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ABSTRACT

The absorption spectra of some acetophenones and
benzoic acids have been measured in different solvents in the
region 200-4O0 mu. The two major bands are compared and it
is found that interactions which considerably alter the high
intensity band have less and somewhat different effects on
the secondary band. Solvent effects and the changes observed
on substitution indicate that the weaker band (C-band) is
essentially of similar character as the high intensity primary
band (B-band). A unifying hypothesis to account for the

observed changes is presented.



PART I. THE SECONDARY BAND IN THE ULTRAVIOLET ABSORPTION SPECTRA
OF ACETOPHENONES AND RELATED COMPOUNDS. '

INTRODUCTION

It has previously been statednthat steric effects in the
B-band of the acetophenone series can be classified into three
typeS.l’z’B’h These are as follows: (1) slight effects, giving
rise to intensity changes only (2) larger steric effects giving
both wavelength and intensity changes, and (3) larger steric
effects, causing the molecule to absorb as two distinect entities.
Generally it was found that the location of maximal absorption
of the B-band depended primarily on thé steric and mesomeric

(resonance) effects of the substituents.B’

This thesis is
intended to examine the secondary band in this region, and to
present a consistent explanation in terms of electrical and

'R: steric effects for the changes observed in this band.

| The secondary band will be referred to as the C-band,
following the nomenclature adopted by Moser and Kohlenberg,6 who
also named the main absorption band the B-band., This alphabetical
order assigns the letters A, B and C o the bands as they are

normally found proceeding from about 200 mp to longer wavelength.

1, Forbes, W.F. and Mueller, W.A. Can. J. Chem. 33:11L5. 1955.
2, Forbes, W.F. and Mueller, W.A. Can. J. Chem. 3L:13L0. 1956.
3, Forbes, W.F. and Mueller, W.A. Can. J. Chem. 35. 1In Press.
li. Braude, E.A. and Sondheimer, F. J. Chem. Soc. 375L.  1955.
S. Forbes, W.F. and Ralph, A.S. Can. J. Chem. 3L:1ih7.  1956.
6. Moser, C.M, and Kohlenberg, A.I. J. Chem. Soc. 80L. 1951.



Other designations have been proposed for this C-band, which has
also been referred to as the secondary ‘v::a.nd,7 because the band is
of much smaller intensity and therefore in a sense "secondary"; or
as the B-band8 to indicate its association with "benzene". This
latter designation receives support since the symmetry assignment

of the excited state is most probably Bgu.9

THE C-BAND IN ULTRAVIOLET ABSORPTION SPECTRA

The C-band of the campounds listed in Table I is ascribed
Yo transitions involving the benzene ring, since similar bands are
found in phenols, aniline, and in a large number of other benzenoid
compounds, as well as in benzene itself.] In most cases the
intensity of absorption of the C-band is considerably smaller than
the absorption intensity of the B-band. For benzene the C-band is
located at approximately 260 mp, ¢ = 250, For mono-substituted
benzene derivatives, both B- and C-bands are displaced to longer
wavelengths and often maintain, regardless of the degree of dis-
placement, a relatively regular wavelength relationship. (Doub and
Vandenbe1t7 report the spectra of thirteen mono-substituted benzene
derivatives where the ratio of the maximal wavelengths A, ,..4 /
Ap_pang 15 consistently 1.23 ¥ 0.05). Exceptions are nitrobenzene,
and to a lesser degree acetophenone and benzaldehyde, where the

wavelength ratios are different.

7. Doub, L. and Vandenbelt, J.M. J.Am. Chem. Soc. 69:271k. 19L7.
8. Braude, E.A. Ann. Reps. Chem. Soc. L2:105. 19L5.
9. Forbes, W.F. and Mueller, W.A. Can. J. Chem. 34:13L7. 1956.



Displacements to longer wavelength are accompanied by
increased absorption intensities, but the absorption increments
in the C~band show only slight similarities to the absorption
increments observed in the B-band on bathochromic displacement.
The main dissimilarities are: firstly, NHé-, OH~, and OMe- groups
in the C-band produce more marked intensity increments than, for
instance, 2lkyl groups or halogens. Secondly, intensity changes
for mono-halogen substituted benzenes are in the reverse order

(Bowden and Braude9’lo

for solution spectra report an order
F>Br>Cl) to wavelength shifts in the B-bands.s This apparent
dependence of intensities on inductive effects for mono-substi-
tuted benzenes has received a theoretical interpretation from
molecular orbital theory calculations.lo The further general-
isation that absorption intensities and frequencies depend prim-

. 10 .
arily on inductive and mesomeric effects respectively, is however,

too uver-simplified even for the C-band.

A mumber of points arising out of these observations may
be noted. In the first place, the molecular orbital treatment as

0
described by Matsen and co-workers,

while providing a satis-
factory semi-quantitative interpretation of the intensities of
mono-substituted benzenes, does not readily lend itself to the
interpretation of the di-substituted derivatives (cf. also the
10. Robertson, W.W. and Matsen, F.A. J. Am. Chem. Soc. 72:5252.

1.950.
11, Matsen, FsA . dJ. Am. Chem. Soc. 72:52L3. 1950.



"Discussion" below). Secondly, the "a.uomalous" nature of some

of the spectra of iodine-substituted compounds may be noted (see
Table I). This may be because of steric factors,S and requires
further elucidation. Thirdly, the possible significance of inductive
effects in the C-band suggests examination of para-disubstituted
compounds, where any inductive interaction of the two substituents

on each other would be small,

The data for the C-band of para-disubstituted compounds
indicate a different type of interaction from that observed in the
B-band. Since the C-band of many para-disubstituted compounds
resemble one, or are intermediate with respect to both the mono-
substituted parent compounds, this indicates that both inductive
and mesomeric interactions are small (cf. for example, in Table I
the C-band of the following groups of compounds: l-chloroacetophenone
and acetophenone; lL-fluoroacetophenone, acetophenone and fluoro-
benzene; li-chlorobenzoic acid and benzoic acid). Exceptions arise
(c£. for example phenol and p-cresol),lzwhere the introduction of a
para-substituent gives rise to approximately equal bathochromic
shifts and absorption increments in both B- and C-bands; these will

be referred to again later.

In the meantime it may be noted that this, generally
different, interaction in the two bands of para-disubstituted compounds

is of some practical importance. For example, it accounts for the

12. Friedel, R.A. and Orchin, M. Ultraviolet Spectra of Organic Q%s
Compounds. dJohn Wiley and Sons, Inc., New York. 1951.



observation that t;he C-band in para-isomers is frequently cbscured
by the considerably displaced and intensified B-band. Thus, the
band in the 320-360.mpu region for aminoacetophenones and aminoben-
zoic acids may be assumed to be a $=-band because this band is
covered in the para-isomers and therefore no great displacement
towards longer wavelength and absorption increase takes place., This
assigmment is in contrast to the one favoured by Klevens and Platt,l3
who regard the 257 my band in dimethylaniline as the C-band. This
interpretation in agreement with Bowden and Braude9would be to
regard this band as the analogue of the 235 mp band (B-band) in
aniline.

Turning to meta-disubstituted compounds, it may be noted
that the C-band only occasionally resembles the C-band of one of the
mono-substituted analogues; more frequently there is some evidence
for interaction particularly for the hydroxy, methoxy, and aniline
derivatives of the compounds studied (see Table I). This interaction
becomes increasingly important for the C-band of ortho-disubstituted
derivatives, Using the meta-disubstituted isomer as the reference
compound, the interaction may be divided into at least two groups;
compounds in which a hypsochromic shift and loss of absorption
intensity is observed (for example, o-chloroacetophenone) and com-
pounds for which a distinct bathochromic shift with enhanced absorp-

tion intensity is observed (for example, 2-hydroxyacetophenone).

13. KXlevens, H.B. and Platt, J.R. J. Am. Chem. Soc. 71:171Lh. 19L9.



BRI en e

At this polnt, the choice of reference compound used for
comparing these (ortho-effects) requires discussion. For the B-
band it was shownzthat the para-isomer is the most satisfactory
reference compound. For the C-band, by contrast, the para-isomer
is less suitable as a reference compound because para- and ortho-
isomers, even in the absence of steric effects, do not give rise to
similar C-~bands. (The wavelength shifts may conceivably be campar-
able, but the intensitles are certainly not as may be noted from
Table I). Furthermore the para-isomer would make an unsatisfactory
reference compound, sinee the C-band is there often submerged by the
displaced B-band (see above). Hence the choice lies between the
C~band of the meta-isomer and the C-band of one of the mono-substituted.
parent compounds, and both will be made use of in the discussion.
Neither of them is'entirely satisfactory; the meta-isomer has the
advahtage that frequently there is a resemblance between ortho- and
meta-isamers. The mono-substituted parent compound may be of interest
since there are indications that for the B-band the spectrumof the

mono-substituted compound often resembles both the ortho- and meta-

disubstituted compounds. This may also be true for the C-band.

Returning now to the main theme, it is evident from Table I
that ortho-effects in the C-band differ from ortho-effects as observed
in B-bands. In the ortho-substituted compounds listed in Table I the
C-bands are well defined, even if both ortho-positions are occupied.

