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It is a well established fact that the characteristics of most aromatic bonds
vary from those of the normal benzene bond. Naphthalene has received consider-
able attention and the behavior of this system is now understood as being due
to a greater electronic charge density about the alpha carbon atom with respect
to the befa atom (1) and to a greater mobile bond order of the 1-2 bond (2).
Mills and Nixon (3) postulated a similar sort of phenomenon for the indan sys-
tem and described the molecule as favoring the Kekulé isomer in which the bi-
nuclear bond is single. The work of numerous investigators seeking to learn
both the direction and extent of the bond fixation has already been reviewed
(4, 5). It may be said, however that interpretation of empirical information has
led to widely varying concepts as to the importance of the Mills-Nixon effect.
Berthier and Pullman (5) have submitted a theory, based on detailed molecular
orbital calculations, which seems to account for the greatest number of facts and
which indicates the Mills-Nixon effect to be quite subtle, and not generally sus-
ceptible to physical measurement. Chemical reactivity, on the other hand, may
not be reliably translated into relative bond orders even though it does provide
an insight into the relative charge densities about the carbon atoms.

It has been suggested (6a) that an examination of the spectra of 3,4- and 4,5-
trimethylenepyridazine would reveal the extent of bond fixation in indan. In
order to provide the necessary comparison for such an examination it becomes
mandatory to examine also the spectra of 3,4- and 4,5-dimethylpyridazine and
of 3,4- and 4,5-tetramethylenepyridazine.

These compounds have been prepared as described in the preceding paper.
(6b). The spectra of these six compounds have been obtained in isodctane, 95%
ethanol, water, and concentrated sulphuric acid and appear as Figures I through
VI. It was possible, by using a nearly saturated solution of these compounds in
isoGctane to extend the spectra in this solvent to log e = —0.5, as shown in Fig-
ure VII. The spectra in the halogeno-derivatives prepared in the course of this
work were observed in isodctane solution and are presented in Figures VIII
through X. The spectra of several of the oxo compounds prepared were ob-
served in dioxane solution and that of 4,5-trimethylenepyridazine-3,6(2,1)-
dione is given in Figure XI.

ASSIGNMENT OF THE SPECTRAL BANDS

It is to be expected that the spectra of the substituted pyridazines prepared
in this work should resemble rather closely the spectrum of pyridazine, with some

1 Taken from the Ph.D. thesis of R. H. Horning. Presented in part at the meeting of the
American Chemical Society, New York, September 13-17, 1954,

1069



1070 HORNING AND AMSTUTZ vOL. 20

shift of the absorption maxima caused by the substitution. The spectra of the
diazines have been studied and assignments have been made for the transitions
with the assistance of a valence bond treatment (7). The high energy band near
250 mu is assigned to a = — 7* and the band near 333 mu to an n — =* elec-
tronic transition, where « refers to a bonding 7 electron, =* to an antibonding =
electron, and » to a nonbonding electron. Further support for this classification
is found by the application of empirical methods for distinguishing between the
two types of transitions. The n electron transition is characterized by a pro-
gression of extremely sharp lines which make up the band in the vapor spectrum.
In the solution spectrum these are lost in a diffuse band which exhibits very
little fine structure. The n electron transition is more susceptible to perturbation
by polar solvents as the result of an alteration of the charge distribution asso-
ciated with this transition, causing a hypsochromic shift of the absorption fre-
quency as the solvent polarity is increased, while the = transition is relatively
unaffected by the solvent change (8). The substitution of halogen or methyl
groups into the molecule causes a similar effect excepting that the = transition
band(s) generally undergo a bathochromic shift (7). Kasha (9) has suggested
that the n — «* band should disappear in concentrated sulfuric acid, and this
has been observed to be the case. The interpretation of the pyridazine spectrum
that has been given (7) correlates nicely with these phenomena.

