Phecol Vapour.
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and explained as a 1—1 transition involving the 257 and the 189 cm.-1 vibrations of the two
electronic states.
A prominent feature of the spectrum is the violet degradation of the 0—O0 band (A 2785:3,
:1:::582(21) while in the case of most of the allied molecules the band showed a marked degradation to
e red.
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