The C-bands are =il displaced towards the visible when compared to the




C-band of acetophenone or benzoic acid respectively, and this batho-
chromic shift is in the order NHé> OH > OMe > Br > Cl (compared to
the meta-disubstituted isomer, as has been noted above, either a
hypsochromic or bathochromic shift is observed). This order is the
same as the order of bathochromic shifts in the B-band for para-
substituted acetophenones or benzoic acids, and may be correlated
with the ability of the substituents to release unshared electrons.
Further, the fact emerges that the C-band apparently never completely
- disappears ir ortho-disubstituted compounds, and this indicates that
conjugation between the two entities still takes place; actually for
many of these disubstituted compounds the C-band is enhanced with
respect to either the mono-substituted or the mono-ortho-substituted
compound. (See Table I)

" STERIC EFFECTS AND AN INTERPRETATION OF THE CHANGES OBSERVED ON
SUBSTITUTION '

Previous explanations concerning steric effects in the C-
band vary. Moser and Kohlenbergé, for example, state that steric
interactions between the carboxyl group and another atom or group in
ortho-substituted benzoic acids apparently have no effect upon this
band. Cram and Cranzlhhave also discussed this band and conclude that
the C-band is particularly sensitive to transitions associated with

ortho-resonance forms.

The hypothesis presented in this thesis to explain why steric

inhibition of rescnance has a marked effect upon the B-band but

apparently none or quite a different effect on the C-band, is based on

1’40 Crarﬂ’ DtJo and craIiz, FOW. J. Am. Chenl- SOC. 72:595. 19505



the following assumptions: (1) the electronic excitation leading to
the C-band involves transitions which require more energy at the
energetically most favourable interplanar angle of the ground state H
(2) this ground state attains a minimum at an interplanar angle of
about 90 degrees, because there is then a secondary maximum of inter-
action between the TT~electrons of the benzene ring and same of the
p-electrons of a substituent. These assumptions are illustrated in

Figure I.

Applying the hypothesis it is noted that in contrast to the
B-band, the C-band is cqmparatively insensitive to smaller steric
effects. An example of this is provided by ortho-methyl derivatives,
such as 2-methylacetophenone, where the intensity of the B-band is
approximately halved while the C-band shows no such change (see
Table). Intensity losses of this type in the B-band have been
ascribed to the excited state because of its different energy relation-
ship with respect to interplanar angles - no longer participating in
some of the transitions which lead to the observed absorption intensity
of a planar reference compound?’9. In the C-band, since the electronic
excited state is assumed to be different, no such restriction is

observed.

In the example cited (2-methylacetophenone) there will, how-
ever, be a change in the C-band, since, as transitions leading to a
B-band become less probable because of the increased angle of twist in
the ground state, this same increased angle of twist will make trans-

itions more probable, as indicated by arrows "C" in Figure I.



Wavelengths and intensities of the B~ and C-bands (in thls and subsequent tables underlined figures represent inflections)

TABLE T

ABSORPTION SPECTRA OF SUBSTITUTED ACETOPHENONES AND BENZOIC ACIDS

ACETOPHENONES

Absolute or 95% Ethanol Cyclohexane or Ether

BENZOIC ACIDS

Abgsolute or 95% Ethanol

Cyclohexane or Ether

Beband C-band B-band C-band B-band C-band B-band C-band
Substituent 1m&lx, Cmax Xma.x, Cmax )\ma-X, max )‘max, “max 1rﬂax, Cmax max, Smax )“max, max )‘max, “max
my mp my my me my my mp
None 240 12,500 276 1000 239 12,600% 275  B10k 227 11,0002 271 7603 230 10,000% 275 750"
279 5% 280 760
(Toluene 207 9500 262 300 207 9300 260 300 )
2.Methyl- 22 8soo! 283 1250t 228 50002 279 7250
3-Methyl- 232 90002 279 10003
L-Methyl- 252 15,000% 278  8gol 236 11,0007 - 23
2,6-Dimethyl- 251 5600° 281 850° - -3 210 7253
ca.2%0 . Th0
(Fluorobenzene (in ethanol] 20k 62003 25N 9006 )
2-Fluoro- 236 10,000 280 1550 233 9500 279 1600 223 95002 273 1620 225-226 10,500 276 2000
ca.280 1300 ca.28k 1600
3-Fluoro- 236 10,500 281 1700 2 35 9500 280 1700 225 10, 000% 274 1700 228 11,0007 277 1900
289 1250 2% 1250 281 1hoo 285 1700
4~Fluoro- 22 11,500 - - 20 12,000 266 850 228  11,000° 262 500 230 12,6007 263 650
268 300 269 1400
(Chlorobenzene [in ethanol] 210 7500 257 1706 )
2-Chloro- 238 5500 281 750 235 5700 280 650 ca.229 50002 278 760° 280 10004
3~Chloro- 2l0 10,000 286 1050 239 10,000 286 1100 230 85002 28 9503
295 900
L-Chlero- 249 16,000c2.286 650 29 17,000 272 300 23, 15,0000 - -3 237 15,200% 275 730k
2 00
2,6-Dichloro- - -3 28k o
274 500
(Bromobenzene [in ethanol] 210 86006 261 2006 )
2-Bromo- 236  Looo 282 780 236 Lsoo 282 700 ca.22L 6500° 262 560° 282 1050*
. - 282 760
3-Bromo- 2Lo 9500 287 1050 2ko 10,000 ca.?82 900 ca._2_2_5_ 55002 280 8.':\03 284 llOOh
ca.293 950  ea.2Ls Booo 287 1160 -
296 950
L-Bromo- 253  16,000ca.286 900 253 19,500 ca.286 600 238.5 16,000° - -3 22 16,200% ca.270 aogl
3
2,6-Dibromo- - -3 262 930
272 870
(Iodobenzene [in ethanol] 226 1.3,0006 286 8006 )



3-Chloro- 240 10,000 286 1050 239 310,000 286 1100 230 85002 28) 9503
295 900
4-Chloro- 2L9  16,000ca.286 650 249 17,000 ggi ggg 234 15,0002 - -3 237 15,3008 2735 7304
2,6-Dichloro- - -3 28y Lo
274 500
(Bromobenzene [in ethanol] 210 8600° 261  200°)
2-Bromo- 236 o900 282 780 236 4900 282 700 ;a.g_z_g_ 6500° 262 560° 282 1050%
. 282 760
3.Bromo- 240 9500 287 1050 240 10,000 ca.282 900 .225 8500° 280  830° b
ca.293 950  ca.2L5 8ooo 287 13100 == - 3 28l 1100
296 950
L-Bromo- 253  16,000ca.286 900 253 19,500 ca.286 600 238.5 16,0002 - -3 o 16,1001‘ ca.270 ggg“
2,6-Dibrono- - _3 262 9303
272 870
(Iodobenzene [in ethanol] 226 31.3,0006 256 8006 )
2-Todow- ca. 233 7000° 285 1h5O ca.232 8500 286 1600
- ca.2L0 7000
ca.2hi L500
3-Todo- ca.250 7100 295 1040  ca.2Lé 6600 292 1050 28 950 ca.233 800 283 1000
ca.250 %00 300 930 290 900 = 291 900
L-Iodo~ 262 16,000 - - 263 19,500 252 17,0002 ca.282 1700 252 18,500 ca.282 1350
(Phenol 210 000" 263 11;007 218.5 6000 271 1500 )
269 2200
276 2100
1 L 2 3 ’ L Anl
2-Hydroxy- 251 $700° 327  3B00 236 7500 307 3700 237 7600 307 LhoO
3-Hydraxy- 246 8900 306  2000% 236 60002 301 2200 23k 6600k 206  2000%
Y-Bydroxy- 267 19,200% - - b 251 12,500° - -3 251 13,300 - -
2,6-Dinydroxy- - N T
N 311 3500
(Anisole {in hexane]
2-Methoxy— 216 Booo® 306  2600% 230 6000° 291  2700° 201 3500%
3-Methoxy- 26 8soo™ 30k  2800% 230 70002 293 2450° 23k 7000 295  2500b
L-Methoxy-~ 266 1!3,000h - - b 249 1h,0002 - -3 251 18,300h - _ b
2,6-Dimethoxy- - -3 282 18503
(Aniline 233 50000 286 18007 23 17007 284 8007 )
o Amino- 25, 5600 389 L350 252 500 37 k350 ak? 6500 332 LSOO 252 7mo0¥ 333 sz00%
3-Amino- ca. 255 7000 338 1900  ca.2Lb 9000 320 2500 ca.2ll 70000 319 2100 PIAN 7800% 320  2800%
L-Amino— 316 20,000 - - 285 19,000 - - 288 18,500 - - 277 20,600h - - b
(Nitrobenzene 252 9000 ca.285 1500 257 8000 - -)
2-Nitro- 257 6000 - - 25l 6000 - - ca.255 3500%
7
~Nitro- ca.260 6500ca. 300 800  ca.28h 7000 ca.288 13100 255 7000
3-Nitro = = — 5% T
L-Nitro- 261  14,000ca.298 2200 ca.258 14,000 ca.292 2000 258 12,000 ca.28L 2500 255 13,000 ca.294 2000
calz 1200 ca.308  Tooo =
lay; 2@9); 3(6); l"(36); 5(h)_; 6(26)3 7(This band is concentration dependent.) .
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Hence a slight bathochromic shift accompanied by increased absorption
intensity is observed (cf. Table 1). This effect is considerably
enhanced in compounds like L-acetyl-hydrindacene ()‘maxBO8 My & =
30001)’ where both planar forms are subject to steric interaction.