The effects of polar solvents on the absorption frequencies of the dialkyl
pyridazines studied here are conveniently demonstrated by means of Figure X1II
and very closely resemble the shifts observed for pyridazine. Also, the hypso-
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chromic shift of the long wavelength band with respect to the corresponding
band in pyridazine illustrates the expected effect of alkyl substitution of the
two types of transitions. The corresponding frequency shifts of the chloro- and
dichloro-dialkylpyridazines are diagrammed in Figure XIII. The spectra of the
dialkylpyridazines in concentrated sulfuric acid that are presented here are
somewhat unusual in that the long wavelength band continues on into the visible
region of the spectrum rather than decreasing rather sharply in absorbance.
Further, while the solutions examined apparently obey Beer’s Law the solutions
in concentrated sulfuric acid seem to be exceptions, at least insofar as the region
above ca. 260 my is concerned. This is based on the observation that on increas-
ing the concentration of 4,5-dimethylpyridazine in concentrated sulfuric acid
one hundred fold the log of the molar extinction coefficient decreased from about
2.0 to about 0.7 at 304 mu. No reason has been ascertained for this behavior
although it does seem unlikely that it is due to the solvation effects that some-
times cause deviations from Beer’s Law. Nevertheless, the absorbance of the
sulfuric acid solutions in the region of 325 mu is somewhat less than it is in the
other solvents.

The spectra of the dialkylpyridazines in nearly saturated isodctane solution
show, in the region of 385 my, a shoulder on the side of the singlet-singlet n — *
band. Dr. R. C. Hirt (10) has suggested that these shoulders might possibly be a
singlet-triplet n — =* transition for they have about the anticipated frequency
and absorbance. It is also possible, however, that they are due to impurities
present in the samples used or to instrumental errors, since the absorbance at
this frequency was quite low (ca. 0.005). This assignment sccordingly, must be
4 very uncertain one.

APPLICATION OF THE SPECTRA TO THE MILLS-NIXON PROBLEM

Examination of the spectra of benzalazine and 1,4-diphenylbutadiene has
revealed the fact that the former has an absorption maximum at shorter wave-
length than the latter (11), suggesting that the azo linkage possesses a high
potential energy (12) or that the tendency of the nitrogen atoms to acquire
negative charges effectively shortens the length of the conjugated system (13).
Lewis and Calvin (11) attribute this to a “strain’ in the azo link of excited
species of the azine. Thus, in the fully resonating azo-azine system the greater
contribution would be expected to come from the form possessing the azine link.
This is borne out by the fact that the 0% order (un-normalized) wave functions
for pyridazine, as-triazine, and vic-tetrazine have been found to be ¥ = y, +
1.3%Wsg, ¥ = ¢y + 14Ts and ¥ = ¢, + 1.72¢5 respectively, the more stable
structures being in the first two cases the ones with no azo links and in the last
case the one with but a single azo link (14). The introduction of another bond-
localizing influence into the system of pyridazine would alter the relative con-
tributions of the Kekulé isomers. In this manner it has been shown (62) that the
ground state of cinnoline should be above that of phthalazine because the
greater bond order of the 1-2 bond in naphthalene favors the azo link in cinnoline
and the azine link in phthalazine. This variation in the ground state energy
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should be evidenced by differences in the near ultraviolet spectra. The impor-
tance of polarized or charge separated structures increases in the first excited
states. Cinnoline, with a longer polarized system that phthalazine, should
undergo the transition to the first excited state with the absorption of less
energy than is required for the similar transition of phthalazine. This difference
in polarizability should be evidenced in a shift of the ultraviolet absorption max-
ima of cinnoline to longer wavelengths with respect to the spectrum of phthala-
zine. It has been found, in fact, that cinnoline does absorb at longer wavelengths
than does phthalazine.

In order to interpret the spectra that have been presented here in terms of
bond order differences in indan, tetralin, and o-xylene it is first necessary to take
into consideration those factors likely to affect the position of the absorption
maxima. It is to be expected that hyperconjugation, induction, and strain may
cause some variation in the polarizabilities. However, the bathochromic shifts
of the maxima for the 3,4-dialkylpyridazines with respect to the 4, 5-dialkylpyri-
dazines should be the same for the series of six such compounds treated here,
with one exception. If the contributions that the various substituents (i.e.,
dimethyl, trimethylene, and tetramethylene) make to this bathochromic shift
by means of hyperconjugation, induction, or strain are not the same, the relative
shifts due to polarizability could not be the same. However, it is precisely the
differences due to these factors that are of interest here; especially inasmuch as
they would be expected to influence the preference for particular limiting polar-
ized structures in the hydrocarbons. Accordingly, the assumption is made the
polarizability differences among the three pairs of isomers should produce no
difference in the bathochromic shift of the 3,4- with respect to the 4,5- isomer
excepting insofar as these differences are caused by variations of strain, hyper-
conjugation, and induction due to the aklyl groups of indan, tetralin, and o-
xylene. The second factor exerting an influence on the ultraviolet spectra of the
substituted pyridazines is the vicinal diaza system. The perturbations produced
by the nitrogen atoms should be different for the isomeric pairs of the compounds
studied. By the same reasoning utilized above for the polarizability differences,
the variance of pairs of isomers should be constant. This justifies the assumption
that the introduction of two nitrogen atoms into the ring systems does not
prohibit the results from being extrapolated to the hydrocarbon systems. A
third factor that would have the effect of altering the frequency of the absorption
maxima is the transition probability of the fine structure components of the band.
For this reason the assumption is made that differences in the frequency of the
absorption maxima of the compounds studied are due to real energy differences
and not to alterations in the transition probability of the fine structure compo-
nents of the band. Some verification is given to this in that the spectral bands
of the various compounds in isodctane do retain their symmetry. That is, there
is no alteration of the geometric center of any band as compared to the cor-
responding band for another compound. The fourth factor affecting the frequency
of maximum absorption is the relative contributions to the ground states of the
molecules by the azo and the azine system. The introductory discussion to this
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section and the discussion of the spectra of cinnoline and phthalazine referred
to above point out that a greater contribution to the ground state of the mole-
cule by the azo relative to the azine system will cause absorption to occur at
longer wavelengths.

It is this fact which is responsible for the spectral differences noted herein
and which makes possible an assignment of relative bond orders. The spectra
observed in this work should then reveal any significant differences in the bond
orders of the two adjacent bonds 1 and 2 (in I) for indan, tetralin, and o-xylene.

1

The wavelength maxima were determined by plotting the region of the peak
on an expanded basis, as in Figure XIV, and then finding the horizontal tangent.
The only case in which there was any difficulty experienced in choosing the peak
was for the one at about 245 mu for 4, 5-trimethylenepyridazine. The less ener-
getic band of the doublet was chosen as An.x because the proximity of a band be-
low 220 myu disproportionately increases the absorbance of the more energetic
band of the doublet (10). This, in turn, might be effective in causing the more
energetic side of the doublet to have greater absorbance than the other side even
though the transition is of lesser probability (7). Furthermore, if the separation
between the shoulder on the low energy side of the = — =* band and the peak of
this band is to be nearly constant for the dialkylpyridazines this same choice
must be made. These facts indicate that it is reasonable to choose Amax for this
band at 247 myu rather than at 243 mu. The principal absorption peaks chosen
by the method of tangents are listed in Table I.

The energy differences corresponding to Ayax for the = — #* transition then
were set up on an energy level diagram as in Figure XV by converting the
energy units to Kcal/mole. The differences in transition energy for pairs of iso-
mers were then found as the differences in the energy levels for the isomeric
pairs. These differences in transition energy are designated as A’ E values. Grant-
ing the assumptions that have been outlined above it is seen that the A’ E values
for the isomeric pairs should all be the same if the relationship between the 1
and 2 bonds (from I) is the same for indan, tetralin, and o-xylene. Figure XV
reveals that this is not the case, for A’E; = A’E,; = A’E;. Adhering to the con-
ventions employed on the energy level diagram a lower A’E value corresponds
to the fact that the 3,4-dialkyl isomer of the pair with the lower A’E value
absorbs energy at a relatively longer wavelength. This implies that the bond
order ratio of the 2 bond to the 1 bond in the isoelectronic hydrocarbons is
greater for the hydrocarbon of greater molecular weight. For example, A'E; =
—49 and A'E, = —2.4. Since A’E, is lower the implication is that the ratio of
the 4-5 to the 5-6 bond in indan is greater than the ratio of the 3—4 to the 4-5
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TABLE I
Tar PRINCIPLE ABSORPTION PEAKS
Compound? Amax log ¢ Amax log e
Va. . oo 247.0 2.648 318.0 2.565
Vb, 249.5 2.913 320.5 2.556
Ve. oo 248.5 2.803 317.5 2.512
Xla. ..o iiiiiin 258.0 3.413 332.5 2.625
XIb.........oovii.n. 254.5 3.199 329.0 2.543
Xle. .o 259.5 3.348 337.0 2.605
IVa., ... 267.0 3.015 304.5 2.679
IVb. . .o 270.0 3.085 309.0 2.650
IVe. ... 267.0 3.042 305.0 2.591
Xao 267.5 3.318 323.5 2.652
Xb. oo 264.5 3.185 322.0 2.602
Xe.o o 270.5 3.310 330.0 2.692
IMla................c.0 300. 59 3.464
IIib. . .................. 303.5¢ 3.448
le..................... 209 .04 3.464
IXb.................. ... 294 .0 3.393