The hypothesis also accounts for the observation that even
in considerably hindered compounds where the interplanar angle is
quite large,9’15the C-band still absorbs with appreciable intensity.
This follows since conjugation is still possible in the ground state,
although transitions leading to the B-band no longer occur. It is of
interest in this connection that the carbonyl stretching frequencies
of hindered acetophenones support the hypothesis of appreciable residual
conjugation in the ground state.3 Conjugation, however, is only
residual and hence the molecule will also absorb as two distinct
entities. This may be taken to account for the eventual reduced ab-
sorption intensity even in the C-bkand.

Next, for OH-, OMe-, and NHé- substituents, a pronounced
bathochromic shift is observed, acccmpanied by increased absorption
intensity. For this observation thé hypothesis again provides an
answer, since QOH-, QMe-, and NH2- substituents all contain unshared
p-electrons. This gives rise to interaction which is less direction-
dependent than the TT-TT interaction. Therefore the usual bathochromic
shift is observed in the C-band.1 The increased intensity of
absorption is quite marked (cf. Table 1) and can be explained by the
evening out of the energy levels of the ground states, which will

affect the ratios of the absorption intensities in the C- and B- bands.

This is illustrated in Figure 2.

g
15, Forbes, W.F. and Mueller, W.A. Can. J. Chem. 34:15h2. 1956.
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This effect, being characteristié of the C~band, may be
used in the assignment of absorption bands. An example of this type
of application is provided by the long-wavelength band of ortho-
bridged diphenyls (see Table 3 of a discussion about diphenylslé)
where it may be noted that the introduction of ortho-methoxyl groups
considerably increases the intensity of the band; this suggests that
the long-wavelength band is a C-band. The reversed effect on B and
C-bands of a methoxy-group in the ortho and para-positions has already
17

been noted by Burawoy and co-workers™ , althouzh these authors propose
a different explanation for the B~ and C-~bands.

Generally, the effect of mesomeric interaction may be
deduced in a similar manner, namely by considering distribution curves,
If thus the operation of the mesomeric effect is confined principally
to one plane, a large mesomeric effect will - by maintaining a large
percentage of molecules in the near-planar or planar conformation =
reduce the percentage of molecules subtending a large interplanar
angle, Since a large interplanar angle alds absorption leading to the
C-band, a large mesomeric effect will generally give rise to a low
intensity C-band and vice versa. This generalisation is well illustrat-
ed by a number of compounds. For example, nitrobenzenes on account of
the large mesomeric effect of the coplanar nitro group, exhibit only a
weak C-band, which is often submerged. Another example is the order
of the observed intensities in halogen-substituted benzenes which can
also be rationalised from the above generalisation; if the mesomeric
16. Braude, E.A. and Forbes, W.F. J. Chem. Soc. 3776. 1955.

17. Burawoy, A., Cais, M,, Chamberlain, J.T., Iiversedge, F., and
Thompson, A.R. J. Chem. Soc. 3721. 1955.




effect decreases, as in fluorosubstituted benzenes, the intensity of
the C-band increases, and thus accounts for the order of the intensities
which apparently correspond to the inductive effect.

The difficulty of finding a suitable reference compound for
the study of the ortho-effect in the C-band can now be appreciated.
For para-disubstituted benzenes there is maximum resonance interaction
and hence the C-band is weak. This weak C-band will moreover only make
a satisfactory reference spsctrum for the study of the ortho-effect if
steric inhibition of resonance is negligibl:, since any change in the
resonance energy will now introduce another variable. In the meta-
isomers the mesomeric effect is secondgry and this accounts for the
generally more pronounced C-band. If in the ortho-isomer the steric
interaction destroys most of the mesomeric interaction by increasing
the angle of twist, the mesomeric effect will again be secondary and thus
the meta- and ortho-isomers may resemble each other. However, this
agreement between ortho- and meta-isomers is by no means general,
because sterie inhibition of conjugation in neutral solution is seldom
complete, and because other effects such as hydrogen bonding frequently
play a part.l8

The effect of the ortho-substituents is perhaps best estimated
by using the absorption of the mono-substituted parent compound and then
allowing for both the mesomeric and steric interaction of the second
substituent. As in B-bands, the absorption of the C-bands may normally
be correlated by considering only mesomeric and steric effects. The

18. Forbes, W.F., Mueller, W.A., Ralph, A.S. and Templeton, J.F.
Unpublished information.
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bands differ in that for the C-band, the mesomeric effect will weaken

and steric effects strengthen this band (by decreasing mesomeric effect

and by increasing the mean interplanar angle); for the B-band the

mesomeric effect reinforces the band while steric effects weaken it%,2,5,19
It follows from the above sections that differences in inten-

sity ratios will normally be more marked than differences in wavelength

ratios, since only intensity changes in the two bands are frequently

in opposing directions.

SOLVENT EFFECTS

The effect of substituents has indicated (see above) that the
transitions leading to the B-band and C-band are essentially of similar
character., Confirmatory evidence should be forthcoming from a study
of solvent effects since these have been shown to be characteristic for
other bands.20 With this in mind the B- and C-bands have been
determined in different solvents, firstly in ethanol and cyclchexane
(see Table 1), then in dioxane-water mixturesl8and finally in con-
centrated sulfuric acid (see Table II).

Changing the solvent from ethanol or 95% aqueous ethanol to
cyclohexane or ether generally reinforces the C-band, and thus assists
in defining the band. For example, in para-halogen substituted benzoic
acids it is necessary to determine the spectra in hydrocarbon solvents,
before the G-band may be identified (cf. Table I). Otherwise no import-
ant changes are apparent between these two types of solvent. Certain

19. Forbes, W.F. and Sheratte, M.B. Can. J. Chem, 33:1829. 1955.
20. Burawoy, A. Discuss. Faraday Soc. 9:70. 1950.




B '« R <Jf alfdeficdsta
TABLE 1T

VARIATION OF ABSORPTION SPECTRA WILH ACIDITY

B-Band C-Band
Compound in Ethanol in HZSOh in Ethanol in stoh
Max  Cmax Xmax, Cnax xmax, “max max, ‘max
myL myL ) mpL
Acetophenone o2L0 12,500t 293 20,000 276 1000 ca.320 1900
1
2-Methylacetophenone 22 8500 293 14,000 283 12 501 354 1600
3-iethylacetophenone 2hs 11,100 . 300 20,700 350 2050 285 1300
' 1
Li-Methylacetophenone 252 15,000 ca. 278 8501 ca. 350 2000
Benzaldehyde ol 1L,000° 293 21,000 280 1l;oo2 335 2000
290 1200
2 -Methylbenzaldehyde 251 13,0000 296 17,000 291 1700° 36l 2000
l-Hethylbenzaldehyde 251 15,000 309 23,000 279 12002 - -
Benzoic acid 227 11,000% 260 15,500 271 760" 29L 2000
‘ 279 550
2 Methylbenzoic acid 228 000t 26l 16,000 279 725% 312 2700
3-Methylbenzoic acid 332 9000l 265 16,400 279 1000 310 2200
-Methylbenzoic acid 236 lh,OOOl 275 21,100
L-Mitroacetophenone 262 1l,000 286 21,500 ca.310 1600 ca. 340 3200
Mitrobenzene 258 8000 287.5 8600 - - ca. 302 7200
1 (Table I); 2(in n-hexane or cyclohexane, L); 3(21).



15

minor changes can be more satisfactorily examined by considering
dioxane-water mixtures and will therefore be discussed then.

Examination of the B- and C-bands for acetophenones shows
that, In agreement with Burawoy et al.,17the B- and C-bands generally
are displaced to longer wavelength on increasing the dielectric
constant of the solvent (cf.zland the changes observed in Table 1
on changing the solvent from cyclohexane to ethanol).

It should be noted however (cf. Experimental, Table I, andlB),
that there are a number of exceptions to this general rule. Thus, for
example, values are dependent on the concentration of the solu.tion.18
Next, values for benzoic acids are anomalous, although fairly
uniformly so for both B- and C-bands,18 and lastly, intensity changes
do not always follow the same pattern in the two bands.

Addition of sulphuric acid in the acetophenone series generally
displaces both bands to longer wavelength. The absorption spectra of
some B- and C-bands in concentrated sulfuric acid are shown in Table
iI andzo.

It may be noted that the bathochromic shift due to the ortho-
substituent in the C-bands for sulfuric acid spectra again supports
the general hypothesis as does the overall similarity of the changes

observed in both bands on increasing the proton availability of the

solvent (see Table II).