¢ In dioxane solution. All others are in isodctane solution.
® These are the designations used in reference 6b.

bond in o-xylene. These relative differences in ratio may be expressed as differ-
ences between A'E values and are termed A”E values. For this purpose the
convention of Figure XVI is employed.

With an additional assumption it becomes possible to extend the technique to
the chloro- and dichloro-derivatives of the compounds already discussed. If these
derivatives are to be used in such & comparison the pairs of compounds (for ex-
ample, the pair, 3,6-dichloro-4,5-trimethylenepyridazine and 6-chloro-3,4-
trimethylenepyridazine) are no longer isomeric. By means of the same reasoning
employed in the discussion of polarizability and the introduction of the nitrogen
atoms into the hydrocarbon ring systems, it seems reasonable to expect that the
perturbations produced by a single chlorine atom relative to those produced by
two chlorine atoms should be the same for the three pairs of halogen compounds
under consideration. Accordingly, the A”E values are determined by using the
chloro- and dichloro- compounds to form the pairs, and utilizing the energies for
the = — =* transitions. This is then extended to include the three pairs of 4, 5-
dialkylpyridazines with 6-chloro-3,4-dialkylpyridazines and the three pairs of
3,6-dichloro-4,5-dialkylpyridazines with 3,4-dialkylpyridazines, utilizing the
energies for the # — «* transitions. All of the A”E values found in this manner,
based on the » — =* transitions are incorporated into Table II.

The procedure for the derivation of the A”E values was then repeated in the
same manner utilizing the energies for the n — =* transitions. The corresponding
A”E values appear in Table ITI.

As has already been noted, the A”E values have been obtained by carefully
rounding off the spectral peaks and choosing Aum.x by means of a horizontal tan-
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gent. The Amax values found in this manner do not differ significantly from those
found by reading the spectra directly. The A”E values found from either set of
Amax values differ even less. The accuracy of the determination of Ay,x is taken
to be = 0.5 mu. Thus, since each A”E value necessitates four measurements,
these values would have a maximum in accuracy of 2.0 mu. The corresponding
maximum energy inaccuracies are then taken to be &= 1.5 Keal/mole for the = —
#* transition and =+ 1.0 Kcal/mole for the n — «* transition.

On examination of Tables II and IIT it becomes obvious that the first two
sets of compound pairs in each table have the same mean as do the remaining
two sets of compound pairs. This is a necessary consequence of the manner in
which the compound pairs were formed for comparison. The mean is, for this
reason, derived from but two A”E values. Certainly, this does not prevent any
of the results from being valid comparisons. Three A”E values are given for each
set of compound pairs; however, it is clear from Figure XVI that any two A”E
values completely define the third.

Extrapolation to the parent hydrocarbon then is accomplished by means of the
A”E values by virtue of the fact that they are taken to be a function of the ratio
of the mobile bond order of the 2 bond to the 1 bond. Inasmuch as the derivation
of the A”E values has been considered to have eliminated the differences between
the isomers (in accordance with the assumptions that have been made) the

TABLE II
A’E VALUES FOR 7 — 7* TransiTiONs (Keal/mole)

Compound Pajrs® A"Ey AE: A"Es
45DAP-34DAP. ... ... ~0.1 2.5 2.4
DCDAP-MCDAP....................... 1.1 2.4 3.5
DCDAP-34DAP......................... 0.7 2.5 3.2
45DAP-MCDAP......................... .3 2.4 2.7