21.. Tanaka, J., Nagakura, S., and Kobayashi, M. J. Chem. Physics.
2l:311. 1956,
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DISCUSSION

The C-band has been characterized as due to transitions
. . 10,11,22,23,24,2
involving homopolar structures of type T, )11,22,23,2L, 5which
are "forbidden" transitions, It is usually assumed
to corre:iond to the Alg == Boy transition in
benzene. This assigrment is supported by cal-
culation of the expected absorption intensities.
. . 10,23,26
However, observed substitution effects
do not completely support this assigmment. ]i

If, for example, calculations are extended to more com-

. 10,27,28_ . X

plicated molecules it is found that good agreement between
the caleulated and observed intensity is only seldom obtained.
According to the hypothesis it is unnecessary to invoke the inductive
effect in order to account for the C-band of halogen-substituted ben-
zenoid compounds;1 further the occasional similarity in the frequency
and intensity of abscrption of ortho~ and meta-substituted compounds
for the C-band, which has received a quantum mechanical interpretation
by ForsterlSis only of limited value in correlating the C-bands in
the type of compounds discussed in this thesis., It may be that these
calculations are correct for the ground states — and hence might
incidentally be expected to hold for the B-band also — but that the
22. Craig, D.P. Proc. Roy. Soc. 200A:101. 1950.
23. Rober%son, W.W. and Matsen, F.A. J. Am. Chem. Soc. 72:52L8. 1950.
2h. Skler, A.L. J. Chem. Phys. 5:669. 1937.
25. Sklar, A.L. J. Chem. Phys. 7:984. 1939.
26. Bowden, K. and Braude, E.A. J. Chem. Soc. 1068. 1952.

27. Forster, T. Z. Naturforschg. 2a:1h9. 19L7.
28. Sklar, A.L. J. Chem. Phys. 10:135. 19k2.
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superimposed effect of the electronic excited states so alters the

spectrum that any original ortho-meta similarity is often hidden
2,3,5,6,19,2

(in previous sections, and ’ 5556519, 9). A similar corment would

apply to the intensity ratios proposed by Sklar.28

14,30,31 2
It has also been supposed k,30,31,32, 3that acetophenones

absorb light along two non-identical axes, which are perpendicular

to each other. One optical axis would then correspond to transitions
which give rise to the B-band, whereas the other optical axis

correlates with the absorption of the C-band. This concept of the
directional incidence of light waves on the molecule .. which receives
support from the absorption of polarized ultraviclet light and

indicates that electric vectors (i.e., the direction of motion of the
Tr-electrons) associated with both bands lie in the plane of the ri.ng,a’ms
— may readily be correlated with the hypothesis. Since the excited

states are direction-dependent, the angle of incidence would be expected

to alter the probability of absorption.

29. Doub, L. and Vandenbelt, J.M. J. Am. Chem. Soc. 71:2L1L. 15L9.

30. Coulson, C.A. Proc. Phys. Soc. 60:257. 19L8.

31. Ferguson, L.N. Chem. Revs. L3:L29. 219LG.

32. Lewis, C. and Calvin, M. Chem. Revs. 25:273. 19359.

33. Jones, R.N. Chem. Revs. L3:353. 19L8. _

3Li. Heilbron, Sir I, and Burbury, H.M. Dictionary of Organic Compounds,
Eyre and Spottiswodle Ltd., London. 19L6.
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PREPARATION OF COMPOUNDS

The steric effects, as shown in the spectral properties,
are also evident in some of the chemical reactions employed in the
preparation of compounds. For example, yields of ortho-derivatives
in halogen-substituted acetophenones are small (see Table ITI). The
refractive indices for fluoro- and chloroc-acetophenones also indicate
an order para > meta > ortho (see Table III), It seems probable that
this order is conditioned by steric effects, at least to some extent.

Except for miror deviations in procedure, the compounds, if
not commercially availsble, were prepared by standard methods as
described in the literatire. Purification was effected by fractional
crystallisation, by distillation under vacuum, by vacuum sublimation,

or by 2 combination of these methods, as was appropriate in each case.

EXPFRIMENTAL

The physical constants of the compounds are listed in Table
I1T7,

2- and 3-Methylzacetophenones were prepared by the method
previously described.1 The fluoracetophenones, 2-chloroacetophenones,
and 2-bromoacetophenone were preparec from the corresponding acid

: . . 35)
chlorides by treatment with an excess of dimethyl cadmium (cf.”7).

Purification was effected by distillation in vacuos

3-Chloro-, 3-bromo-, 3-icdo-, and 3-hydroxy-acetophenone
were obtained by diazotisation of 3-aminoacetophenone, followed by the

standard Sandmeyer procedure.




TABLE IIT

PHYSICAL CONSTANTS OF ACETOPHENONES

19

Acetophenone Melting Point or Boiling Yield Reported Value of
Point and Refractive Physical Constants
Index
3-Methyl- b.p. 65-71°, 3 m., 574 b.p. 109°, 12 mm.,
22 15
n3° 1.5170 n "7 1.533 (3)
2-Fluoro- b.p. 63°, 9 m., 352 b.p. 80-85°, 16 mm.
2'
5 %5068 (37)
3-Fluoro- b.p. 570, 3 m., 65% b.p. 81°, 9 mm.
339 1.5083 (38)
h-FluorO- b.p. 620, h TMe 4 h‘?% b-p- 7903 lo MM,
n2r 1.5096 E;S 1.5081  (39)
2-Chloro- b.p. 75°, L mm., 30% b.p. 85-87.5°, 5 mm.
n? 1,517 (LO)
-D
3-Chloro- b.p. 880, i mm., 80% b.p. BOO, 2.5 1.,
ne> 1.5L9k no 1.5h5h ()
o]
L-Chloro- b.p. 83°, L mm., - b.p. 103-105 , 11 mm.
0 20
n.’ 1.5558 no) 1.5562 (12)
2-Bromo- b.p. 131-135", 20 mm.
0
E? 1.5667-1.5678 (43)
D
3-Bromo- b.p. 131-132°, 17 mm.
n?% 1.5755  (3L)
23. D o
3-Todo~ n 1.6228 L0% bep. 117, L mm.
)

gi? 1.6220  (19)




L-Todo-

2-Hydroxy-

3-Hydroxy=-
L-Hydroxy-

2-Amino~

3-pmino-
L-Amino-
2=-Nitro-

3-Nitro-

L-Nitro-

m.p. 8L°
L ¢}
UeDoe 72 3 ,.l. M.

21
n 1.55%90

m.p. 95-96
m.p. 104°

o]

b.p. 97°, L4 mm.,

n'?3 1.6096
dD

m.p. 95-96°

m.p. 104105
b.p. 1190, L ym.,
n21'E 1.5560

M.De 78°

- MePe 79°

Loz

30%

263
63%

20

m.p. 85° (3L)
b.p. 96°, 10 mm.,
gle 1.558  (16)

° @8

m.p. 96
m.p. 109°  (16)
)

b.p. 124 , 10 mm.

(18)

m\ m.p. 98-59° (18)
M.Pe 106o (18)

b-po 112.5-113.50, 2 mm.
2

BDS 1.5530  (Lk)

m.p. 76-78" (L5)

m.p. 768.5-80° (L)
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Li-Bromo-, and L-iodo-acetophenones were obtained by
Friedel-Crafts acetylation of the halogen-substituted benzenes using
acetyl chloride and aluminum chloride., Purification was effected by

crystallisation and vacuum sublimation.

2-Hydroxy- and Li-hydroxyacetophenones were prepared by means
of a Fries rearrangement of phenyl acetate, using aluminum chloricde.
The ortho-compound was purified by vacuum distillation, while the para-
isomer crystallised from ethanol,

2-Aminoacetophenone was obtained by reduction of 2-nitro-
acetophenone with tin and hydrochloric acid.

The remaining acetophenones were purified from the commer-
cially available compounds. 3-Nitro- and L-nitroacetophenones were
vacuum sublimed, and L-chloroacetophenone was purified by means of
semicarbazone.

The preparation of the benzoic acids has previously been
described.19

Cormercially available sulphuric acid was used in the deter-
mination of the acid spectra.

For description of instrument used and method of purification
of dioxane see experimental Part II of this thesis.

35, Cason, J. J. Am. Chem. Soc. 66: 2078. 19k6.
36, Dannenberg, H. Z. Naturforschg. Lb: 327. 19L9.
37. Borsche, W. and Wagner-Roemmeck, M. Ann. 5L6: 273. w941,

38. Evans, D.P., Morgan, V.C. and Watson, H.B. J. Chem. Soc. 1172. 1935.

39. Renoll, M.W, J. Am. Chem. Soc. 68: 1159. 19L6.
Lo, Walkerj H.G. and Hauser, C.R. J. Am. Chem. Soc. 68: 1387.1 l12)46.
1. TLeonard, N.J. and Boyd, S.N. Jr. J. Orge Chem. 1ll: 4o5. 19L6.
2. Matsui, E. J. Chem. Soc. Ind. Japan L5: 112. 1942,
3. Lutz, R.E. et.al., J. Org. Chem. 1%: 6%& 1%{(.{
)-!-)-l-O Eh'ﬂerson, .L'I.S. J. A m. Chemo SOCI 9: [ . .
i o . 2, John Wiley and Sons, Inc.,
LS. Blatt, A.H. Organic Syntheses, Coll. Vol. 2, y and Sor ' ome

46. Craig, D.P. and Lyors, L. E. Nature, 169:1102. 1952.




ABSTRACT

Hydrogen bonding, which is known to give rise
to dimer formation in benzoic acids and similar compounds,
may affect solution spectra by intermolecular and/or by
intramolecular bond formation, Generally envirommenital
factors affecting absorption spectra can be divided into
“three types:- Intermolecular hydrogen bending between
solute molecules only; intermolecular hydrogen bending
between solute and solvent molecules; and orientation
effreets invelving the formation of hydrogen bonds.

Evidence for the occurrence of these types of
interaction is deduced from vltraviolet spectra and various

implications and applications of the spectral analysis are

discucsed.




PART II. THE STUDY OF HYDROGEN BONDING AND SIMILAR EFFECTS
BY MEANS OF ULTRAVIOLET ABSORPTION.,

INTRODUCTION

Hydrogen bonding has previously been mentioned as a

. - 1
possible cause of certain anomalous spectra. ’2’3’thdrogen

bonding may be intermolecular or intramolecular, already intra-
molecular hydrogen bonding has been used to explain the ultra-
violet spectra of o-hydroxyacetophenone and sélicylic acid.s’6
Intermolecular hydrogen bonding would be expected to occur firstly
because dimer formation in benzoic acids is a well-known phenomenon
in infrared spectroscopy7’8’9and secondly because certain changes

in ultravioclet absorption spectra on changing the solvent have

. 10,11,12,13,314,15
been ascribed to intermolecular hydrogen bonding.

Also the dependence of ultraviolet absorption spectra on the

16,17,18,19,20
sclution concentration has been noted by several workers.

1. Forbes, W.F. and Mueller, W.A., Can. J..Chem. 3L:13L40. 195.

2. Forbes, W.F. and Mueller, W.A., Can. J. Chem. 3L:15L2. 1956.

3. Forbes, W.F. and Mueller, W.A., Can. J. Chem. 35 (in press)

L4, Part I. This Thesis.

5. Dannenberg, H., 2 Naturforschg. L6:327. 19L9.

6. Cram, D.J. and Cranz, F.W., J. Am. Chem., Soc. 72:595. 1950.

7. Bellamy, L.J., The Infrared Spectra of Complex Molecules,
Methuen and Co. Ltd., London. 1954. p. 139.

8. Davies, M., and Griffiths, D.M.L., J. Chem. Soc. 132. 1955.

9. Fuson, N.,hJosien, M.L., Shelton, E.M., J. Am. Chem. Soc. 76:
2526. 1954.

10. Kﬁmber, W?D., J. Am. Chem. Soc. 68:118L. 19L6.

11. Burawoy, A., and Thompson, A.R., J. Chem. Soc. 1ihh3, 1953.

12, Burawoy, A., Cais, M., Chamberlain., J.T., Liversedge, F., and
Thompson, A.R., J. Chem. Soc. 3721. 1955.

13. Brealey, G.J. and Kasha, M., J. An. Chem. Soc. 77:LL62. 81955.'8

1l;. Coggeshall, N.D.- and Lang, E.M., J. Am. Chem. Soc. 70:3283. 1948.

15. Nagakura, S. and Baba, H., J. Am. Chem. Soc. 7L4:5693. 1952.
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Intermolecular hydrogen bonding, for which there is therefore some
evidence, may now be divided into two types. Firstly, intermolecular
hydrogen bonding occurring between solute molecules only and secondly,
intermolecular hydrogen bonding occurring between soclvent and solute

molecules.

Intermolecular hydrogen honding between solute molecules
only, should be a function of the concentration, and consequently
should be susceptible to independent investigation, particularly
since examples can be taken which largely eliminate intramolecular
hydrogen bonding and steric effects. Monosubstituted benzenes, and
benzoic acids provide a satisfactory starting point, particularly
since the latter has previously been investigated.zl In this
investigation it was found that, although dimer formation was
anticipated, the B-bands could be satisfactorily correlated without
considering the effect of hydrogen bonding. This thesis may be con-

sidered as an extension of this previous study.

The effect of intermolecular hydrogen bonding between
solvent and solute molecules and/or orientation effects may be
investigated by choosing examples, in which steric effects and
intramolecular hydrogen bonding have been kept small, and which

further do not show the concentration changes as ascribed to soluate-

16. Keussler, V. v., Z. Elektrochem. 58:136. 1956.

17. Hirschbe;g, Y.,’Knott, E.B. and Fisher, E., J. Chem. Soc. 3313.
1955.

18. Beinert, H., J. Am. Chem. Soc. 78:5323. 1956. 1951

19, Koizumi, M. and Mataga, N., gull. Chem. Soc. Japan 27:194. 195L.
cf. Chem. Abs. 49:7382. 1955. .

20. Forbes, W.F. and Templeton, J.F. Chem. and Ind. (13 Presi)gs

21. Forbes, W.F. and Sheratte, M.B., Can. J. Chem. 33:1829. 1955.




solute hydrogen bonding. Such examples are available and these

will be examined in a later section.

THE DEPENDENCE OF ULTRAVIOLET ABSORPTION SPECTRA ON CONCENTRATION

(INTERMOLECULAR HYDROGEN BONDING BETWEEN SOLUTE MOLECULES OHLY)

In ethanolic solution, it has been found that benzoic
acid gives rise to a definite increase in the observed absorption
intensity on increasing the concentration. This series of data along
with about 25 other series are listed in Table I, and almost all
of these show distinct increases of absorption intensity (e) with
increased solution concentration.

It appears that the increase is not confined to the
carbonyl group, since a considerable increase is obtained for methyl
benzoate; nor does it seem necet.arily limited to the oxygen atom
since a change--although much smaller--is also obtained for
diphenyl (see Tables I and II). The only listed exception is the
spectrum of salicylic acid in dioxane, where the opposite change is
observed. This exception may be due to interfering effects, such
as intramolecular hydrogen bonding, which would be expécted to be
important in compound like salicylic acid (cf. also the absence of
the usual changes ascribed to association for o-chlorophenolzzand

2L

for catech0123, for ortho-substituted amines and for ortho-

substituted cyclohexylphenols.

22. WNagakura, S., J. Chem. Soc. Japan, Pure Chem. Sect. 75:734. 195L.
cf. Chem. Abs. L8:10,L3L. 195L. i

23, Joule, L., Carpeni, G. and Hamann, Y. Bull. Soc. Chim., France.
LL8. 1956, cf. Chem. Abs. 50:11,319. 1956. 19ko

2l,. Gordy, W. and Stangord; S.C., J. Am. Chem. Soec. 62:497. 19L40.

b




For a number of other compounds, such as acetophenons which will be
listed and discussed later, there is no evidence for concentration
dependence; this may be taken to indicate that for these molecules no
hydrogen bonding between solute molecules occurs.

With one exception, therefore, the data in Table I
are all consistent with the initial assumption that the observed
changes are related to intermolecular hydrogen bonding. The hypo-
thesis is also supported by the much greater solubility of phenoil and
aniline compared to nitrobenzene and benzene in waterzs; by the
reported absence of association in acetcphenone as judged from

27

infrared and Raman studieszé, from other infrared studies, "and

particularly from temperature changes on spectra,‘where it has been

shown for phenol and other compounds that increasing the temperature

has the same effect as reducing the concentration of the solute, 8

that is a decreased absorption intensity without wavelength change.lh’2
Several points which will be examined again later, may

next be mentioned, Thus firstly, since association apparently

occurs even between hydrocarbon molecules (e.g. diphenyl in cyclo-

hexane; see Table I), the choice of solvent is important. A solvent

1ike ethanol or water, because of the high dielectric constant, may

be expected to associate more readily with a solute molecule and

95, Remick, A.D., Electronic interpretations of organic chemistry.

John Wiley and Sons, Inc., New York, 1950. p. 2k.
26. Josion, Mfi. and Lascombe, J., Compt, rend. 239:51. 195L.
Cf. Chemo Abs. 50:1h6h. 1956.
27. WNevilly, M. Compt. rend. 238: 781. 1954,
f. Chem, Abs. h8:8038c 195)4‘ .
28. Jones, R.N., Forbes, W.F. and Mueller, W.A. (Unpublished

information).