Mean................ ... ... 5 2.5 3.0
Average Deviation............... .. ... 4 0.1 0.4

¢ The designations are as follows: 45DAP, 4,5-dialkylpyridazine; 34DAP, 3,4-dialkyl-
pyridazine; DCDAP, 3,6-dichloro-4,5-dialkylpyridazine; MCDAP, 6-chloro-3,4-dialkyl-
pyridagine.
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TABLE III
A"E VALUES FOR n — «* Transitions (Kcal/mole)

Compound Pairs® A'Ey A'"Es AEy
A5DAP-34DAP........... .. 1.3 1.6 2.9
DCDAP-MCDAP....................... 1.6 1.8 3.4
DCDAP-84DAP......................... 1.0 2.3 3.3
45DAP-MCDAP. ............... o, 1.9 1.1 3.0

Mean...........ooiiiii i 1.5 1.7 3.2
Average Deviation.................... 0.3 0.4 0.2

s The designations are as follows: 45DAP, 4,5-dialkylpyridazine; 34DAP, 3,4-dialkyl-
pyridazine; DCDAP, 3,6-dichloro-4,5-dialkylpyridazine; MCDAP, 6-chloro-3,4-dialkyl-
pyridazine.

extrapolation is made directly from the A”E values. Accordingly, the parent
hydrocarbons may be arranged in the order tetralin, indan, and xylene (11, III,
and IV) corresponding to a decreasing order of the 2/1 mobile bond order ratio
in these compounds.

N : NN
TARROL D

II v

Without ascertaining the physical significance of the A”E values, these results
are sufficient to demonstrate that the Mills-Nixon effect is not significantly
operative. In the first place, the Mills-Nixon effect predicts a similarity of
tetralin and o-xylene with indan exhibiting different properties. Accordingly,
indan could not be placed in the middle of an orderly arrangement of these com-
pounds (7.e., an arrangement based on bond order relationship). The magnitude
of the A”E values that have been determined could not very easily represent a
very large difference between any two compounds as this would require con-
siderable differences to exist among all three hydrocarbons, in contradiction to
the calculations of Berthier and Pullman (5) and to common experience. The
alternative result is that all three of the compounds are very similar as regards
the relationships of the 1 and 2 bond. This conclusion fits the molecular orbital
calculation very nicely, although these authors (5) did not include a caleulation
of o-xylene. The present experimental work does not include any data on the
important binuclear bond. However, any electron localization of a mjaor degree
in the binuclear bond would be expected to be relayed to the 1 and 2 bonds,
causing a greater difference between indan and tetralin than has been observed.

EXPERIMENTAL

The samples of the diazahydrocarbons on which spectra were taken were purified by
vacuum sublimation at temperatures above their melting points followed by recrystalliza-
tion from petroleum ether, with the exception of 3,4-tetramethylenepyridazine which was



Ava. 1955 THE MILLS-NIXON EFFECT 1085

purified by vacuum distillation. The spectral sample of 4,5-trimethylenepyridaz-3,6(2,1)-
dione was purified by vacuum sublimation at about 250°. The remaining spectral samples
were all purified by repeated recrystallization.

Spectra were all obtained on a Beckman model DU spectrophotometer at concentrations
of from 10 to 1000 mg./I.
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SUMMARY

The spectra of 3,4- and 4,5-dimethyl-, 3,4- and 4, 5- trimethylene-, and 3,4-
and 4,5- tetramethylene-pyridazine in isodctane, ethanol, water, and concen-
trated sulfurie acid and of the intermediate chloro- and dichloro-derivatives in
isobetane are presented. The low energy band at about 325 mu is assigned to an
n — =* transition and the high energy band at about 250 my is assigned to a = —
x* transition. A’E values are found as the energy differences between transition
energies for isomers. If the parent hydrocarbons tetralin, indan, and o-xylene
cause the ratio of the mobile bond order of the 2 bond to the 1 bond to vary
from unity these A’E values will be different for the three isomeric pairs. These
energy differences are designated as A”E values and are used to arrange the
parent compounds according to the ratio of the bond orders (2/1). In order of
decreasing ratio these are tetralin, indan, and o-xylene.

BerHLEREM, PENNA.
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