P




TABLE I

ABSQRPTION MAXIMA (B-BANDS) OF GOMPOUNDS IN !SCLUTIONS OF VARYING CONCENTRATION

-6 -
(Concentration, ¢ = 2.8 x 10 ~ to 6.3 x 10 5 moles/1iter; cell lengths are given in brackets)

Li0c (1 mm.) 8¢ (5 mm.) Le (20 mm.) 2¢(20 mm.) c(LO mm.)
COMPOUND SQLVENT )‘max, ®max )‘max max )‘ma.x, “nax )‘max €nax )‘max ®max
my m mys ms M
Benzoic acid Ethanol 227 11,000 227 10,400
Methyl benzoate Ethanol 227 11,800 228 11,300 227-8 10,900 228 9300 228-9  8Loo
Nitrobenzene Ethanol 257 8100 257-8 8100 257 8000 258 7800 257-8 7700
3-Aminobenzoic acid  Ethanol ca, 21 7600 ca, 241 7L00 ca.2ll 7000 ca. 241 6600
li-Aminobenzoic acid  Ethanol 288 19,200 288 19,000 288 18,200
2-fminobenzoic acid  Ethanol 2k 6900 2k7 6700 2l7 6L00
Aniline Cyclohexane 233 9000 2334 9000 234 9000 23L 8000
Diphenyl Cyclohexane 247 16,200  2L6 16,300 247 15,900 246 15,600
Benzole acid Cyclohexane 232 13,300 231 12,100 230 10,300 229 10,300
: 3-“1uor§benzoic acid Cyclohexane 230-1 11,800 227 9700
' Benzoic acid Dioxane 229 11,500 228 11,100 228 11,000 228 9800 228 6200
Bengzoic acid 75% aqueous Dioxane 228 11,200 228 10,500 228 11,300 229 10,400 228 10,600
Benzoie acid 50% aquecus Dioxane 228 10,800 228 10,300 228 9800 228 9300 227 9200
Benzoic acid 259 aqueous Dioxane - 229 11,500 229. 11,000 229 10,800 229 10,700 228 10,700
. Too--2a Tator 228 11,h00 226 9800 225 9500 22l 9L00 223 9900
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~ 3-Fluorobenzoic acid
' Benzoic acid
- Benzoic acid

Benzoic acid

‘ABenzoic acld

* Bengzoic acid

¢ l-Hydroxybenzoic acid
Py

i ~Hydroxybenzoic acid
L-Hydroxybenzoic acid
L-Uydroxybenzoic acid
Salicylic acid
Salicylic acid
Salicylic acid
Salicylic acid
Salicylic acid
Benzaldehydel
Benzaldehyde
Benzaldehyde
2-fminoacetophenone
2-Aminoacetophenone

Nitrobenzene

Cyclohexane
Dioxane

75% aqueous

50% aqueous

25% aqueous
Water
Dioxane

504 aqueous
25% aqueous
Water
Dioxane

758 aqueous
50% agueous
259 agueous
Water
Dioxane
509 aqueous
Water
Dioxane
75% aqueous

Dioxane

Dioxane

Dioxane

Dioxane -

Dioxane

Dioxane

Dioxane
Dioxane

Dioxane

Dioxane

Dioxane

230-1 11,300
229 11,500
228 11,200
228 10,800
229 11,500
228 11,400
251 123500
255  1L,300
251-2 13,600
251 12,100
237 9500
236 7500
235 6800
233 7000
231-2 7000
2L8 12,200
27 12,400
2l 12,600
253-l 5700
254-5 5900
257-6 8400

228
228

228

229

226
251
25h
251
249
237

23L
231
231
248

25),
255
258

11,100
10,500
10,300

11,000
9800

12,300
13,800
12,500
11,200
9500

6600
6400
6900

5600
5800

8200

228
228
228

229
225
251
252
2k9
2l7
237
236
232
230
230
2L8
247
213
254
255
258

11,000
11,300
9800

10,800
9500
13,000
13,800
13,000
11,600
9500
7700
6100
6L00
6800
10,800
11,600
12,400
50C0
5600
8100

228
229
228

229
22L
251
251
2h6-7
L6
237
236
231
230

25}
255.
258

9600
10,400
9300

10,700
9L00
12,000
10,000
12,000
11,300
9500
5700
5300
6000
6900
10,300

11,700

4700
5100

8000

228
228
227

6200
10,600
9200

10,700
9900
9200
10,000
12,700
12,000
9500
5200
5100
6L0c0
6800
8000
10,500
11,800
3100
4,800
7100

o).
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may consequently reduce the associétion between solute molecules.
This follows because in a solvent of high dielectric constant, other
forces will compete with the association between solute molecules.
This is confirmed by the observed changes in absorption intensity
for benzoic acid which are seen from Table I to be more pronounced
in inert solvents than in ethanol. Consequently, a solvent such as
dioxane or cyclohexane will generally be preferred in studying this
type of hydrogen bonding.l6 In the present study both dioxane and
cyclohexane were frequently used; the latter because of its very
inactive nature, the former because of its ability to form mixtures
with water over a wide range of dielectric constants.

Spectra in dioxane are also of interest because it is
believed on the basis of freezing point measurements,zgand infrared
datasothat benzoic acids are monomeric in dioxane. This belief
is not supported from the ultraviolet spectral data (see Table I)
and therefore suggests that intensity measurements in the ultraviolet
may be a more sensitive index of intermolecular association.

It may be next noted that the observed intensity  changes
in Table I are not normally accompanied by any appreciable wave-
length change and with this additional point in mind the possible
factors causing the observed changes may now be examined.

One of the interpretations suggesting itself for the
observed change is that association, by withdrawing electrons from

the electronic cloud in the carboxyl group, increases the planarity

29. Lassetre, Chem. Revs. 20:277. 1937.
30. Flett, M., St. C. J. Chem. Soc. 962. 1951.




of the molecule. The resulting decreased steric interaétion
can account for the inereased abéorption intensity, but would be
expected to give rise to a bathochromic shiftl,Bl which does not
occur for the examples listed in Table I.

An alternative interpretation is that association
decreases the force éonstant of twist about the bond linking the
carboxyl group to the benzene ring. This is illustrated in Fig. 1.

The decreased force constant somewhat flattens the pot-
ential energy curves of the ground and excited states and this increases
the absorption intensity, whereas the wavelength of absorption remains
approximately constant. Inspection of Table I shows that ﬁhis inter=-
pretation accounts for most of the observed changes and may con-
sequently provisionally be accepted as the predominant factor
causing the observed changes.

A third interpretation is to suppose that increased
association (involving non-bonded electrons of the carboxyl group)
increases the energy of excitation, because of the greater amount
of energy reqﬁired to excite partially bound electrons. Since this
greater energy would cause a hypsochromic shift it is clearly not
the predominant factor for the compounds studied (see Table I; it
should be noted, however, that this interpretation can be used to
explain the association of organic molecules with water molecules).

The hypothesis that association, chiefly by varying
the force constant, causes the observed changes also receives
support from a number of other independent observations. Thus

firstly, a smaller force constant - assuming the hypothesis proposed

31. Forbes, W.F. and Mueller, W.A., Can. J. Chem. 3L:1347. 195%6.




for the C-bandh - would frequently produce similar changes in both
B~ and C-bands. This similarity is in fact observed (see Tables I
and II) and incidentally disfavours the first interpretation (see
above), since increased planarity would generally cause a C-band of
decreased intensity,

Next, an altered force constant would be expected tc be
obtainable also on introducing substituents in a molecule, and this
supposition is found to be true, For example, m-terphyenyl (Xmax.
252 myu, ¢ = L1;,000) absorbs at approximately the same wavelength as
diphenyl (Xmax. 252 mp, ¢ = 18,000), but rather surprisingly with
rnere than twice the absorption intensity of dipheny1.32 This
suggests that possibly an analogous effect to the above mentioned
association occurs; namely that the third phenyl ring weakens the
force constant for the central bonds and in this way causes the
characteristic sbsorption intensity ircrement without appreciable
wavelength shift.

A similar effect may account for the previously noted
but unexplained similarity between the spectra of nitrobernzoic acics
and nitrobenzene.21 The negative mesomeric effect of both sub-
stituents in nitrobenzoic acids can be supposed to de-activate
the benzene nucleus and this explains the absence of any apparent
interactior between the two substituents in para- and meta-nitro-
benzoic acids as indicated by the lack of any apprecizble wavelength
shift, However, according to the hypothesis, a secondary effect
will operate which in the para-isomer will tend to reduce the force

constant of the bond linking the nitro group to the benzene ring

32. Gillem, A.E. and Hey, D.H., J. Chem. Soc. 1170, 1535.




TABLE II

ABSORPTION MAXIMA (C-BANDS) OF COMPOUNDS IN SOLUTIONS OF VARYING CONCENTRATION

é

(Congentration, ¢ = 2.8 x 107 to 6.3 x 1075 moles/liter; cell lengths are given in brackets)

LOe (1 mm.) 8c(2 mm.) Le (10 mm.) 2¢(20 mm.) c (40 mm.)
COMPOUND SOLVENT
A € b € Iy € A € A £
max max max, max max max. max, max max, max
me my. my my my
- Li-Hydroxybenzoic acid 50% aqueous Dioxane 271 7100 271 69500 271 6600 271 6200
. L-Hydroxybenzoic acid 25% aqueous Dioxane 271 7300 271 6900 271 5300 271 L90o
; Li-Hydroxybenzoic acid Water 270 5900 270 5100 270 ;200 270 3600
; .
f Salicylic acid 50% aqueous Dioxane 301 3600 300 3500 300 3500 298 3500 296 3400
Aniline . Cyclohexane 286 1530 286 1630 266 1£30 286 1760 286 1660
. Phenol Cyclohexane 263 1500 263 1400 263 1400 263 1300 263 1100
: 269 22C0 269 2100 269 2100 269 2000 269 1500

276 2100 276 2000 276 2000 276 1900 276 1700
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and thus cause the increased absorption intensity (Mmax 258 my, ¢ = 11,000).
Since this represents an interaction of para substituents on each other,
the interaction can be regarded ac mesomericB, and consequently it would
be expected to operate preferentizlly in the para-isomer than irn the meta-
isomer, This is borme out by the data since the metaisomer absorbs with
approximately the same intensity (Xmax 255 mu, & = §500) as nitrobenzene
(\Mmax 258 mu, ¢ = 8500). In the ortho-isomer, steric interference inhibits
the conjugation between the nitro-group and the benzene ring and only an
inflection appears at approximately 255 mu, ¢ = 3500.

This type of explanation may also be used to explain more funda-
mentally the increased absorpticn intensity of phenyl benzoate (Xmax 230 my,
¢ = 15,000) compared to benzoic acid (Xmax 227 mp, € = 11,00021); and

33
other "anomalous" intensity changes.

THE EFFECT OF DIELECTRIC CONSTANT

In the previous section it was shown that definite changes, which
may be ascribed to association, are observed for benzoic acids and other
compounds. On increasing the concentration of these compounds an increased
absorption intensity is observed, accampanied occasionally by a smaller
wavelength shift. The intensity change is large for benzoic acid and much
smaller for nitrobenzene (in dioxane) and diphenyl (in cyclohexane).

For compounds like acetophenone in dioxane-water mixture no
definite concentration dependence was apparent, and this therefore suggests

14

that acetophenone does not associate under these conditions. This zand

33, Forbes, W.F. and Ralph, A.S. Unpublished Information.




11

some other similar examples are listed in Table III.

The compounds listed in Table ITI, however, on changing the
dielectric constant cf the solvent give rise to another type of change,
namely a distinct wavelength shift. This wavelength shift may be assumed
to be due to two possible effects, (1) orientation forces acting on the
molecule (which itself may be in an associated form), or (2) intermolecular
hydrogen bonding, of the type discussed in the previous section, acting
between solvent and solute molécules., Both types of interaction would be
expected to be influenced by steric interaction.

A typical example which may first be discussed is acetophenone,
since it is probable that in this compound the observed changes are caused
predominantly by orientation forces for the following reasons:

(1) The spectrum of acetophencne is independent of the concentration over
a wide range in different solvents (see Table III), and since, therefore,
there is no positive evidence for intermolecular hydrogen bonding as there
is for other solute molecules, it seems likely that any appreciable inter-
molecular hydrogen bonding occurs between solute and solvent molecules.
(2) Bydrogen bonding between solute molecules affects mainly e values, but
a change of dielectric constant of the solvent for acetophenone solutions
affects mainly the wavelength of maximal absorption. This again suggests
that the two phenomena are not closely related.

(3) An orientation effect would be expected to be greater for nitrobenzene
than for acetophenone since the dipole moment for nitrobenzene is larger

than that of acetophenone; this is in fact observed.

(L) Infra-red da,ta26 for acetophenone in varioys solutions failed to show
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TABLE II1l

ABSORPTION MAXIMA OF COMPOUNDS IN SOLUTIONS OF VARYING DIFLECTRIC CONSTAMT

COMPOUND SOLVENT CONCENTBRATION RANGE )‘ma.x, €max
m
Acetophenone Dioxane L x 107 to 1 x 1075 239*1 12,000%1600
Acetophenone 75% aqueous Dioxane L x 10_h to 1 x 1075 2linf1 12,800%500
Acetophenone 50% aqueous Dioxane L x 107 40 1 x 1078 21371 12,000-500
Acetophenone 25% aqueous Dioxane L x 10"," to 1 x 10"5 Zhhtl 11,500%500
Acetophenone Water L x 10.-)'L tolx 10"5 24541 12,000%500
Nitrobenzene Dioxane 8 x 10'h to 2 x 10—5 25811 7800th00
,  Nitrobenzene 50% aqueous Dioxane 6 x 10—1& to 1.5 x 10-5 26151 7800%L00
| " Nitrobenzens Water 8 x 107" to 2 x 107 2661 79002400
;} =k -5 +
|~ Denzoic acid Dioxane bx1C " tol x 10 ; 228-—1-
}: Benzoic acid 75% aqueous Dioxane b x 10“h to 1l x 10_/ 228%1 10,800i500
i : Benzoic acid 50% aqueous Dioxane L x 10"1” to 1 x 10"S 20811 $700%500
! i Benzoic acid 25% aqueous Dioxane L x 10—'h tolx 10—5 22851 10 ,SOOtSOO
| ’ | Benzoic acid Water b x 10"%‘ to 1 x 10-5 22L%1 95002500
!
E Acetophenone (C-Band) Dioxane bx120” to1x 107 2771 1000250
" Acetophenone (G-Band) 75% aqueous Dioxane b x 107 to 1 x 107 27771 1100250
Acetophenone (C-Band) 50% aqueous Dioxane L x 10'-'3 to 1l x 10-,'L 278%1 ]_15‘0150
Acetophenone (C-Band) 25% aqueous Dioxane L x 10"3 tol x 10'-)'l 278%1 1250%c0
Acetophenone (C-Band) Water b x 107 tolx 10-Ll 27741 1300%0
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any band doubling, such as would be expected if more than one molecular
Species were present in solution.

(5) Acetophenone in cyclohexane (Xmax 238 myu, e = 12,&00h) in heptane
()‘max 238 mu, ¢ = 12,6003)*), and in ether ()‘max 239 my, € = 12,6005) all
absorb at very similar wavelength to the value for acetophenone in
dioxane (Mmax 239 mu, € = 12,000 - Table III). All these sclvents have
in common a low dielectric constant, whereas the absorption of their assoc-
iation products with acetophenone would be expected to be different.

(6) Wavelength changes for the B-band of acetophenone or nitrobenzene are
caused by a change in dielectric constant (see Table III). Although the
changes are probably not directly proportional to each other, the points
apparently lie on a smooth curve (see Fig. 2).

This is not the result to be expected for equilibra between
acetophenone - water association products and acetophenone - dioxane assoc-
iation products; there a definite break in the curve would be expected
corresponding to the two different molecular species (see Table III and
Fig. 3).

(7) Orientation forces would tend to increase the coplanarity of the mole-
cule, steric factors woulcd be expected to be of importance and this has in
fact been noted for ortho-substituted phenolsluwhere it was shown that in
hindered phenols the wavelength change obtained on altering the dielectric
constant of the solvent is smaller than usual.

(8) A temperature increase would be expected to have the effect of decreas-
ing the overall double bond character of the central bond and increasing

the double bond character of the C - 0 band. This in turn would lead to an

3l Tanaka, J., Nagakura, S. and Kobayashi, M. J. Chem. Phys. 2L:311. 1956.
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1

increased percentage ¢f ron-planar forme and consequently to a changed
absorption intensity in the ultraviclet; it would also lead to an
increased carbonyl stretched frequency in the Vapour phase., The latter
prediction is in fact observed?éand there is also some evidence for the
formerzs. It is particularly noteworthy that the wavelength changes ob-
served on changing the dielectric constant of the solvent are not apparen=-
tly affected on raising the temperature,lhas would have been expected if
mainly intermolecular hydrogen bonding were to account for the wavelength
changes.,

4 physical interpretation for the wavelength changes due to
changes in the dielectric constant can now be attempted in terms of the
previously suggested hypothesis of increased planarity. This hypotlesis
was found to be unsatisfactory in accounting for the changes ascribed to
association, because a change in wavelength would be expected. However,
for the changes described in this section, this required wavelength change
is observed and the interpretation does serve to relate the data. In this
way, an increased dielectric constant because of dipole-dipole interaction
inereases the percentage of dipolar forms. This has the effect both of
increasing the force constant abcut the central bond and of causing a batho-
chromic shift, because dipolar forms lower the energy level of the
electronic ground state and even more so the energy level of the electronic A
excited state.BS Therefore a bathochromic shift will be observed while
intensity changes may either be positive or negative depending on whether
the increased force constant or the lowering of the potential energy level

is the predominating influence on the absorption probability.

35, Forbes, W.F. and Mueller, W.A. Can. Chem. 33:11L5. 1955.
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A few additional observations may also be presented at this
point. First, the wavelength of maximal absorption of the C-band of aceto-
rhenone is apparently independent of the concentration over the range shown
in Table III and is also unaffected by charging the dielectric constant of
the sclvent. Intensity changes of the C-band, on the other hand, rather
surprisingly, are apparently proportional to changes in the dielectric
constant, that is an increased dielectric constant causes an approximately
propertional increase in the molar absorption intensity (¢) (see Table III).
However, the scarcity of available data seriously restricts the scope of
allowable generalisations at this stage concerning the effect of dielectric
constant on the C-band.

Next, whereas the changes with concentration and dielectric con-
stant in the spectra of acetophenone, and probably also of nitrobenzene, can
be related using only the hypothesis of orientation forces, a similar simple
relation does not hold for other molecules. Thus, for example, the graphs
plotting dependence of maximal wavelsngth against the dielectric constant
for benzoic and salicylic acid in dilute solution (see Figf 3).

e This latter observation is also confirmed by the opposite wave-
length changes obtained on increasing the dielectric constant for dilute
solutions of benzoic acids and p-hydroxybenzoic acide (see Table III) and

for sclutions of non-aromatic ketones.

36. Mariella, R.P., Raube, R.R. Budde, J. and tioore, C.E. J. Org.
Chem. 19:678. 195L.




THE EFFECT OF INTERMOLECULAR HYLROGEN BONDING BETWEEN SOLUTE AND
SOLVENT MOLECULES AND OTHER FACTORS ON ULTRAVIOLET ABSORPTION SPECTRA

Upon examining some of the excepticnal examples
mentioned in the above section it is indicated that factors other
than those discussed there also affect the ultraviolet spectra.
Further the two effects described in the pravious sections will
frequently interact with one another. At this point some of the
more complicated spectra will be described briefly and a tentative
propesal for their more complete elucidation will be made.

For example, the spectra of benzolc acid (see Table I,
TTI, and Fig. 3) are consistent with the explanation that (a) dimer
formation occurs in more concentrated solution and that (%) in
dilute solution intermolecular hydrogen bonding occurs between ben-
zoic acid and solvent molecules. This follows because the dimer is
not apparently affected by a change in dielectric comstant, and
secondly because the changes observed in dilute solution suggest the
occurrence 5P twe distinct molecular specizs. The exact nature ol
the molecular species involved is, however, still in doubt. It may
either repressnt merely an increased percentage of the anionic
species rather than a definite hydrogen bond, as indicated by the

33

absorption of benzoic acid in basic solution at 223 mp ~and by some

of the previously cited evidence against hydrogen bonding.

Alternatively, there is evidence that molecules form external hy-

11,15,37,38
drogen bonds with suitable solvents, for example.

37. Klemperer, M., Cronyn, .., Maki, A.H., and Pimentel, G.G.
J. Am. Chem. Soc. 76: 5846. 195L. S
38. Prealey, G.J. and Kasha, ¥.J. Am. Chem. Soc. 77: Lh62. .
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This, incidentally would not be unexpectesd, since benzoic acid for
example associates with itself, and there would consequently be
reason to suppose that it should similarly associate with suitable
solvent molscules.

Fortunately, the above mentioned two suggestions
ars not mutually exclusive. Again using benzoic acid as an example,
the molecular entity present in dilute aqueous solution may be sup-

vosed to be predominantly as shown in IA or IB.

\/

/ \
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- | ¢
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IA iB

This type of association would affect the percentage oif anlonic
and neutral moleculas present, and this can explain the maxdimal
absorption approaching that of the benz oic acid anion as well as
the absence of aﬁy wavelength changes in concentrated solution
(because of dimer formation). Further, this explanation may
represent an example of what is probzbly quite a general effect,
namely that the ordinary polarization effect of solvent moleculsas
is obscured by dipole-dipoles and dipole-polarization forces when-

gver the solute is polar.




The effect of intramolecular hydrogen bonding may
also be discerned in some of the spectra. Strong intramolecular
Zydrogen bonds are known to cause wavelength changes in the wWltra-
violet of the order of 10-20 mus, and this, not unexpectedly, appar-
ently also affects the usual association betwesn solute molecules
(see Table I for the spectrum of salicylic acid, in dioxane, which
suggests that salicylic acid in dioxane solution exdists to a large
extant in the unassociated form). Lastly on changing the dielectric
constant of the solvent irregular changes are generally observed
for salicylic acid, o-aminoacetophenone and aniline in both B-
and C-bands and this again suggests the interaction of a number of

different effects., The relevant spectra are recorded in Table IV.

EXPERIMENTAL

The ultraviolet absorption spectra were determined
by standard methods using a Unicam SP 500 speciropnotometer.
Concentrations were adjusted mainly by using quartz cells of suit-
able path length, except for aniline, where the concentration
varied from 6.7 X 10™> moles/liter for the lmm. cell to 1.3 x 107
moles/Iiter for the 4O mm; cell. The concentration was also
adjusted so that the optical density readings were in the 0.4~0.5
region whenever possibla. For many of the compounds in each solwvent

at least two independent sets of observations were made, although

if the trend of the change was established only a single determin-

ation was made.




The compounds were purified bty standard methods
as described in the literature. Dioxane was purified by the
method of Hess and Frahm39which consisted in refiwdng the
crude dioxane with hydrochloric dilute acid under nitrogen for
12 hours, and removal of the hydrochloric acid and water by treat-
ment with potassium hydroxide and then refluxing the dioxane with
sodium for 1C hours. The distilled material was stored under
nitrogen. Generally purification was considersd adequate when
additional processing resulted in no further measurable changes in
the intensity of absorption. Aqueous dioxane solvent mixtures
(volume percentages) were made up volumetrically. A1l solutions

were stored under nitrogen.

The maximal wavelength and corresponding absorption

intensities are recorded in Tables I, II, III, and IV.

39, Hess and Frahm, Ber., 71: 2627. 1%38. »
;0. Dearden, J.C. and Forbes, W.F. Unpublished information.




R A L OVt U I RS N T L ]

TABLE IV
ABSORPTION MAXTMA OF SALICYLIC ACID o-AMINOACETOPHENONE AND ANILINE IN SOLUTIONS OF VARYING DIELECTRIC CONSTANT

) o
(Concentration, ¢ = 6,k x 10™ to 1,6 x 10 5 moles/liter; except for aniline cell lengths are given in brackets)

LOc (Arm. ) 8c (5mm. ) Lie (2.0rm. ) 2¢(20mn. ) ¢ (Lo mm,)
COMPOUND SOLVENT \ 2 2 N
: Mnax, émax max, ‘max max, ‘max max, ‘max max, ‘max
P mp my, my my my
‘ Dioxone 237 8400 236-7 8600 237 9400 237 10,400 237 9900
75% aqueous Dioxane 236 7500 236 7700 236 5700 235-6 5200

. Salicylic acid
, 50% aqueous Dioxane 235 6800 23h 6600 232 6100 231 5300 228-9 5100

|, (B-Band)

L 25% aqueous Dioxane 233 7000 231 61400 230 6400 230 6000 229 6400

75 Water 231-2 7000 231 6900 230 6800 230 6900 230 6800

» Dioxane 30y L5030k 4250 30k Leso 304 k250 30k L2350
| 75% aqueous Dioxane 302-3  L0OO 302-3 4000 302 3900 301-2 3900

| salicylic acid
| 50% aqueous Dioxane 301 360C 300 3500 300 3500 297-8 3500 296-7 3400

(C~Band)
| 25% aqueous Dioxane 297-8 3500 295 3500 295 3500 295 3500 294 3500
Water 295-6 3500  29L-5 3500 294 3500 29k 3600 293~k 3700
Dioxane 253+, 5700 254 5600  25) 5000 254 L4700 255 3100
75% aqueous Dioxane 2545 5500 255 5800 255 5600 255 5100 255  LBoo
o-Aminoacetophenone
(B-Band) 50% aqueous Dioxane 255 5700 255 5700 255 5700 255 5700 255 5700

25% aqueous Dioxane 255 5800 255 6000 258 5800 255 5800 255 5900

Y T4 v ae), NN nt, < Tala a), © conn nt!l._E Tonn Aalli_t  ArNN
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" Salicylic acid

(C-Band)

o-Aminoacetophenone
(B-Band)

o-Amincacetophenone

(C-Band)

Aniline
(B-Band)
Aniline

(C-Band)

50% aqueous Dioxane
25% aqueous Dioxane

Water

Dioxane

75% aqueous Dioxane
50% aqueous Dioxane
25% aqueous Dioxane

Water

Dioxane

75% aqueous Dioxane
50% aqueous Dioxane
25% aqueous Dioxane

Water

Cyclohexane

1
Ethanol

Cyclohexane

Ethannl

301
297-8
295-6

253=k
25L-5
255
255

35L=5
356
357-8
357-8
349

233
234=5

286
285

3600
3500
3500

5700
5500
5700
5800
5800

Li500
11600
1200
3800
3500

9000
5700

1900
1000

300
295
294~5

25k
255
255
255
25k

354-5
358
358
357
3L9

234

286
28Y4

3500
3500
3500

5600
5800
5700
6000

6100

15500
1500
4200
3900
3600

,ooo

1800
900

300
295
290

254
255
255
258
25L=5

354
358-9
358
358
350

233=L
234

286
28l

3500
3500
3500

5600
5700
5800
5900

4500
1,600
4200
3800
3500

9000

1700

1800

900

297-8
295
29

25l
255
255
255
25L-5

355
358
358
356~7
350

23]
237

286
28l

- -

3500
3500
3600

1700
5100
5700
5800
5900

1,500
4500
L200
3800
3500

9000
300

600

o ae b

2967
294
293=4

255
255
255
255
25l-5

354
357-8
357-8
356-7
350

23
234

286
28,

VAV

3400
3500
3700

3100
4800
5700

5900
6200

L4500
L4600
4200
3800
3600

8000

300

1700

500

1
See experimental.
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